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Biosensors are attractive tools for detecting molecules and small particles, as they
can produce rapid, sensitive, and specific signals [1,2]. Recently, innovative research on
nanomaterials, advanced manufacturing technologies, and interdisciplinary collaboration
has significantly facilitated the development of simple, cost-effective diagnostic tools [3–5],
allowing for immediate analysis and interpretation of complex samples. As a consequence,
biosensing devices have been fabricated to provide rich information for applications in
home healthcare [6–8], food quality control [9–11], environmental monitoring [12–14], and
emergency security [15,16].

Generally, biosensors comprise three key components, including the target recognition
element, transducer, and signal processing element. To obtain better output signals, various
strategies have been introduced into the field of biosensing to improve the performance of
different components [17,18]. For instance, nanozymes with intrinsic enzyme-like proper-
ties and better stability under a harsh environment have been widely employed as ideal
recognition elements in the biosensing field, effectively overcoming the inactivation of
natural enzymes [19–21]. In addition, metal–organic frameworks and their derivatives
have been utilized as ideal carriers for the fabrication of biosensing interfaces by dispersing
electrochemical or photochemical active substances [22,23]. Moreover, the ingenious and
rational integration of signal amplification strategies can remarkably enhance the sensitivity
of biosensing systems, allowing for rapid and accurate detection results [24,25]. As for the
signal acquisition process, by integrating mobile devices into biosensing platforms [26,27],
real-time monitoring of target conditions has been realized, which lays a good foundation
for the point-of-care of diagnosis. It is foreseeable that the rapid disease detection based on
biosensors can be realized soon, allowing individuals to take control of their own health
while providing healthcare professionals with valuable data for decision-making [28,29].

Despite significant advances in biosensing and diagnosis, integrating biosensors
into practice still requires robust validation studies to determine their effectiveness and
reliability. It is essential to strengthen collaboration between academia, industry, and
regulatory bodies to facilitate the translation of laboratory innovations into real-world
applications [30–32]. Moreover, the convergence of machine learning, big data analytics,
and the Internet of Things is poised to revolutionize the field of biosensing and diag-
nosis [33,34]. For example, machine learning algorithms can analyze the vast datasets
generated by biosensors, identifying patterns and correlations that may not be obvious
through traditional statistical approaches [35]. This capability enhances the accuracy of
diagnostics, enabling personalized treatment plans tailored to the needs of individual
patients. Following the evolving consumer demand and emerging technologies, it is be-
lieved that significant advances and major breakthroughs will predictably occur in this
attractive field.

Biosensors 2024, 14, 499. https://doi.org/10.3390/bios14100499 https://www.mdpi.com/journal/biosensors1
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With the purpose of witnessing recent exciting achievements in such an attractive
field, this Special Issue reports the innovations in a variety of detection techniques in this
area, including electrochemistry [36], photoelectrochemistry [37], fluorescence [38], etc. It
consists of 28 research articles, 3 communications, and 4 reviews, covering almost all the
applications of biosensing and diagnosis mentioned above. It is believed that this Special
Issue will be of great interest to early career researchers who are working in the domains of
analytical chemistry, biotechnology, bioelectronics, and nanomedicine, and promote further
high-quality research in such emerging fields.
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Abstract: The determination of plant growth regulators is of great importance for the quality moni-
toring of crops. In this work, 4-bromophenoxyacetic acid (4-BPA), one of the phenoxyacetic acids,
was detected via the electrochemical method for the first time. A CeO2-decorated electrochemical
exfoliated graphene (eGr) composite (CeO2/eGr) was constructed as the sensor for sensitive detection
of 4-BPA due to the synergistic effect of the excellent catalytic active sites of CeO2 and good electron
transference of the eGr. The developed CeO2/eGr sensor displayed a good linearity in a wide range
from 0.3 to 150 μmol/L and the lowest detection limit of 0.06 μmol/L for 4-BPA detection. Electro-
chemical oxidation of 4-BPA follows a mix-controlled process on the CeO2/eGr electrode, which
involves 2e in the transference process. This developed CeO2/eGr sensor has excellent repeatability
with a relative standard deviation (RSD) of 2.35% in 10 continuous measurements. Moreover, the
practical application of the sensor for 4-BPA detection in apple juice has recoveries in the range of
90–108%. This proposed CeO2/eGr sensor has great potential for detecting plant growth regulators
in the agricultural industry.

Keywords: plant growth regulators; 4-bromophenoxyacetic acid; electrochemical determination;
lowest detection limit; CeO2/eGr composite

1. Introduction

Plant growth regulators (PGRs) are widely used to promote a crop’s productivity and
quality [1,2], control crop type [3], resist biotic and abiotic stress [4], regulate differentiation
of cells, control weeds [5], and for phytoremediation [6]. 4-bromophenoxyacetic acid (4-
BPA) is a PGR that can control weeds, accelerate plant growth, and enhance the fruit setting
rate. However, inappropriate usage of 4-BPA will cause malformations and affect the quality
of the crop. Furthermore, accumulation in the crop can be a detriment to other plants,
animals, and to human health. Therefore, it is of great necessity to develop convenient,
sensitive, and reliable analytical methods for 4-BPA determination. Unfortunately, to
the authors’ knowledge, only Sutcharitchan [7] has developed a liquid chromatography-
tandem mass spectrometry (LC-MS) method for 4-BPA determination in Chinese herbs.

4-BPA is a phenoxyacetic acid, and a variety of analytical methods for phenoxyacetic
acid detection have been developed, including capillary electrophoresis with laser-induced
fluorescence [8], ultra-high liquid chromatography-mass spectrometry [9], headspace gas
chromatography high-performance liquid chromatography [10] and electrochemical meth-
ods [11–15]. Compared to these methods, electrochemical methods have the advantage
of high sensitivity, low cost, portability, and simple operation [16,17]. The direct inter-
action between the electrode surface and analyte can reduce the lowest limitation and
improve the detection range, which has the potential to establish a rapid on-site inspection
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method. In addition, the advantages of the electrochemical sensors include fast response,
on-site deployment, effective detection without sample pretreatment and the modified
nanocomposite exhibits high electrocatalytic activity for an analyte [18]. Because of its
electrochemical activity, 4-BPA is detectable via electrochemical methods.

Ceria (CeO2) is an n-type semiconductor that has the potential to be used as a sensing
material, since it has excellent redox characteristics and is highly catalytic, biocompatible,
and non-toxic [19,20]. Moreover, CeO2 can selectively bind with organic molecules due
to its characteristics of oxygen vacancies, free electrons, and high chemical stability [21].
However, it is hard to directly use as modifier material in electrochemical sensors as CeO2
suffers from poor conductivity and easy aggregation. Therefore, it is essential to enhance
its sensing activities by introducing conductive support.

Graphene (Gr) is one of the best candidates for the construction of electrochemical
sensors, as it has unique and extraordinary physical and chemical properties, such as high
specific surface area, low charge-transfer resistance, excellent electrochemical activity and
high electrical conductivity [22,23], which improve the value of heterogeneous electron
transfer (HEF) and the output signal intensity [24,25]. Over the past few decades, different
protocols, including top-down approach (e.g., chemical vapor deposition) and bottom-up
methods (e.g., electrochemical exfoliation) have been developed [26,27]. Among these
methods, electrochemical exfoliation of graphite has the advantages of being low-cost and
environmentally friendly, easily made and scalable, and the electrochemical conditions
are controllable. Moreover, the exfoliated graphene is a zero-gap semiconductor; it can be
doped with p-block elements (N, S, P, B, and metal oxides) and d- block elements (inherent
impurities) [26,28] to improve the HEF to promote the interaction between target molecules
and the electrode. In the study of Liu [29], gold-palladium nanoparticles were cast on
the graphene nano-platelets, and the nanocomposites showed high electrocatalytic ability
towards the oxidation of hydrazine. Li [30] synthesized three kinds of CeO2 nanostruc-
tures and then loaded them on the graphene nanoplatelets to detect phenolic pollutants,
which exhibited excellent electrochemical activity. Previously, our group has developed an
electrochemical exfoliation graphene (eGr) sensor, which displayed the lowest detection
limit (LOD) of 0.15 μM for electrochemical determination of Kinetin [31]. Therefore, CeO2
was decorated on the surface of eGr to form a nanocomposite that will have a synergetic
effect between eGr and CeO2, thus forming a sensitive, selective and promising electrode
system for 4-BPA detection. In the electrochemical determination process, several types of
electrodes are suitable for electroanalytical applications, such as glassy carbon electrodes
(GCE), gold electrodes (GE), carbon paste electrodes (CPE) and pencil electrodes. Among
these electrodes, GCE shows attractive electrochemical reactivity, negligible porosity, good
mechanical rigidity and good repeatability and reproducibility [32].

Herein, CeO2 nanocubes were synthesized via the hydrothermal method and electro-
chemical exfoliated graphene was prepared through the previous method [25]. A CeO2
decorated eGr composite was constructed and employed to detect 4-BPA for the first time.
This developed eGr/CeO2 sensor has a linear range from 0.3 to 150 μM and the LOD of
0.06 μM for 4-BPA determination, which shows great potential for the detection of plant
regulators in the agricultural industry.

2. Materials and Methods

2.1. Reagents and Materials

All reagents used in the experiments are analytical reagent grade and without any treat-
ment. Graphite sheets were purchased from the local electronic market. Ce(NO3)3·6H2O,
4-BPA, indole 3-acetic acid, naphthalene acetic acid and 6-benzylaminopurine were pur-
chased from Macklin biochemical Technology Co., Ltd. (Shanghai, China). A solution of
0.1 M 4-BPA was prepared by dissolving a suitable amount of 4-BPA in alcohol and diluting
the mixture to 10 mL, then the solution was stored in a refrigerator at 4 ◦C. Phosphate
buffer solution (PBS) was used as a supporting electrolyte by combining a stock solution of
0.1 M KH2PO4 (Aladdin Reagent Co., Ltd., Shanghai, China) and 0.1 M NaH2PO4 (Aladdin
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Reagent Co., Ltd., Shanghai, China), then 0.1 M H3PO4 (Aladdin Reagent Co., Ltd., Shang-
hai, China) and 0.1 M NaOH (Sinopharm Group Chemical Reagent Co., Ltd., Shanghai,
China) were, respectively, used to adjust the pH to the desired value.

2.2. Preparation of CeO2, eGr, and eGr/CeO2 Composites

CeO2 nanocubes were prepared using the hydrothermal method. Firstly, 0.6948 g
Ce(NO3)3·6H2O and 0.0224 g hexamethylenetetramine (HMT) was dissolved in 40 mL
distilled water and 40 mL ethanol. The resulting solution was vigorously stirred for 20 min
at room temperature, then it was transferred into a 100 mL Teflon-lined stainless-steel
autoclave, and hydrothermally heated at 180 ◦C for 20 h. After that, the product was
collected by centrifuging, and alternatively washed with distilled water and ethanol to
a neutral pH, and then dried in an oven at 80 ◦C for 12 h. Finally, the obtained yellow
powder was calcined at 400 ◦C for 5 h.

For eGr preparation, a two-electrode cell was used including graphite foil as an anode,
a platinum net as a cathode, and 0.1 M (NH4)2SO4 as a supporting electrolyte, whereas the
eGr was obtained with the aid of SO4

2− intercalation and oxidization to produce sulfur
dioxide and oxygen gases, then the product was centrifuged, filtrated and dried overnight.

Next, 9 mg CeO2 and/or 9 mg eGr were dispersed in 9 mL N, N′-dimethylformamide
(DMF) solution with vigorous stirring and then ultra-sonicating for 2 h to obtain the CeO2,
eGr, and CeO2/eGr suspensions. The glassy carbon electrodes (GCEs) were polished to a
mirror-like surface with 0.3 and 0.5 μm Al2O3 slurries on chamois leather, then alternately
rinsing with distilled water/ethanol (1:1, v/v) solution and double distilled water for 3 min.
Finally, CeO2, eGr, and CeO2/eGr suspensions were, respectively, drop-coated on the
mirror-like surface of GCEs to obtain CeO2/GCE, eGr/GCE, and CeO2/eGr/GCE electrodes.

2.3. Characterization

Scanning electron microscope (SEM, Thermo scientific Apreo 2C, Waltham, MA, USA)
and transmission electron microscope (TEM, FEI Tecnai F20, Hillsboro, OR, USA) and
High-resolution transmission electron microscope (HRTEM, FEI Tecnai F20, Hillsboro,
OR, USA) were used to analyze the surface morphologies of CeO2, eGr and CeO2/eGr
nanocomposite. Raman spectra were collected with a 532 nm diode laser by Thermo
Fisher Dxr2xi (Waltham, MA, USA). X-ray diffraction (XRD) patterns were recorded by the
PANayltical Empyrean system (Almelo, The Netherlands). X-ray photoelectron spectra
(XPS) were recorded by Thermo Scientific K-Alpha (Waltham, MA, USA).

Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and differential pulse
voltammetry (DPV) measurements were performed on a CHI 660E electrochemical work-
station (CH Instruments ins., Shanghai, China) and a classic three-electrode system. CVs
were carried out with the potential range from 0.8 to 1.5 V at a scan rate of 0.1 V s−1. LSVs
were carried out with the potential range from 0.9 to 1.6 V at a scan rate of 0.1 V s−1. DPVs
were carried out from 0.8 to 1.5 V with parameters of 0.05 V amplitude, 0.06 s pulse width,
0.02 s sampling width, 0.5 s pulse period and 30 s rest time. A glassy carbon electrode
(GCE, diameter 3 mm) or modified GCE as the working electrode, a platinum wire served
as a counter electrode and Ag/AgCl was used as the reference electrode.

2.4. Sample Pretreatment

The purchased apple was squeezed into juice (120 g) and the fresh apple juice was
mixed with distilled water and sonicated for 20 min (at room temperature), then centrifuged
for 5 min with 10,000 r/min to obtain the supernatants. Supernatants were collected for
further quantification of 4-BPA.

3. Results and Discussion

3.1. Morphology and Phase Structure Characterization

The morphology of the synthesized CeO2 was observed by SEM, which presents a
nano-cubic structure, and agglomerated together due to the nanosize effect (Figure 1a). The
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diffraction rings in the selected area electron diffraction (SAED) suggest the as-synthesized
CeO2 is polycrystalline and mainly exists in (111), (200), (220), and (311) crystallite planes
(Figure 1b). From HRTEM (Figure 1c), there is a main lattice space distance of 0.314 nm
which belongs to (111) crystallite plane of CeO2. For the eGr sample, the TEM image
indicates the prepared eGr displays a layered structure (Figure 1d), and the SAED indicates
that the eGr mainly presents (002), and (004) crystallite planes (Figure 1e), the existed
lattice space distance of 0.34 nm matches well with the theoretical value of graphene (002)
crystallite plane (Figure 1f); it verifies the high quality of the prepared eGr. The CeO2/eGr
nanocomposite used here was 1:1 in a weight ratio (1:1 wt.). Figure 1g shows that CeO2
is uniformly loaded on the surface of eGr and forms on the selected area (Figure 1h); the
corresponding elemental mapping illustrates that the elements of C, O and Ce exist in the
CeO2/eGr nanocomposite (Figure 1i–k).

Figure 1. SEM image (a), SEAD (b) and HRTEM (c) of CeO2, TEM (d), SEAD (e) and HRTEM (f) of
eGr, SEM image (g) and corresponding elemental mapping of the selected area (h), C (i), O (j) and
Ce (k) of CeO2/eGr.

The crystallite structure and composition of CeO2, eGr and CeO2/eGr composite (1:1
wt.) were evaluated by Raman spectra, XRD and XPS. In Raman spectra of Figure 2a, it
shows a characteristic peak located at 461 cm−1 for the CeO2 sample, which stems from the
symmetrical stretching of Ce-O vibrational and originates from the F2g vibrational mode
of the CeO2 phase [33]. For eGr, the peaks at 1356, 1580 and 2710 cm−1 were assigned to
D, G and 2G bands of graphene, respectively [34]. The D band at ~1356 cm−1 is derived
from the defects and structural disorder in the sp2-carbon nanomaterials. The G band
at 1580 cm−1 is related to the in-plane vibrations of the 2D hexagonal graphene lattice.
The CeO2/eGr composite sample possesses both Raman characteristics of CeO2 and eGr.
XRD was used to analyze the structure of the prepared materials. In Figure 2b, the strong
and sharp diffraction peaks indicate all the samples are in good crystallinity. For eGr, two
diffraction peaks at 26.4◦and 54.5◦ are observed, which are related to (002) and (004) planes
of graphene, this is in accordance with the SEAD result (Figure 1e). For CeO2, the diffraction
peaks located at 28.5◦, 33.1◦, 47.5◦, 56.3◦, 59.1◦, 69.4◦, 76.7◦, 79.1◦and 88.4◦ correspond to
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(111), (200), (220), (311), (222), (400), (331), (420) and (422) planes (JCPDS 81-0792). The
CeO2/eGr composite also contains all the characteristic peaks of CeO2 and eGr. Based
on the CeO2/eGr composite containing all the features of CeO2 and eGr, the chemical
composition of the CeO2/eGr composite was further characterized by XPS. The XPS survey
spectrum (Figure 2c) reveals the existence of Ce, O, and C elements in the CeO2/eGr
composite. The Ce3d electron core line was analyzed and is depicted in Figure 2d; it can be
deconvoluted into eight peaks and labeled as v0, v1, v2, v3 (3d3/2 region), and u0, u1, u2, u3
(3d5/2 region). Peaks v0, v2, v3 and u0, u2, u3 are characteristics of Ce(IV) 3D final states,
while, v1 and u1 are Ce(III) 3D final states [35]. Therefore, the as-prepared CeO2 contains
part of Ce(III), and the percentage of Ce(III) was calculated by Equation (1), which is based
on the fitted areas of the corresponding peaks of Ce(III) and Ce(IV) [36].

(
Ce3+

)
surf

=
Ce(III)

Ce(III) + Ce(IV)
(1)

The calculated percentage of Ce(III) is ~20%, which is similar to the previously re-
ported CeO2 nanomaterials [36]. The presence of Ce(III) indicates the formation of oxygen
vacancies, which can provide catalytically active sites for the sensor. The O1s spectrum
can be separated into three peaks as illustrated in Figure 2e, the peak located at ~529.9 eV
corresponds to the crystal lattice oxygen in CeO2. The peak located at 532.2 eV and 533.4 eV
could be, respectively, related to the oxygen vacancies and the adsorbed oxygen on the
composite [37,38]. The C1s spectrum can be separated into three peaks (Figure 2f). The peak
placed at 284.6 eV corresponds to the sp2 carbon atoms or can be attributed to C=C [39].
The other small peaks at 286.1 and 287.9 eV correspond to C–O and C=O on the surface of
the composite, respectively.

Figure 2. (a) Raman spectra, (b) XRD patterns of eGr, CeO2, and CeO2/eGr, (c) XPS survey spectrum,
(d) Ce3d, (e) O1s and (f) C1s spectra of CeO2/eGr composite, respectively.

3.2. The Electrochemical Characteristic of the Prepared Electrode

The prepared eGr, CeO2, and CeO2/eGr composites (1:1 wt.) were, respectively, cast
on a glassy carbon electrode (eGr/GCE, CeO2/GCE and CeO2/eGr/GCE), and their elec-
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trochemical performances were firstly estimated by Cyclic voltammetry (CV) at 50 mV s−1

in the solution of 5 mM [Fe(CN)6]3−/4− and 0.1 M KCl. The bare GCE electrode was
conducted as the control sample. From Figure 3a, all electrodes show different levels of elec-
trochemical activity, after evaluating the redox peak current densities and CV curve area,
the electrochemically active follows the order of CeO2/eGr/GCE > eGr/GCE > CeO2/GCE
> GCE. This suggests that the CeO2/eGr/GCE has the largest specific surface area, and the
best electrochemically active and kinetic, which could arise from the synergistic effects of
excellent catalytic active sites of CeO2 and good electron transference of eGr. In addition,
the standard heterogeneous rate constant (k0) for bare GCE, CeO2/eGr/GCE, eGr/GCE,
CeO2/GCE were calculated by Nicholson’s equation [40] and the values are, respectively,
0.0041 cm·s−1, 0.0077 cm·s−1, 0.0045 cm·s−1, 0.0049 cm·s−1. The CeO2/eGr/GCE has
the highest value of 0.0077 cm s−1 that verifies CeO2/eGr composite provides the best
conditions for electron transfer.

Figure 3. (a) CVs of CeO2/eGr/GCE in the presence of 5 mM [Fe(CN)6]3−/4− solution in aque-
ous 0.1 M KCl. CeO2/eGr/GCE (1), eGr/GCE (2), CeO2/GCE (3), bare GCE (4); (b) CVs of
CeO2/eGr/GCE in the presence of 5 mM [Fe(CN)6]3−/4− solution in aqueous 0.1 M KCl at various
scan rate (from a to k): 0.03, 0.05, 0.07, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45 V s−1. (c) The plot of peak
currents vs. v1/2.

The electroactive surface area is a critical factor for the electrochemical sensor, which
was estimated in [Fe(CN)6]3−/4− solution with scan rates ranging from 0.03 to 0.45 V s−1

via the Randles-Sevcik equation (Equation (2)) [41].

Ipa = (2.69× 105)n3/2 AD1/2Cv1/2 (2)

where n refers to electron transfer number, A is the active surface area, C is the concerta-
tion of [Fe(CN)6]3−/4−, v is the scan rate and D is the diffusion coefficient. Here, n = 1,
D = 6.6 × 10−6 cm2 s−1 [34] for 5 mM K3[Fe(CN)6] solution containing 0.1 M KCl. For
CeO2/eGr/GCE (Figure 3b), the active surface area of CeO2/eGr/GCE was calculated to
be 0.097 cm2 (Figure 3c), which is higher than that of the electroactive surface areas of GCE
(0.04 cm2), eGr/GCE (0.08 cm2), and CeO2/GCE (0.045 cm2), which is displayed in the
Supporting Information, Figure S1. This result agrees well with the electrochemical activity
order of the prepared sensors. The roughness factor (fr) of the electrochemical sensors
was calculated to evaluate the actual active surface area by comparing the oxidation peak
current (Ipa) of the prepared sensor to bare GCE for [Fe(CN)6]3−/4− reaction [42]. Peaks
ratio is equal to areas ratio according to the proposed Equation (3) [42].

fr =
IP2

IP1
=

A2

A1
(3)

The fr determined by electrochemical methods depends not only on the size of the
electrode (the actual surface), but also on the number of redox centers that can be reached
on the surface. Therefore, the fr was calculated to be 2.425, 2, and 1.625 for CeO2/eGr/GCE,
eGr/GCE, and CeO2/GCE, respectively.
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3.3. The Electrochemical Performance of the Prepared Electrode for 4-BPA Detection

The GCE, eGr/GCE, CeO2/GCE and CeO2/eGr/GCE (1:1 wt.) for 4-BPA detection
were characterized by CV in the electrolyte with and without 50 μmol L−1 4-BPA in
0.1 mol L−1 phosphate buffer (pH = 3). As displayed in Figure 4a, when the presence of
50 μmol L−1 4-BPA, all electrodes present one oxidation peak, which indicates the 4-BPA is
electrochemically detectable and the reaction of 4-BPA is irreversible. The CeO2/eGr/GCE
(1:1 wt.) shows the highest oxidation peak current (Ipa) and the lowest onset potential; this
verified that the CeO2/eGr composite has the best sensitivity for electrochemical detection
of 4-BPA, which should be attributed to the synergetic effect of the catalytic properties of
CeO2 and the fast electron transference of eGr. The ratios between CeO2 and eGr have
further been measured and shown in Figure 4b. With the CeO2:eGr ratio increasing from
0:4 to 1:1, the oxidation peak current of 4-BPA increases and reaches the maximum at the
ratio of 1:1, then the peak current drops with the further increase in the CeO2 content.
The reason could be that CeO2 is a semiconductor, and it provides electrocatalytic activity
sites. When the CeO2 content is too low, it will not create enough activity sites. While the
content is higher than 1:1, the conductivity and electron transference of the electrode will
decrease. Therefore, the optimum ratio was 1:1 for 4-BPA detection and selected in the
following study.

Figure 4. (a) CVs of CeO2/eGr/GCE (1), eGr/GCE (2), bare GCE (3) and CeO2/GCE (4) in 0.1 M
PBS solution containing 50 μmol L−1 4-BPA at the scan rate of 100 mV s−1, CeO2/eGr/GCE (5) in
PBS solution without 4-BPA; (b) Influence of the ratio between CeO2 and eGr on the response of
4-BPA based on LSVs. (c) the response of 10 μmol L−1 4-BPA to different volumes of composite
nanomaterial in PBS solution (pH = 3). (d) Influence of pH on the peak current of 4-BPA in 0.1 M
PBS solution.

The different loading amounts of CeO2/eGr composite on GCE were measured with
10 μmol L−1 4-BPA (Supporting information, Figure S2). It was found that the oxidation
peak current of 4-BPA increases with the loading volume, increasing to 6 μL, while the
response decreased when the loading amount further increased (Figure 4c). This could be
due to the lack of cover on the electrode surface when the loading composites were below
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6 μL, while too much loading amount would have hindered the activity sites that cause the
decrease in the response peak current [43].

The PBS, Britton–Robison (B-R), and acetic acid-sodium acetate buffer solutions
were evaluated as supporting electrolytes for 4-BPA detection (Supporting information,
Figure S3). Among these supporting electrolytes, the PBS buffer solution shows more
sensitivity for 4-BPA detection. Therefore, PBS was selected as a supporting electrolyte.
Moreover, pH is another key impact factor for electrochemical analysis. The pH values
ranging from 3 to 6.5 were evaluated in 0.1 M PBS buffer solution (Supporting information,
Figure S4). It can be seen that the optimum response pH for 4-BPA was 3, and the response
gradually decreased as the pH increased (Figure 4d). This phenomenon could be due to
the conductivity loss and the presence of carboxyl groups with the increase in pH [44].

The oxidation process of 4-BPA on CeO2/eGr/GCE was further studied by linear
sweep voltammogram (LSV); different scan rates (50 mV s−1 to 450 mV s−1) were conducted
and 20 μmol L−1 4-BPA was used. As exhibited in Figure 5a, the Ipa increased when the
scan rates increased. Moreover, the oxidation peaks positively shifted. More importantly,
the oxidation peak current increased linearly with the square root of scan rates (Figure 5b),
the linear regression is Ipa = 3.936v1/2 − 9.318, R2 = 0.999 and the linear relationship for ln(I)
versus ln(v) was established and the slope was found to be 0.82 (Supporting information,
Figure S5), which indicates that the electrochemical oxidation of 4-BPA on CeO2/eGr/GCE
was controlled by a mixed process [45]. The relationship between Epa and ln v is presented
by Laviron’s theory [46]:

Epa = E0 +

(
RT
αnF

)
ln
(

RTk0

αnF

)
+

(
RT
αnF

)
ln v (4)

where α is the charge transfer coefficient, E0 is the apparent potential, n is the number
of the electron, v is the scan rate, the values of R, T and F are 8.314 J K−1 mol−1, 298 K
and 96485 C mol−1, respectively. Therefore, the number of electrons can be calculated via
the linear equations of Epa − ln v (Supporting information, Figure S6). Generally, for an
irreversible electrode process, the value of α is assumed to be 0.5. Hence, the value of
n is calculated to be 2. Therefore, the electrocatalytic oxidation mechanism of 4-BPA is
proposed in Figure 5c, where 4-BPA will firstly be degraded to 4-bromophenol. Then,
the 4-bromophenol will be electrochemically oxidized to enzoquinone [47]. The whole
process has two electrons involved, which is in accordance with the calculated results from
Laviron’s theory.

DPV shows the sensitive response to low concentrations as compared to LSV. Therefore,
DPV was used to detect 4-BPA in PBS solution with different concentrations. As illustrated
in Figure 5d, the peak current increases linearly with the concentrations of 4-BPA varying
from 0.3 to 150 μM. However, there are two linear relationships obtained. From Figure 5e,
in the range of 0.3 to 20 μM, the linear regression equation is Ipa = 0.75c + 0.08, (R2 = 0.991),
and from 20 to 150 μM, the linear relationship is Ipa = 0.199c + 11.24, (R2 = 0.993). Moreover,
the lowest detection limit (LOD) was calculated to be 0.06 μmol L−1 according to the
following equation of 3 s/m, where m is the slope of the regression equation and s is the
standard deviation of the response.
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Figure 5. (a) LSVs of CeO2/eGr/GCE in 0.1 M PBS solution containing 20 μmol L−1 4-BPA at 50, 100,
150, 200, 250, 300, 350, 400, 450 mV s−1, (b) the plot of Ipa vs. v1/2, (c) the proposed electrochemical
reaction process of 4-BPA, (d) DPVs of CeO2/eGr/GCE in 0.1 M PBS solution containing 0.3, 3, 10,
15, 20, 40, 60, 80, 100, 120, 150 μmol L−1 4-BPA, (e) the plot of the oxidation peak current vs. the
concentration of 4-BPA.

3.4. The Repeatability and the Anti-Interference Ability of the CeO2/eGr/GCE

The repeatability of the CeO2/eGr/GCE was carried out with 10 μmol L−1 4-BPA by
means of LSV (Supporting information, Figure S7). After 10 continuous measurements
(Figure 6a), the relative standard deviation (RSD) of the oxidation peak currents was found
to be 2.35% for 4-BPA. After storing the electrode at 4 ◦C for 15 days, the electroactive
oxidation currents of 4-BPA reduced 3.21% compared to the original value. These results
indicate that the proposed sensor has good stability and repeatability.

To estimate the anti-interference ability of the CeO2/eGr/GCE, some regular interfer-
ing species were tested. From Figure 6b, no considerable interferences were observed in the
presence of fifty-fold excess K+, Na+, Mg2+, glucose, sucrose, and ten-fold rutin, quercetin,
fenitrothion, imidacloprid, clothianidin, IAA and SA (peak current change < 6%).
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Figure 6. (a) The repeatability of current response for the CeO2/eGr/GCE in 0.1 M PBS (pH = 3)
with 10 successive assays at first day and after 15 days. (b) The influence of other compounds on the
detection of 4-BPA on CeO2/eGr/GCE.

3.5. The Practical Application of the CeO2/eGr/GCE

To evaluate the practicability of CeO2/eGr/GCE, the sensor was used to detect 4-BPA
in real apple samples; the analytical results are listed in Table 1. No response of 4-BPA was
found in the apple sample, and the recoveries were evaluated by the standard addition
method. The recoveries are in the range of 90–108%. This proposed CeO2/eGr sensor shows
great potential for the detection of plant growth regulators in the agricultural industry.

Table 1. Results of the recovery analysis of 4-BPA in apple sample (n = 3).

Sample Added Value (μM) Determined Value (μM) Recovery (%)

1 0 Not detected (a, b) -
2 0.5 0.45 ± 0.01 90%
3 1 1.08 ± 0.04 108%
4 3 2.78 ± 0.03 93%
5 5 4.86 ± 0.04 97%

a The 4-BPA level determined by the proposed CeO2/eGr/GCE. b The 4-BPA level determined by the HPLC system.

4. Conclusions

In this work, we used an eco-friendly method of electrochemical exfoliation to prepare
eGr and the hydrothermal method to prepare CeO2. Then, we constructed a selective,
sensitive electrochemical method based on a eGr/CeO2 composite and modified GCE
to electrochemically detect 4-BPA. The prepared CeO2/eGr sensor exhibited excellent
electrocatalytic activity due to the synergistic effect of the excellent catalytic active sites of
CeO2 and good electron transference of the eGr. The developed CeO2/eGr sensor has an
active surface area of 0.097 cm2 and a roughness factor of 2.425. The optimized ratio of
CeO2:eGr is 1:1 for 4-BPA determination. The CeO2/eGr sensor exhibited good linearity in a
wide range from 0.3 to 150 μmol/L and the lowest detection limit of 0.06 μmol/L for 4-BPA
detection. Electrochemical oxidation of 4-BPA followed a mix-controlled process, which
involves 2e in the transference processes. In addition, there were no significant interfering
substances among K+, Na+, Mg2+, rutin, quercetin, fenitrothion, imidacloprid, clothianidin,
IAA, SA, glucose, and sucrose. The proposed electrochemical sensor showed excellent
repeatability with the RSD of 2.35% for 10 measurements. In addition, the recoveries of the
proposed CeO2/eGr sensor were evaluated by the standard addition method, and are in
the range of 90–108%. The low cost and easily-made sensor has great potential for detecting
other plant growth regulators.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios12090760/s1, Figure S1: the plot of peak currents vs. v1/2 for
(a) CeO2/GCE, (b) GCE, (C) eGr/GCE in the presence of 5 mM [Fe(CN)6]3−/4− solution in aqueous
of 0.1 M KCl. Figure S2: LSVs response of 10 μM 4-BAP to different volumes of composite in PBS
solution (pH = 3). Figure S3: LSVs for 4-BPA detection in different buffer solution. Figure S4: Influence
of pH on 4-BPA detection in 0.1 M PBS solution. Figure S5: the plots of ln I vs. ln v for 20 μM 4-BPA
at 0.05, 0.1, 0.15,0.2, 0.25, 0.3, 0.35, 0.4, 0.45 V s−1. Figure S6: the plots of Epa vs. ln v for 20 μM 4-BPA
at 0.05, 0.1, 0.15,0.2, 0.25, 0.3, 0.35, 0.4, 0.45 V s−1. Figure S7: (a) The LSVs of the CeO2/eGr/GCE
in 0.1 M PBS (pH = 3) at first day and after 15 days. (b) 10 continuous measurements of 4-BPA on
CeO2/eGr/GCE.
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Abstract: A hydrogen peroxide (H2O2) sensor was developed based on core–shell gold@titanium
dioxide nanoparticles and multi-walled carbon nanotubes modified glassy carbon electrode
(Au@TiO2/MWCNTs/GCE). Core–shell Au@TiO2 material was prepared and characterized us-
ing a scanning electron microscopy and energy dispersive X-ray analysis (SEM/EDX), transmission
electron microscopy (TEM), atomic force microscopy (AFM), Raman spectroscopy, X-ray diffraction
(XRD) and Zeta-potential analyzer. The proposed sensor (Au@TiO2/MWCNTs/GCE) was investi-
gated electrochemically using cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS). The analytical performance of the sensor was evaluated towards H2O2 using differential pulse
voltammetry (DPV). The proposed sensor exhibited excellent stability and sensitivity with a linear
concentration range from 5 to 200 μM (R2 = 0.9973) and 200 to 6000 μM (R2 = 0.9994), and a limit
of detection (LOD) of 1.4 μM achieved under physiological pH conditions. The practicality of the
proposed sensor was further tested by measuring H2O2 in human serum and saliva samples. The
observed response and recovery results demonstrate its potential for real-world H2O2 monitoring.
Additionally, the proposed sensor and detection strategy can offer potential prospects in electrochem-
ical sensors development, indicative oxidative stress monitoring, clinical diagnostics, general cancer
biomarker measurements, paper bleaching, etc.

Keywords: electrochemical sensor; core–shell; titanium dioxide; gold nanoparticles; carbon nanotubes;
hydrogen peroxide

1. Introduction

Carbon nanomaterials, including single-walled carbon nanotubes (SWCNTs), multi-
walled carbon nanotubes (MWCNTs), nanofibers, activated carbon and graphene, have
unique properties such as chemical stability and durability, high electrical conductivity,
mechanical strength and a high surface-to-volume ratio which collectively makes them an
excellent choice for electrochemical sensors and biosensors development [1–10]. Carbon
nanotubes (CNTs) are an excellent and promising option in fabricating electrochemical
sensors owing to their remarkable electrical and thermal conductivity, high surface area,
chemical stability and mechanical properties [11–14]. Metal nanoparticles, due to their
excellent conductivity, surface area and remarkable electrocatalytic properties, are consid-
ered ideal candidates for the electrochemical detection of hydrogen peroxide (H2O2). They
are capable of promoting electron transfer processes and offer abundant catalytic active
sites during the H2O2 redox reaction. Carbon-based nanomaterials can be mixed with
metal nanoparticles to create composites that have excellent synergistic features, which can
improve the sensitivity and overall performance of the modified electrodes.
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Core–shell nanomaterials (CSNs) are composite materials with a core–shell structure
formed by an inner layer of one material (core) and an exterior layer of another material
(shell) [15]. The shell materials are frequently chosen based on their nature and the targeted
application. Many advantages can be achieved by carefully selecting shell material, includ-
ing improved optical/electrical/magnetic properties, multifunctional capability, thermal
stability or dispersibility of the materials, reduced precious material content and efficient
use. In the core–shell structure, the size and kind of core are also crucial factors. The main
advantage of CSNs is that the distinct properties of the core and shell can be combined
in a single material, resulting in improved electrocatalytic activity and new physical and
chemical properties that are inaccessible or unavailable from the individual components
due to lack of this synergistic effect. In order to maintain the nanoparticles’ stability and
chemical activity, the core material is also safeguarded against migration and aggregation.
CSNs have been studied extensively for a variety of biological applications, including drug
administration, cancer treatment, bioimaging, cell labelling, genetic engineering, methanol
electrooxidation and so on [16,17]. Due to their higher surface area, superior catalytic activ-
ities and biocompatibility, CSNs have been exploited as signal amplifiers and considered
promising electron modifiers to create novel sensing platforms, including electrochemical
sensors and biosensors. The excellent features of CSNs make them ideal candidates for
developing sensitive and novel electrochemical sensors [18–26].

Accurate, sensitive and reliable detection of H2O2 has received substantial attention in
analytical applications due to the importance of H2O2 in various areas. Hydrogen peroxide
is a common peroxide that is used in biological systems, medical diagnosis, environmental
analysis, food and many other applications [27–29]. Furthermore, H2O2 as a member of
reactive oxygen species (ROS), is considered one of the crucial oxidative stress biomarkers.
The excessive level of H2O2 can cause a series of diseases such as Alzheimer’s, Parkinson’s,
myocardial infarction, inflammatory lung diseases, cancer, etc. [30,31]. Therefore, it is
essential to develop an effective method for rapid and reliable monitoring of H2O2 [32,33].

Several analytical methods have been developed for H2O2 determination, including
spectrophotometry [34,35], chemiluminescence [36–38], fluorescence [39–41], chromatogra-
phy [42,43] and electrochemical sensors [44–65]. However, due to the technical drawbacks
of the traditional methods (low sensitivity and selectivity, laborious, time-consuming and
complicated instrumentation), electrochemical sensors have received more attention due
to their associated practical advantages, including high sensitivity, portability, simplicity,
cost-effectiveness, rapid response time and ease of fabrication and operation. Electrochem-
ical sensors for H2O2 determination are mainly based on enzymatic and non-enzymatic
approaches, but due to drawbacks of enzymatic sensors such as instability (temperature,
pH-related challenges), shelf-life and immobilization procedures, non-enzymatic sensors
have received greater attention [44–61].

In this paper, we describe the fabrication of a hydrogen peroxide sensor based on
modifying the surface of a glassy carbon electrode (GCE) with a gold@titanium dioxide
(Au@TiO2) core–shell nanoparticle and multi-walled carbon nanotubes. The character-
ization of the core–shell material and fabricated electrode was investigated thoroughly,
and the electroanalytical performance of the sensor was studied and discussed in detail.
The proposed sensor exhibited excellent electroanalytical performance and electrocatalytic
activity toward H2O2 reduction. The practicality of the proposed sensor was tested by mea-
suring H2O2 in human serum and saliva samples which demonstrates its potential for H2O2
monitoring in real-world samples. Additionally, the proposed sensor and detection strategy
may offer potential prospects in electrocatalysts and electrochemical sensors development,
as well as in other applications, including indicative oxidative stress monitoring, clinical
diagnostics, general cancer biomarker measurements, food processing, paper bleaching
and environmental analysis.
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2. Materials and Methods

2.1. Materials

Gold(III) chloride hydrate (HAuCl4.H2O), trisodium citrate and multi-walled carbon
nanotubes (MWCNTs) were purchased from Sigma-Aldrich. Titanium(IV) tetraisopropox-
ide (TTIP, 98%) and sodium dodecyl sulphate (SDS, 85%) were purchased from ACROS
ORGANICS. H2O2 (30%) was purchased from Advent Chembio Pvt. Ltd. Potassium
ferricyanide was purchased from VEB Laborchemie Apolda, while potassium ferrocyanide
was purchased from BDH.

2.2. Apparatus and Measurements

The cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and
differential pulse voltammetry (DPV) measurements were performed using CH Instruments
Inc. (CHI 660D). A glassy carbon electrode (GCE, 3 mm diameter) was used as a working
electrode, while a platinum wire and an Ag/AgCl reference electrode (3 M KCl) were
used as counter and reference electrodes, respectively. The experiments of electrochemical
characterization were carried out in 5 mM [Fe(CN)6]3−/4− solution as a redox probe from
+0.7 V to −0.4 V, while the different concentrations of H2O2 (5 to 6000 μM) were prepared
in 0.1 M PBS saturated with N2.

Raman spectroscopy was carried out using WITec alpha300 R at 532 nm. Zeta potential
was measured using Malvern Zetasizer zs. Transmission electron microscopy (TEM) images
were recorded using a JEOL JEM-1230. Surface morphology characterization and identifica-
tion were performed using scanning electron microscopy (SEM, TESCAN VEGA3) coupled
with energy dispersive X-ray analysis (EDX, BRUKER) and an atomic force microscope
(5600LS, Agilent, Santa Clara, CA, USA). X-ray diffraction (XRD) was performed using an
X-ray diffractometer (BRUKER, D8 DISCOVER).

2.3. Synthesis of Gold Nanoparticles (AuNPs)

Gold(III) chloride solution (147 mM, 100 μL) was added to distilled water (50 mL) to
prepare 0.01% (w/v) solution and heated until boiling. In total, 1% (w/v, 2 mL) trisodium
citrate was added under vigorous stirring, and the color of the solution changed from pale
yellow to blue and finally red. The solution was cooled to room temperature and stored at
4 ◦C. The final concentration of the as-prepared gold nanoparticles was 58 ppm.

2.4. Synthesis of Core–Shell AuNPs@TiO2 and AuNPs@TiO2/MWCNTs

Au@TiO2 was prepared by modifying the preparation methods mentioned in previous
reports [66–68]. Au@TiO2 with different wt% of core Au (1.09, 2.17, 4.24, 8.14 and 11.74%) was
prepared. For Au@TiO2 (8.14% Au), 20 mL of the prepared AuNPs stock solution was added
dropwise to 20 mL of 0.1 mol/L SDS solution under vigorous stirring for 15 min. The mixture
was centrifuged at 12,000 rpm for 10 min. The SDS-capped AuNPs were settled at the bottom
of the centrifuge tube while the supernatant was removed. The SDS-capped AuNPs were
washed three times with distilled water to remove the excess free SDS. In total, 50 μL of TTIP
were mixed with 500 μL of isopropanol, and the mixture was added dropwise to the washed
SDS-capped AuNPs under vigorous stirring. The formed precipitate was washed with ethanol
and allowed to dry. The dried product was calcinated at 500 ◦C for 4 hrs. Then, 1 mg of
AuNPs@TiO2 was suspended in 980 μL distilled water, and 20 μL of 1 mg/mL MWCNTs
were added. Finally, the mixture was sonicated for 30 min.

2.5. Fabrication of H2O2 Electrode (Au@TiO2/MWCNTs/GCE)

Before making the electrochemical measurements, glassy carbon working electrodes
were polished using alumina powders (1.0, 0.3 and 0.05 μm size), followed by washing with
acetone and finally with deionized water and dried at room temperature. The glassy carbon
electrode was firstly activated by recording CV in 0.5 M H2SO4 from 1.4 to−0.2 V for 20 cycles
at a scan rate of 0.1 V/s. The electrode was then washed with distilled water and allowed to
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dry. Then, 5 μL of the Au@TiO2/MWCNTs were drop-casted onto the electrode surface and
allowed to dry at room temperature.

2.6. Real Sample Analysis

The proposed H2O2 sensor (Au@TiO2/MWCNTs/GCE) was tested for the determina-
tion of H2O2 in human serum and saliva samples. Three volunteers participated in this
study, two males and one female, with different ages varying from 24 to 40 years. Saliva
samples were collected in the morning, volunteers were asked to rinse their mouths with
water for 1 min, and then samples were collected after 3 min. Collected saliva samples
were centrifuged for three minutes at 4000 rpm in order to settle down any food residues,
and clear saliva was diluted 10 times with 0.1 M PBS (pH 7.4) for analysis. For the serum
analysis, a 10 mL sample was collected, and the blood was allowed to coagulate for 1 h,
then centrifuged at 5000 rpm for 5 min, and finally, the upper serum layer was collected
and diluted 20 times with PBS for analysis.

3. Results and Discussion

3.1. UV-Visible Spectroscopy

In order to ensure the success of Au@TiO2 preparation, UV-Visible absorption spectra
were recorded for AuNPs, TiO2 and Au@TiO2. As shown in Figure 1, in the case of AuNPs,
the spectrum showed the characteristic absorption peak at 524 nm. TiO2 nanoparticles
are commonly used as an additive in most sunscreen formulations due to their broad
absorption within the UVB and UVA region, with a maximum of 327.5 nm. The successful
preparation of Au@TiO2 was accompanied and confirmed by the disappearance of the
AuNPs peak, which is attributed to the complete coverage of the core (Au) by the TiO2
shell. Moreover, a slight blue shift was observed from 327.5 nm to 323.5 nm.

 

Figure 1. UV-Visible absorption spectra of AuNPs, TiO2 and Au@TiO2 materials.

3.2. Raman Spectroscopy

The TiO2 and Au@TiO2 materials were characterized by Raman spectroscopy, and the
associated spectra are shown in Figure 2. The existence of bands at 144 (Eg), 198 (Eg), 396 (B1g),
515 (A1g) and 638 (Eg) cm−1 are unquestionably linked to the TiO2 anatase phase [69–71]. In
the case of Au@TiO2, the typical Eg peak of TiO2 at 144 cm−1 shifted to a higher wavenumber
(146 cm−1), indicating more crystalline disorders in the anatase TiO2. These crystalline
disorders, which developed at the point where Au and TiO2 came into contact, impact the
vibrational frequency of anatase TiO2 and serve as traps for the produced photoelectrons.

3.3. X-ray Diffraction (XRD)

The crystalline nature of the core–shell Au@TiO2 material was characterized by X-ray
diffraction (XRD), as shown in Figure 3. The samples show two series of peaks, which can
be attributed to the anatase-TiO2 and the face-centered-cubic Au. Planes (101), (200), (105)
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and (211) of anatase-TiO2 are responsible for the peaks at 2θ of 25.7◦, 44.4◦, 54.0◦ and 54.3◦,
while planes (111), (200), (220) and (311) of face-centered-cubic Au are associated with the
remaining peaks at 2θ of 38.2◦, 44.4◦, 64.7◦ and 77.7◦, in agreement with the literature [72].

 
Figure 2. Raman spectra of the prepared TiO2 and Au@TiO2 (Au is 8.14%) materials.

 
Figure 3. X-ray diffraction pattern for the prepared core–shell Au@TiO2 material (Au = 8.14%).

3.4. Zeta-Potential Analyzer and Size Distribution

Higher zeta potential values indicate that the periphery surface charge of the nanopar-
ticles is higher, which encourages repulsion and prevents the formation of aggregates, a
sign of the stability of the core–shell nanoparticles. Au@TiO2 core–shell with different wt%
of Au (1.09, 2.17, 4.24, 8.14 and 11.74%) were prepared, and their Zeta potentials were
measured to evaluate the effect of the weight percent of the core gold on the surface charge
and stability of the whole core–shell material. As seen in Figure 4, the increase in the weight
percent of core gold is accompanied by a positive increase in the value of Zeta potential
until it reaches nearly stable values between 4.24% and 8.14%. Therefore, we decided to
use 8.14% of Au content in further studies.
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Figure 4. Zeta potential of the prepared core−shell Au@TiO2 material with varying Au content (1.09,
2.17, 4.24, 8.14 and 11.74%).

3.5. Transmission Electron Microscopy (TEM)

TEM analysis was performed to directly measure the size, size distribution and mor-
phology of Au@TiO2 and Au@TiO2/MWCNTs, which are shown in Figure 5a–d. The
spherical gold nanoparticles were observed as a dark core, with about 13–15 nm diameter,
in the center and totally encapsulated by a brighter shell of TiO2. It can be observed that
gold nanoparticles are well-dispersed and uniformly incorporated in the TiO2 matrix with-
out any significant agglomeration. Figure 5c shows the selected area electron diffraction
pattern, which agrees with the XRD data and reveals that the compositions of core–shell
(Au and TiO2) reflect their signatures of crystal planes in the hybrid or composite form.
The combination of MWCNTs with core–shell Au@TiO2 is confirmed and presented in
Figure 5d.

 

Figure 5. TEM images of (a,b) Au@TiO2 with 8.14% Au; (c) selected area electron diffraction pattern;
(d) TEM image of Au@TiO2/MWCNTs composite material.

3.6. Scanning Electron Microscopy and Energy Dispersive X-ray Analysis (SEM and EDX)

SEM images were recorded in order to describe the surface morphology and distri-
bution of the Au@TiO2 material. As shown in Figure 6a,b, the presence of spherical and
uniformly distributed particles was observed with a size of approximately 30.29 nm (diame-
ter). The modification of the electrode surface with such core–shell material promises a high
surface area and better electrocatalytic activity. The elemental analysis for Au@TiO2 and
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Au@TiO2/MWCNT materials was performed, and EDX profiles are shown in Figure 6c,d.
The EDX profile for Au@TiO2/MWCNT (Figure 6d) confirms the presence of Ti, O and
Au and C with a weight percent of 39.88%, 46.92%, 7.76% and 5.45%, respectively. The
Au amount observed from the EDX measurements is in approximate agreement with the
theoretical value of 8.14%.

Figure 6. SEM images of Au@TiO2 material (Au = 8.14%) at different magnifications; (a) 30 kx and
(b) 100 kx. (c,d) EDX profiles for Au@TiO2 and Au@TiO2/MWCNT materials confirming the presence
of elements as expected.

3.7. Atomic Force Microscopy (AFM)

AFM analysis was performed to characterize the surface morphology of the Au@TiO2-
modified surface, and the images are shown in Figure 7. It is obvious that the topography
of the core–shell-modified surface has a high surface roughness with a root mean square
height (Sq) of 35.4 nm. As shown in Figure 7a,c, the 3D images confirm the success of
the core–shell preparation process. Protrusions were observed in the TiO2 shell as the
embedded gold nanoparticles in the core push the TiO2 shell out.

23



Biosensors 2022, 12, 778

 

Figure 7. AFM images of the core–shell Au@TiO2 material; (a,c) 3D images and (b,d) plane images.

3.8. Cyclic Voltammetry

Cyclic voltammetry characterization (Figure 8 and Table 1) was performed by recording
the voltammograms for various stages of electrode modification in 5 mM [Fe(CN)6]3−/4− (1:1)
in 0.1 M KCl at a scan rate of 100 mV/s (potential window 0.7 to−0.4 V). The current response
for the MWCNTs modified electrode (IOxi = 60.71 μA and IRed = −61.61 μA, ΔE = 129 mV)
was improved very significantly compared to the bare GCE (IOxi = 45.83 μA, IRed =−44.61 μA,
ΔE = 220 mV). This is attributed to the high conductivity of MWCNTs, which improve the
electron transfer kinetics between the electrode surface and redox couple.

 

Figure 8. Cyclic voltammetric responses for bare GCE, MWCNTs/GCE, Au@TiO2/GCE and
Au@TiO2/MWCNTs/GCE in 5 mM [Fe(CN)6]3−/4−/0.1 M KCl at a scan rate of 100 mV/s.

Table 1. CV and EIS performance data for modified and bare electrodes in [Fe(CN)6]3−/4−.

Electrode IOxi (μA) E (mV) IRed (μA) E (mV) ΔE (mV) Rs (Ω) Rct (Ω) C (μF) W (mΩ)

Bare GCE 45.83 252 −44.61 32 220 128.4 2610 0.49 0.143

MWCNTs/GCE 60.71 223 −61.61 94 129 113.9 634 0.91 0.167

Au@TiO2/GCE 61.81 213 −63.04 87 126 118.4 529 1.13 0.149

Au@TiO2/MWCNTs/GCE 69.77 228 −69.56 113 115 124.8 281 1.00 0.266

The drop-casting of the as-prepared core–shell Au@TiO2 material onto GCE also showed
an increase in the current response (IOxi = 61.81 μA, IRed = −63.04 μA) with a decrease in
ΔE value (126 mV) and this is attributed to the combined catalytic activity of TiO2 and Au.
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Au@TiO2/MWCNTs/GCE showed a much better current response compared to bare GCE,
MWCNTs/GCE and Au@TiO2/GCE with IOxi = 69.77 μA, IRed = −69.56 μA and the lowest
ΔE (115 mV) was observed. This improvement is attributed to the synergistic effect of the
core–shell Au@TiO2 structure and the high electrical conductivity of MWCNTs.

3.9. Electrochemical Impedance Spectroscopy

EIS analysis was performed and recorded in 5 mM [Fe(CN)6]3−/4− solution at 0.22 V
with a frequency range from 0.1 Hz to 105 Hz (Figure 9 and Table 1) to support the cyclic
voltammetry results and to confirm the Rct values which agree well with the voltammetry
findings. The bare GCE showed an Rct of 2610 Ω, which was decreased very significantly
(634 Ω) after modifying the GCE surface with MWCNTs. This is due to the reason that the
electron process kinetics is faster due to the high electrical conductivity of MWCNTs, which
ultimately facilitates the electron transfer and decreases the resistance. Au@TiO2-modified
GCE also showed a decrease in the Rct value (529 Ω), but the proposed electrode material
Au@TiO2/MWCNTs/GCE exhibited the best and lowest charge transfer resistance (281 Ω)
among all the tested materials and is attributed to the synergistic effect of the core–shell
Au@TiO2 nanostructure and high conductivity of MWCNTs.

 

Figure 9. Nyquist plot for modified (labeled) and bare glassy carbon electrodes in 5 mM
[Fe(CN)6]3−/4/0.1 M KCl. Insert shows the Randel circuit used for data fitting.

3.10. Analytical Performance (H2O2 Sensing)

In order to confirm the synergistic effect on H2O2 sensing, DPVs were recorded in
N2-saturated PBS for the different stages of electrode modification. As shown in Figure 10,
the increase in the current response was 1.5 and 1.9 times in the case of MWCNTs/GCE
and Au@TiO2/GCE, respectively, while an increase of 4.6 times was observed in the case of
Au@TiO2/MWCNTs/GCE compared to the bare glassy carbon electrode.

The DPV response of the proposed electrode (Au@TiO2/MWCNTs/GCE) towards
different H2O2 concentrations (PBS, pH 7.4) was recorded and shown in Figure 11. The
reduction current of the hydrogen peroxide (at−0.62 V) increased with H2O2 concentration
and showed a linear response from 5 to 200 μM (y = −0.0046x − 0.015) and from 200 to
6000 μM (y = −0.0074x + 0.7217) with coefficient of determination (R2) of 0.9973 and 0.9994,
respectively. The calculated limit of detection (LOD) was 1.4 μM based on 3σ calculations.
The analytical performance of the proposed sensor was compared to other relevant and
reported results and is summarized in Table 2. It is clearly evident that the proposed sensor
exhibited an excellent response in terms of linear range and detection limit.
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Figure 10. (a) Differential pulse voltammograms recorded in PBS (dashed lines) and 300 μM H2O2

(solid lines) for various stages of electrode modification, Bare GCE (black); MWCNTs/GCE (blue);
Au@TiO2/GCE (green); Au@TiO2/MWCNTs/GCE (red). (b) Histogram represents the corresponding
change in current values (ΔI).

Figure 11. Differential pulse voltammograms recorded using proposed sensor (Au@TiO2/MWCNTs/GCE
towards different concentrations of H2O2 (a) 5 to 200 μM and (b) 200 to 6000 μM) in N2-saturated PBS
(pH 7.4)). (c,d) Corresponding calibration curves from the current responses vs. H2O2 concentrations plot.

3.10.1. Stability and Reproducibility of H2O2 Sensor

Stability is an important parameter to describe the performance of an electrochemical
sensor. The stability of the Au@TiO2/MWCNTs/GCE sensor was investigated by measur-
ing the current responses for different concentrations of H2O2 (20–1000 μM, Figure 12) after
50 days and compared with the initial response recorded. The current response for H2O2
after 50 days was found to be 97.1% of its initial response, and this reveals the acceptable
stability and sufficient lifetime of the proposed sensor. The reproducibility of three freshly
prepared Au@TiO2/MWCNTs/GCEs was tested by measuring the current responses of
200 μM H2O2, and the calculated %RSD was 4.63%.

26



Biosensors 2022, 12, 778

Table 2. Comparison of the proposed sensor with the recently reported H2O2 sensors.

Electrode Material Linear Range LOD (μM) Ref.

GO-Fe3O4-PAMAM-Pd/GCE 0.05–160 μM 0.01 [48]
Pd/TNM@rGO up to 12 mM 0.0025 [49]

GQDs-CS/MB/GCE 1.0 μM–2.9 mM
2.9–11.78 mM 0.7 [50]

Paper/CNTs/AgNPs 1 μM–700 μM - [51]
CuNPs-rGO up to 18 mM 601 [52]

LSG-Ag 0.1–10 mM 7.9 [53]
α-MoO3/GO/GCE 0.92μM–2.46 mM 0.31 [54]

PtNPs@SPCEs 0–215 μM 1.9 [55]
MPS electrode 10 and 5000 μM 4.35 [56]
Pt-Pd/CFME 5–3920 μM 0.42 [57]

NiCoSe2/GCE 0.05 to 402 μM 0.03 [58]
Cu@Pt/C 0.50 μM–32.56 mM 0.15 [59]

Fe3O4@PEI@AuNPs-GRE 0.2–500.0 μM 0.07 [60]
Cu/Cu2O/FTO 0.2–2000 μM 0.04 [61]
AuNPs/n-GaN 40 μM–1 mM 10 [62]

Pd/AuNPs 0.5–6 mM - [63]
Ni−Bi/CC 0.1 μM–0.5 mM 0.00085 [64]

PtNP/rGO–CNT/PtNP/SPCE 25–1000 μM 4.3 [65]

Au@TiO2/MWCNTs/GCE 5–200 μM and
200 μM–6 mM 1.4 This work

PAMAM: Poly(amidoamine) dendrimer; TNM: tert-Nonyl mercaptan; GQDs: Graphene quantum dots;
CS: Chitosan; MB: Methylene blue; LSG; Laser scribed graphene; SPCEs: Screen-printed carbon electrodes;
MPS: Macroporous Silicon; CFME: Carbon fiber microelectrode; PEI: Polyethyleneimine; GRE: Graphite rod
electrode; FTO: Fluorine doped tin oxide; CC: Carbon cloth.

 

Figure 12. Stability study for the determination of H2O2 (20–1000 μM) after 50 days (red line) using the
proposed sensor (Au@TiO2/MWCNTs/GCE) compared to the response observed initially (blue line).

3.10.2. Selectivity of H2O2 Sensor

Possible interferences which may occur during the determination of H2O2 in the
biological samples were examined using the proposed sensor (Au@TiO2/MWCNTs/GCE).
The interference study was performed by measuring the current response of 200 μM
H2O2, and then the change in the current response was recorded in the presence of the
common interferents (ascorbic acid, glucose, methionine, cysteine and uric acid) with
10-fold concentration (2 mM) compared to H2O2. As shown in Table 3, the effect of
these interferents on H2O2 determination is expressed as a percentage recovery from the
initial H2O2 current response (before the interferents were added). Even with such high
concentrations of interferents (10-fold), the results reveal that the proposed sensor is quite
selective towards H2O2.
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Table 3. The H2O2 (200 μM) recovery data for the proposed electrode in the presence of common
interferents (10-fold concentration, 2 mM).

Interferent
(10-Folds)

Recovery (%)
(n = 3)

Ascorbic acid 89.11 ± 0.50
Glucose 102.45 ± 0.87

Methionine 96.21 ± 1.23
Cysteine 105.65 ± 0.68
Uric acid 97.31 ± 0.73

3.11. Real Sample Analysis

The diluted real samples (human saliva and serum samples) were considered, and
analysis was performed in triplicate for different concentrations of H2O2 by the standard
addition method. The recovery values of the proposed sensor are shown in Table 4, which
vary from 85.3 to 117.9%. The obtained results reveal that the proposed sensor exhibits a
reliable response and excellent practicality for the electroanalytical determination of H2O2
in real biological samples.

Table 4. Application of the proposed sensor Au@TiO2/MWCNTs/GCE for real sample analysis
(human serum and saliva samples).

Sample Added (μM)
Found in

Serum (μM)
(n = 3)

Recovery
(%)

Found in
Saliva (μM)

(n = 3)

Recovery
(%)

1
20 18.02 ± 0.94 90.09 18.33 ± 0.71 91.63
40 38.10 ± 0.89 95.24 38.28 ± 0.60 95.71
60 51.17 ± 0.70 85.29 70.74 ± 1.43 117.90

2
20 20.70 ± 1.20 103.48 21.30 ± 0.87 106.52
40 37.41 ± 0.64 93.53 43.98 ± 0.69 109.95
60 57.39 ± 0.56 95.65 63.85 ± 0.45 106.41

3
20 22.11 ± 0.88 110.54 22.76 ± 1.02 113.80
40 38.10 ± 1.09 95.24 39.63 ± 0.70 99.08
60 51.17 ± 0.79 85.29 68.30 ± 0.83 113.84

4. Conclusions

An electrochemical non-enzymatic biosensor based on Au@TiO2 core–shell nanoparti-
cles and muti-walled carbon nanotubes was developed and investigated for H2O2 determi-
nation. The success of the Au@TiO2 preparation process was confirmed and characterized
by various techniques. The different electrode modification stages were electrochemically
characterized using cyclic voltammetry and electrochemical impedance spectroscopy in
5 mM [Fe(CN)6]3−/4− in order to confirm the synergistic effect of Au@TiO2 and MWCNTs.
The synergistic effect was further confirmed during differential pulse voltammetry analysis
of H2O2 (300 μM) in 0.1 M N2-saturated PBS (pH 7.4). The analytical performance of the
modified electrode (Au@TiO2/MWCNTs/GCE) was investigated by plotting the calibra-
tion curves of different concentrations of H2O2 varying from 5 to 6000 μM. The results
showed that by increasing the H2O2 concentration, the reduction current of the hydrogen
peroxide at −0.62 V increases, and the current values showed a linear response from 5 to
200 μM (R2 = 0.9973) and 200 to 6000 μM (R2 = 0.9994). The calculated limit of detection
was 1.4 μM and attributed to the synergistic effect of Au@TiO2 and MWCNTs.

The proposed sensor exhibited good selectivity over the possible interferents (ascorbic
acid, glucose, methionine, cysteine and uric acid at a 10-fold concentration level compared
to H2O2). The lifetime of the sensor/electrode reached 50 days with a decrease of only
2.9% of the original response (current). The developed sensor was further tested for
the determination of H2O2 in real biological samples (human serum and saliva) using
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the standard addition method. The observed response and recovery results support the
potential of the proposed sensor for H2O2 monitoring in future real-world sample analysis.
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Abstract: Magnetic nanocarriers have attracted attention in translational oncology due to their
ability to be employed both for tumor diagnostics and therapy. This review summarizes data on
applications of synthetic and biogenic magnetic nanoparticles (MNPs) in oncological theranostics
and related areas. The basics of both types of MNPs including synthesis approaches, structure, and
physicochemical properties are discussed. The properties of synthetic MNPs and biogenic MNPs are
compared with regard to their antitumor therapeutic efficiency, diagnostic potential, biocompatibility,
and cellular toxicity. The comparative analysis demonstrates that both synthetic and biogenic MNPs
could be efficiently used for cancer theranostics, including biosensorics and drug delivery. At the
same time, reduced toxicity of biogenic particles was noted, which makes them advantageous for
in vivo applications, such as drug delivery, or MRI imaging of tumors. Adaptability to surface
modification based on natural biochemical processes is also noted, as well as good compatibility with
tumor cells and proliferation in them. Advances in the bionanotechnology field should lead to the
implementation of MNPs in clinical trials.

Keywords: magnetic nanoparticles; biogenic magnetic nanoparticles; magnetotactic bacteria;
magnetosomes; biosensors; drug delivery; oncotheranostics

1. Introduction

Screening and early diagnostics of oncological diseases are important factors of suc-
cessful treatment. At the same time, for timely diagnosis, it is necessary to detect minor
amounts of markers of such diseases [1]. The modern development of nanotechnologies
opens up new opportunities for creating highly sensitive means of diagnostics and treat-
ment of cancer. Currently, such problems are solved by developing new biosensor systems
based on various materials and detection principles.

According to the IUPAC definition, a biosensor is “an autonomous complex device
capable of obtaining quantitative or semi-quantitative data using a biorecognizing element
(bioreceptor) that is in direct spatial contact with a transforming element (transducer)” [2].
In a broad sense, a biosensor is a device that converts a physical or chemical effect on
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biological objects into a measurable signal. Three main parts can be distinguished in the
biosensor structure as follows: (i) biorecognizing element (e.g., oligonucleotide or peptide
aptamers, antibodies, enzymes, proteins, microorganisms, organelles, cell receptors, etc.),
which is a material or biomimetic component with a high degree of selectivity to the target
analyte; (ii) transducer (e.g., optical, electrochemical, acoustic, etc.) that converts the signal
of interaction between the biorecognizing element and the analyte into a measurable and
quantifiable signal (in most cases, an electrical signal); and (iii) data processing system that
analyzes the received signals and visualizes the measurement results conveniently for
the operator.

Modern biosensor technology is an example of the convergence of various scientific
and technical areas. The use of a variety of nanomaterials (e.g., nanorods, carbon nanotubes,
graphene, quantum dots, etc.) is one of the main means of increasing the sensitivity and
selectivity of biosensors [3].

One rapidly developing direction in the field of theranostics is the utilization of
magnetic nanoparticles as transport elements both in sensorics and in therapy by addressing
drug delivery. Two main domains of MNPs are used for these purposes: chemically
synthesized nanoparticles (which can be synthesized by various methods, such as sol–gel,
chemical reduction, co-precipitation, hydrothermal synthesis, and pulsed laser ablation
in dimethylformamide and by green methods using plant extracts) [4–8], and biogenic
nanoparticles [9–11]. There are also other important applications that make magnetic
nanoparticles suitable for theranostics (Figure 1).

Figure 1. Main clinical applications of magnetic nanoparticles (MNPs).

In recent years, a particular interest is attracted to biogenic magnetic nanoparticles.
Since “bacteria with motility directed by the local geomagnetic field have been observed in
marine sediments” by Richard Blakemore in 1975 [12], a large number of studies have been
carried out in order to determine the properties of such particles, or, so-called magneto-
somes, which are the intracytoplasmic membrane vesicles, containing magnetic nanocrystal
covered in a lipid bilayer with proteins [13–20]. The most important applications of such
biogenic nanoparticles include the biosensors for medical diagnostics, and cancer diag-
nostics, in particular, vehicles for target delivery of anticancer agents [21], hyperthermia
treatment employing alternating electromagnetic field [22], and tumor diagnostics using
magnetic resonance imaging (MRI) [23].

In this review, synthetic inorganic and biogenic magnetic nanoparticles will be consid-
ered particularly with regard to their applications in biosensors and drug delivery.
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2. Synthetic Magnetic Nanoparticles

2.1. Characterization of Synthetic Magnetic Nanoparticles

Magnetic nanoparticles are biocompatible and lend themselves well to modification by
various biorecognition ligands [24]. The main characteristics of MNPs are their subcellular
size, ranging from a few nanometers to tens of nanometers, allowing them to interact
with nano-molecular-sized biomolecules [25]. Due to their unique properties, magnetic
nanoparticles can be used in various biomedical applications including diagnostics [26–28],
drug delivery [29], hyperthermia treatment [30], tumor cell isolation [31], and precise
reagent manipulation [32].

Ferromagnetic materials are composed of electrically charged particles connected in
groups that create magnetic dipoles, which are called magnetons. The volume of a magnetic
material is a domain structure in which all magnetons are aligned in a single direction by
the exchange forces. This domain structure distinguishes ferromagnetics from paramagnet-
ics [33]. The domain structure of a material is capable of rearrangement as its particle size
decreases. This property is one of the main factors determining its ferromagnetic behavior.
Figure 2 demonstrates the dependence of the coercive force on the particle size. Reducing
the particle size entails an increase in the coercive force up to a certain point—the transi-
tion between the single-domain and multi-domain states. The formation of two separate
domains below this critical size will be energetically unprofitable. A further decrease in par-
ticle size leads to the fact that the coercive force decreases sharply and reaches a minimum
in the superparamagnetic state. The transition to the superparamagnetic state induced
by thermal effects is not a direct phase transition [34]. MNPs are strongly influenced
by an external magnetic field due to the magnetic moment of the network element and
the field tension. Therefore, when the external magnetic field disappears, they behave
as inactive particles [29]. Synthetic MNPs can take various structural-hierarchical forms
depending on the applied magnetic field, such as nanochains, nanorings, nanosheets, and
large cuboids [35].

Figure 2. Dependence of coercivity on particle size: Ds and Dc are the thresholds of superparamag-
netiс and critical size, respectively.

Magnetic nanoparticles based on iron oxides (IONPs), such as maghemite (γ-Fe2O3),
and magnetite (Fe3O4), are the most common for biomedical applications. Such particles are
able to decompose into oxygen and iron and are easily excreted from the organism. When
nanoparticles are fabricated of a size of approximately 10 nm in diameter, IONPs exhibit
superparamagnetic behavior (superparamagnetic iron oxide nanoparticles, SPIONs), which
is due to their better dispersibility without a magnetic field [36]. They accumulate in the
target region in the presence of a magnetic field, which is of great importance for use in
theranostics. IONPs can be doped with elements with high magnetic susceptibility (e.g.,
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CoFe2O4, MnFe2O4, etc.) and metal alloys (e.g., FePt, FeCo, etc.), but their use in living
organisms is difficult due to their rapid oxidation and potential cytotoxicity. Multiferroic
magnetoelectric (ME) materials such as cobalt ferrite (CoFe2O4)/barium titanate (BaTiO3)
nanoparticles have been used for numerous applications, such as biosensors and drug
delivery [37–40]. Their important feature is the presence of a cross-coupling between the
electrical and magnetic phases to combine the properties of the individual phases. In ME
composites, the application of an external electric field affects the magnetization and vice
versa. Crosslinking in composite materials depends on the electrical and magnetic phases,
the interface between them, the size, the nature of the connection between the phases,
and deformation [41]. One of the most types of common magnetic nanoparticles is «core–
shell» structures [42], where the core is a magnetic nanoparticle and its shell is a coating of
biocompatible or bioselective material, which allows such structures to be used for drug
delivery and in biosensor technology. Biocompatibility and cytotoxicity are key factors to
consider when using core–shell MNPs in biomedical applications. Such particles can easily
pass through biological membranes and move through the bloodstream, which can lead to
disruption of the normal functioning of the systems of a living organism [43]. The presence
of a shell on the surface of MNPs is necessary for their stabilization in a colloid system.
This will ensure the safety of their interaction with living systems [44]. Hybrid core–shell
structures using noble metals such as gold, silver, and platinum are also known [45–47].
The optical properties of such MNPs can be precisely tuned by changing the core size,
and shell thickness as well as the core and shell shapes [48]. For example, iron oxide–Au
MNPs generally exhibit the same magnetic properties as the cores with reduced saturation
magnetization due to the mass contribution of the diamagnetic Au and iron oxide–Au
core–shell nanostars exhibit multiple plasmonic resonances due to the coupling of the core
and tip plasmons [48].

There is a variety of technologies for producing synthetic MNPs that control their
size, shape, surface coating, colloidal stability, and other properties, which is especially
important for biomedical applications. Magnetic nanoparticles can be manufactured either
in a «top-down» or «bottom-up» approach. The «top-down» method involves a high-energy
ball milling process of a magnetic sample until the desired nanoscale size is achieved. The
advantage of the «top-down» method is that a large number of particles can be produced
within a single batch, while the disadvantage is that the control over particle shape and size
which is important in biomedical applications, is compromised. The «bottom-up» method
starts with a salt of ferrous (Fe2+) or ferric (Fe3+) ions which then undergo a chemical process
to nucleate and induce seeded growth to obtain particles of the desired hydrodynamic
diameter [49]. The «bottom-up» approach includes such techniques as hydrothermal,
solvothermal, sol–gel, co-precipitation, flow injection syntheses, electrochemical, and laser
pyrolysis [50]. Microfluidic methods of synthesizing magnetic nanoparticles, which are
based on “lab-on-a-chip” methods and approaches, were also described [51,52]. Such
techniques include continuous-flow microreactors and droplet-based microreactors, based
on cross-flow, co-flow, and flow-focusing methods, etc. [53,54].

2.2. Applications of Biosensors for Cancer Diagnostics

Magnetic nanoparticles (MNPs) are attractive for use in biosensors, since most biologi-
cal samples have an insignificant magnetic susceptibility, and therefore the background
against which measurements are performed is extremely low [55]. MNPs are biocompatible
and can be easily modified with various biorecognizing ligands [24].

In biosensorics, the most widely used detection methods, in which MNPs are applied,
are optical and electrochemical. Specialized magnetic detection techniques and other
techniques are also known. Optical detection methods such as luminescent, fluorescent,
colorimetric, etc., are very sensitive and specific. Their principles of operation are based on
a change in the phase, amplitude, polarization, or frequency of incoming light in response
to biorecognition processes. In such methods, to increase sensitivity, the target molecule or
biorecognition element is labeled with a chromogenic or fluorescent label, such as a dye.

36



Biosensors 2022, 12, 789

A change in color/fluorescence intensity indicates the presence of target molecules, which
provides high sensitivity with a detection limit of up to one molecule [56]. Electrochemical
biosensors use electrodes with recognition elements immobilized on their surface, capable
of selectively binding to target molecules. Detection of a target binding to a recognizer in
solution is based on the detecting of changes in currents and/or voltages. Electrochemical
biosensors (potentiometric, amperometric, and impedimetric) represent detection systems
that convert a chemical reaction into a measurable electrical signal. Due to their low cost,
low power, and ease of miniaturization, electrochemical biosensors hold great promise
for various biomedical applications, especially for Point-of-care Testing (PocT) devices.
However, the functioning of these sensors can be influenced by various effects on the
electrode surfaces related to pH, ionic strength, and the chemical composition of biological
fluids [57]. Magnetic detection methods include various sensing techniques based on giant
magnetoresistance, tunneling magnetoresistance, planar Hall effect, etc. These methods are
used to measure the magnetic response in the form of susceptibility, relaxation, residual
magnetization, and even frequency mixing [58].

Successful cancer treatment remains a challenge where the importance of early tumor
diagnostics cannot be overestimated. Therefore, a major goal in modern biosensorics is
to increase the sensitivity of detection methods and decrease the analysis time. Magnetic
nanoparticles can be easily integrated onto the surface of the transducer or used as a sample
preparation component with further concentration of the biological sample in the active
region of the biosensor. Due to the growing interest in increasing sensitivity and selectivity,
the optimization of MNPs for specific applications and the choice of optimal detection
methods are important challenges for modern nanoscience [58]. MNPs can greatly increase
the sensitivity of biosensor devices. MNPs exhibit different magnetic properties compared
to the bulk material due to the reduced number of magnetic domains, which leads to the
appearance of a superparamagnetic state. In this state, the magnetization can randomly
change direction in a very short time. This superparamagnetic behavior prevents attrac-
tive or repulsive forces between magnetic nanoparticles until an external magnetic field
is applied [59].

To diagnose oncological diseases, biosensors based on magnetic nanoparticles use var-
ious techniques for modifying them in order to bind highly specific biorecognizing agents,
which should capture extremely low analyte concentrations. The variety of detection tech-
niques and biorecognition interfaces used for the recognition of cancer cells are presented
in Table 1. Some examples of applications of biosensor devices based on various detection
methods using magnetic nanoparticles for cancer diagnosis will be discussed below.

Table 1. Applications of synthetic magnetic nanoparticles in biosensors for cancer diagnostics.

Detection Principle Biorecognition Interface Target Detection Limit Refs.

E
le

ct
ro

ch
e

m
ic

a
l

Square wave
voltammetry

(SWV)

DNA-modified gold-coated
magnetic nanoparticles

(DNA-Au@MNPs)

DNA methylation for ovarian
cancer diagnosis 2 aM [60]

SWV DNA-Au@MNPs Circulating tumor
DNA (ctDNA) 5 fM [61]

Differential pulse
voltammetry

(DPV)

MWCNT/Fe3O4 modified
with anti-PSA antibodies

Prostate-specific
antigen (PSA) 0.39 pg·mL−1 [62]

DPV Apt-GMNPs
Human T-cell acute

lymphocytic leukemia cells
(CCRF-CEM)

10 cells·mL−1 [63]

Amperometry Fe3O4@GO modified with
anti-PSA antibodies

PSA and prostate-specific
membrane antigen (PSMA)

15 fg·mL−1 and
4.8 fg·mL−1,
respectively

[64]
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Table 1. Cont.

Detection Principle Biorecognition Interface Target Detection Limit Refs.

Amperometry Sox/Pt–Fe3O4@C/GCE Sarcosine (prostate
cancer biomarker) 0.43 μM [65]

Electrochemical
impedance

spectroscopy (EIS)

MBCPE/Fe3O4-
RGO/PANHS/ssDNA

Breast cancer mutation
BRCA1 5382 insC 2.8 × 10−19 mol·L−1 [66]

EIS MNPs + antibodies EpCAM, MUC-1, and HER-2
0.5 μg, 1.0 μg and 0.125

μg per 106 cells,
respectively

[67]

Chronoamperometry γ-Fe2O3
/CrVI/Amine Oxidase Polyamine in tumor tissue 2.47 μM [68]

Potentiometry
Anti-AFP with the
nanogold/MPS–

CoFe2O4 particles
AFP (α-1-fetoprotein) 0.3 ng·mL−1 [69]

O
p

ti
ca

l

Surface-enhanced
Raman

spectroscopy
(SERS)

Magnetic
nanoparticle–antibody–

CEA–antibody–gold
nanoparticle–

Raman reporter

Carcinoembryonic
antigen (CEA) 10−12 M [70]

SERS Raman tags-DNA probes
modified Fe3O4@Ag NPs

MicroRNA in cancer cells
(HeLa, MCF-7, A549) 0.3 fM [71]

SERS

Magnetic molecularly
imprinted polymers

(MMIPs) with
anti-PSA@DTNB@Au

nanoparticles

Prostate-specific
antigen (PSA) 0.9 pg·mL−1 [72]

Surface plasmon
resonance and

MPQ cytometry

Magnetite nanoparticles
modified by phytolectins

(SBA, WGA, ConA)
Epidermoid carcinoma cells

up to 4.2 ± 0.1 pg·cell−1

2.2 ± 0.5 pg·cell−1 and
0.45 ± 0.07 pg·cell−1,

respectively

[73]

Surface plasmon
resonance

Erlotinib conjugated MNP
(erlotinib-MNP)

Human lung cancer cells
(A549 cells) 5 μg·mL−1 [74]

UV–vis
spectrometry

Au nanoparti-
cles/DNA/magnetic beads

Anterior gradient homolog
2 (AGR2) 6.6 pM [75]

Fluorescent
detection DNA/dextran/PAA/Fe3O4 NPs p53 protein 8 pM [76]

Magnetofluoro-
immunosensing

(MFI) system

Ag/iron oxide
NP-decorated graphene

Prostate-cancer-cell-
derived exosome 134.32 NPs·mL−1 [77]

Colorimetry
superparamagnetic iron
oxide nanoparticles (SPI-

ONs)/NanoZyme/Transferrine

Transferrin receptors in
human U87MG

glioblastoma cells
50 cells [78]

Colorimetry
Nanocomposite MNP and

Pt NP in ordered
mesoporous carbon

Human epidermal growth
factor receptor 2 (HER2) 1.5 ng·mL−1 [79]

O
th

e
r

p
ri

n
ci

p
le

s

Loop-mediated
isothermal

amplification
(LAMP) and lateral
flow device (LFD)

with
magnetometric

detection

Biotin-labeled inner primer
and digoxigenin-labeled
dUTP and gold magnetic
nanoparticle (GMNP) as

a signal generator

DNA methylation pattern
of miR-34a - [80]
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Table 1. Cont.

Detection Principle Biorecognition Interface Target Detection Limit Refs.

Methylation-
specific lateral flow

assay
(MS-LFA) with
magnetometric

detection

Amplicon recognizing and
capture by gold magnetic
nanoparticles (GMNPs)

DNA methylation pattern
of miR-34a 0.01 pg [81]

Magnetic
flow cytometry

Magnetic nanoparticles
with aptamers Pancreatic cancer cells - [82]

Magnetoresistance
Fe3O4 NPs/Ab in

InSb-based
semiconductor channel

Liver cancer antigen 0.14 pg·mL−1 [83]

Nanoprobe-based
nuclear magnetic
resonance (NMR)

spectroscopy

Core-shell
CoFe2O4@BaTiO3

magnetoelectric (ME)
nanoparticles (MENs)

Ovarian carcinoma cells
Skov3, glioblastoma cells

U87-MG, and breast
adenocarcinoma cells MCF-7

- [84]

Giant
magnetoresistance

detection
MoS2–Fe3O4-Aptamer

Exosomes derived from
human A431 epidermoid

carcinoma cells
100 exosomes [85]

Electrochemical biosensors have become widespread due to a wide range of detection
techniques, ease of technological implementation, availability of measuring equipment,
and wide potential for miniaturization and integration into lab-on-a-chip systems. The
current level of micro- and nanotechnologies has made it possible to create a variety of
components of biosensor systems using magnetic nanoparticles, thus providing increasingly
lower detectable concentrations of target substances, which is extremely important in
cancer diagnostics.

The use of noble metal coatings has become a common technique for creating biorecog-
nizing structures based on magnetic nanoparticles for electrochemical biosensors [60]. Thus,
Chen et al. reported the development of an electrochemical biosensor for the detection of
DNA methylation in blood-based on square wave voltammetry [60]. This process involves
hybridization in a probe network of DNA-modified gold-coated magnetic nanoparticles
(DNA-Au@MNP) complementary to the target DNA and subsequent enzymatic diges-
tion to differentiate between methylated and unmethylated DNA strands. The detection
limit for the developed biosensor was 2 aM. Another electrochemical sensing assay in
combination with the DNA-Au@MNPs was used for the direct detection of the levels of
circulating tumor DNA from whole blood [61]. This biosensor can selectively detect short-
and long-strand DNA targets with a dynamic range from 2 aM to 20 nM for 22 nucleotide
targets and from 200 aM to 20 nM for 101 nucleotide targets, respectively. In another
study biosensor based on hollow hybrid magnetic Pt–Fe3O4@C nanospheres for sarcosine
detection was presented by Yang et al. [65]. In order to achieve excellent electron transfer,
polyaniline was used as a coating of Pt-Fe3O4 nanoparticles, which were then pyrolyzed
to carbon.

A promising approach for the implementation of high-sensitivity electrochemical
biosensors is the use of magnetic nanoparticles combined with carbon nanomaterials. The
biosensor for prostate-specific antigen (PSA) detection was developed based on modifi-
cation of the glassy carbon electrode (GCE) surface with a nanocomposite of carboxyl
functionalized multi-walled carbon nanotubes (MWCNTs), and Fe3O4 nanoparticles for
signal amplification and facilitating electron transfer [62]. The biosensor demonstrated the
detection limit of 0.39 pg·mL−1 to measure PSA with a linear range from 2.5 pg·mL−1 to
100 ng·mL−1. Khoshfetrat and Mehrgardi [63] reported an aptamer-based electrochemical
biosensor with carbon-modified electrodes for quantitative detection of leukemia cells
using MNPs. A composition of Fe3O4 nanoparticles coated with gold nanoparticles was
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used to immobilize the thiolated sgc8c aptamer on the surface. The binding of tumor cells
to the aptamer leads to the destruction of its hairpin structure. As a result, intercalator
molecules are released (ethidium bromide was used for this purpose), which leads to
a decrease in the electrochemical signal. Amplification of the signal of the electrochemical
platform was provided by the immobilization of nitrogen-doped graphene nanosheets
on the electrode surface. Jahanbani et al. [66] designed a label-free DNA biosensor for
breast cancer mutation detection (BRCA1 5382 insC) based on a magnetic bar carbon paste
electrode (MBCPE) modified with Fe3O4/reduced graphene oxide (Fe3O4NP-RGO) as
a composite and 1-pyrenebutyric acid-N-hydroxysuccinimide ester (PANHS) as a linker
for DNA sequences detection (Figure 3). The MBCPE/Fe3O4-RGO/PANHS electrode
was modified with probe strands for the exact incubation time. This biosensor showed
a detection limit of 2.8 × 10−19 mol·L−1 in a linear range from 1.0 × 10−18 mol·L−1 to
1.0 × 10−8 mol·L−1.

Figure 3. Schematic representation of the modified electrochemical biosensor based on
MBCPE/Fe3O4-RGO/PANHS platform. Reprinted from [66] with permission of Elsevier provided
by Copyright Clearance Center.

MNPs with a “core–shell” structure are among the most frequently used in biosensor
applications. At the same time, new variants of shells are being created, which make it
possible to detect various cancer cells with high sensitivity. Thus, surface-active maghemite
nanoparticles (SAMNs) with a self-assembled coating of CrVI were used to make a nanos-
tructure (SAMN@CrVI) with immobilized bovine serum amine oxidase (BSAO) [70]. The
use of chromate made it possible to bind BSAO, which does not spontaneously bind to
the SAMN surface, and the electrochemical signal of the SAMNs was radically changed
on the formation of the self-assembled CrVI shell. The obtained nanoconjugate was em-
ployed for interference-free polyamine determination in liver cancer tissues. Wang et al.
provided an electrochemical immunoassay method for the detection of α-1-fetoprotein
(AFP) based on core–shell–shell nanoparticles functionalized with antibodies [69]. The
basic CoFe2O4/(3-mercaptopropyl) trimethoxysilane nanostructure (CoFe2O4–MPS) was
synthesized by covalent conjugation. Then, gold nanoparticles were sorbed onto the surface
of this nanostructure using the Au–S bond, and then anti-AFP antibodies were immobi-
lized. MNPs doped with biomolecules were attached to the electrode surface by applying
an external magnetic field. The voltammetric biosensor was performed in a linear range
from 0.8 to 120 ng·mL−1 AFP concentration range with a detection limit of 0.3 ng·mL−1.
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Optical detection systems are also widely used in biosensors due to their high sen-
sitivity. Nevertheless, in this group of methods, it is also important to provide signal
amplification for the detection of ultra-low analyte concentrations. Therefore, magnetic
nanoparticles are also used in this group of methods.

A common optical detection method is surface-enhanced Raman scattering (SERS).
This method offers the creation of quite low-cost multisensor systems, which is especially
important for the development of Point-of-care Testing devices. Pang et al. [71] reported
a surface-enhanced Raman scattering (SERS) detection system of the total RNA extracted
from tumor cells using a hybrid Fe3O4@Ag MNPs biosensor functionalized with DNA
probes. A single target miRNA molecule can rehybridize thousands of DNA probes to
trigger signal-enhancing recycling in the presence of an endonuclease duplex-specific
nuclease (DSN). The superparamagnetic properties of Fe3O4@Ag hybrid MNPs allowed
capturing, concentration, and direct quantification of target miRNA let-7b without any PCR
preamplification treatment. Additionally, MNPs may be used as a structural component
of molecularly imprinted polymers (MMIPs) for SERS biosensors [72]. This sandwich
structure served as an antibody-free probe and was labeled with gold nanoparticles that
were modified with anti-PSA and a Raman reporter. This allowed to create a plasmonic
structure between the MMIP and the SERS label. The detection and quantification limits of
the developed sensor were 0.9 pg·mL−1 and 3.2 pg·mL−1, respectively (Figure 4).

Figure 4. The schematic of plasmonic biosensor for prostate-specific antigen by combining magnetic
molecularly imprinted polymer and surface-enhanced Raman spectroscopy. Reprinted from [72] with
permission of Elsevier provided by Copyright Clearance Center.

Multiparametric surface plasmon resonance can be effectively used as a label-free
technique for studying the process of dynamic mass transfer in the nanoparticle/cell system
in the fluid cell. Shipunova et al. [73] obtained a spectrum of colloidally stable MNPs
modified with phytolectins (SBA, WGA, ConA) of different specificity for monosaccharides
(GalNAc, GlcNAc, and Man, respectively) and studied the interaction of these conjugates
with A431 human epidermoid carcinoma cells. The authors showed that not only the angle
of the minimum peak in the full angular spectrum but also the intensity of this peak can
be used to study the binding of target MNPs to living cells in dynamics. This is explained
by the contribution of metal nanoparticles to the absorption of incident electromagnetic
radiation by free electrons by the resonance mechanism at the interface between media with
different refractive indices. The combination of label-free SPR and magnetometric MPQ
cytometry techniques allowed to establish that MNPs modified with soybean agglutinin
bind to epidermoid carcinoma cells reaching saturation in 12 min to 4.2 ± 0.1 pg·cell−1 [73].
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Spectrometric techniques can also be used for high-sensitive cancer biomarkers de-
tection. One example of such a system is the work [75]. Here, the principle of UV–visible
spectrometry was used to develop a sandwich-type aptasensor based on gold nanoparti-
cles/DNA/magnetic beads to detect the cancer biomarker protein AGR2. The obtained
structure (Figure 5), built on the high affinity between the aptamer and the target protein
and providing a picomolar detection limit, made it possible to determine the target analyte
with a sample volume of up to 20 μL. It was also noted that the sensitivity and selectivity
of the developed sensor can be improved using magnetic separation.

Figure 5. Schematic representation of AGR2 protein detection procedure. Reprinted from [75] with
permission of Elsevier provided by Copyright Clearance Center.

Another example of spectrometric detection in biosensor systems is fluorescence
registration. A fluorescent biosensor for p53 protein quantification was explored using
DNA/dextran/PAA/Fe3O4 nanocarriers by Xu et al. [76]. Dextran-aminated MNPs were
used to functionalize the consensus DNA that can selectively bind wild-type p53 protein
(Figure 6). Dextran coating reduced nonspecific protein absorption and the sensitivity
for p53 protein was achieved due to the facile magnetic separation from the complex
condition. Inhibition of the process of DNA replacement by the captured p53 protein on the
DNA consensus domain provided a decrease in fluorescent emission. Another promising
approach for cancer detection war presented by Lee et al. [77], who developed cancer-cell-
derived exosomes biosensor via the magnetofluoro-immunosensing (MFI) system using
hybrid Ag/iron oxide NP-decorated graphene (Ag/IO-GRP) without purification and
concentration processes. The authors successfully detected a prostate-cancer-cell-derived
exosome from non-purified exosomes in a culture media sample in a concentration range
from 102 NPs·mL−1 to 106 NPs·mL−1.

Colorimetric methods of registration are based on measuring the optical density at
a given wavelength, thus making it possible to determine the concentration of the substance
in question. The result of the analysis can be recorded quite easily with a mobile device.
A fast colorimetric immunosensor was developed on the basis of a nanocomposite of
platinum and magnetic nanoparticles incorporated into mesoporous carbon [79]. This
system allowed highly specific detection of human epidermal growth factor receptor
2 (HER2) at room temperature within 3 min. The technology exemplifies a strategy, in
which nanocomposites are utilized for rapid, robust, and convenient identification of target
pathogens. Consequently, the approach has potential applications for point-of-care (PoC)
detection in clinical diagnostics.

The combination of Immunochromatographic and magnetometric techniques is quite
promising for use in biosensors. The combination of loop-mediated isothermal amplifica-
tion (LAMP) and lateral flow device (LFD) was used to identify traces of DNA methylation
from highly heterogeneous cancerous specimens [80]. Gold magnetic nanoparticle (GMNP),
working as a signal generator in this biosensor, enabled to interpret DNA methylation
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patterns through both visual and magnetic representation. The result can be obtained
through both visual and magnetic detection. The performance of this biosensor was ver-
ified with real-world samples in the determination of the DNA methylation pattern of
miR-34a promoter (Figure 7). Another site-specific biosensor based on lateral flow assay
was established for both visual and magnetic DNA methylation determination [81]. The
introduction of primers labeled with digoxin and biotin into PCR made it possible to
recognize amplicons that can be recognized and captured by gold magnetic nanoparticles
(GMNPs) using the developed biosensor device. The optical properties of GMNPs make
it possible to use them as a signal probe and interpret amplicons even with the naked
eye. The magnetic properties of these particles make it possible to register a signal using
a magnetometer. The combination of such detection techniques is promising for use in
clinical practice.

Figure 6. A fluorescent sensor for p53 protein expression was developed by combination of functional
consensus DNA and magnetic nanoparticles. The sensor can realize ultrasensitive detection of p53
protein in real cell lysate. Reprinted from [76] with permission of Elsevier provided by Copyright
Clearance Center.

Figure 7. The schematic of DNA methylation biosensor by combination of isothermal amplification
and lateral flow device. Reprinted from [80] with permission of Elsevier provided by Copyright
Clearance Center.
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The unique magnetic properties have also found their application in biosensors for
cancer diagnostics. One of these properties is giant magnetoresistance, devices based
on which can be integrated into miniature analytical systems. Magnetic flow cytometers
are a possible solution for rapid cancer cellular detection in PoC testing devices. Thus,
Huang et al. [82] reported an array of microfluidic biosensors based on a giant magne-
toresistive spin valve with multiband sensor geometry and matched filtering to improve
detection accuracy without sacrificing throughput (Figure 8). When cells labeled with
MNPs pass by, the sensor generates a characteristic signal, which allows measurements
to be taken in a multiparametric mode. The throughput of the developed device for
multiparametric measurements was 37–2730 cells/min.

Figure 8. Magnetic flow cytometer (MFC) concept: (A). Operation of a GMR SV-based MFC where
MNP decorated cells flow over GMR SV sensors. (B). Signature from conventional single-stripe
sensors with a simple bipolar peak that increases the false detection events and the proposed multi-
stripe configuration that enhances the signal differentiation by creating a unique magnetic signature.
Reprinted from [82] with permission of Elsevier provided by Copyright Clearance Center.

Another magnetoresistive biosensor based on an InSb channel was demonstrated by
Kim et al. [83]. The Fe3O4 nanoparticles bound to the target antigen created a stray magnetic
field, which induced a change in semiconductor channel resistance due to the Lorentz force.
The antigen concentration was proportional to the number of MNPs attached to the sensor
surface and, therefore, could be determined by measuring the magnetoresistance of the
sensor channel. Zhu et al. presented a GMR biosensor for exosome detection based on
aptamer-modified 2D MoS2-Fe3O4 nanostructures providing both multidentate targeting
and signal amplification [85]. Unlike pure MNPs, layered MoS2 nanostructure acts as
a recruitment matrix for high-density MNPs as magnetic probes. The developed GMR
sensor using 2D magnetic nanocomposites demonstrated reproducibility and selectivity
with a detection limit of 100 exosomes.

Multiferroic magnetoelectric nanoparticles (MENs) are an attractive tool for the devel-
opment of new magnetic tools for cancer diagnostics. For this, Nagecetti et al. [84] used
such 30-nm core–shell particles as probes synthesized by the solvothermal method. In
such a system, the electric and magnetic fields are inextricably linked. Due to the clear
association with cells and the magnetoelectric effect, the NMR absorption spectra for cells
incubated with MENs differed significantly from cells without such particles. Ordinary
MNPs caused only minor changes in the adsorption spectra or did not cause them at all.
The authors concluded that the minimization of the magnetoelectric energy upon binding
of nanoparticles to cells is responsible for the change in the NMR adsorption spectrum in
the case of MEN.

Thus, the variety of implementations of biosensor systems using MNPs for cancer
diagnostics clearly indicates broad prospects for the introduction of these systems into
clinical practice. Undoubtedly, the key task in creating such systems is to increase their
sensitivity, stability, reproducibility, reliability, as well as the economic availability of testing.
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Nevertheless, the creation of multiparametric biosensor systems for cancer diagnostics
remains an important task, since large-format POCT screening makes it possible to form
a map of human health and exclude many causes of diseases at once. This will allow
us to formulate the optimal strategy for the treatment or preventive correction of the
patient’s condition.

2.3. Synthetic Magnetic Nanoparticles for Drug Delivery

Following diagnostics, modern technologies should provide conditions for the success-
ful treatment of oncological diseases. Most anticancer drugs (e.g., doxorubicin, paclitaxel,
curcumin, etc.) are administered intravenously, which often leads to a significant number
of side effects [86–91]. The major limitation of present chemotherapeutic agents is the poor
selectivity and the resultant toxicity [92]. Therefore, to minimize the negative effects of
anticancer drugs, various systems are being developed for their targeted delivery directly
to tumor cells [93].

Magnetic nanoparticles have become one of the most developing means of targeted
drug delivery against cancer due to the possibility of their modification with various shells
that improve their biocompatibility, allowing them to attach more active substances to them
and avoid aggregation in the blood vessels. The size of MNPs is an extremely important
factor for their therapeutic use since particles with a diameter of less than 10 nm are quite
easily excreted through the renal clearance, while those larger than 200 nm are absorbed
by the spleen [94]. To bring MNPs with an anticancer drug to the site of the tumor, high-
gradient rare-earth metal magnets are mainly used, which make it possible to focus the
magnetic field in the desired area. However, as the distance of the tumor from the body
surface increases, the effectiveness of such targeting decreases, since the strength of the
applied magnetic field decreases [95]. Figure 9 shows a scheme for targeted delivery of
anticancer drugs using MNPs.

Figure 9. Scheme of targeted drug delivery using magnetic nanoparticles.

Since toxicity remains the main challenge in the use of magnetic nanoparticles in
anticancer drug delivery, to overcome this, new methods of modifying MNPs into bio-
compatible shells with chemotherapeutic agents attached to them are being developed. In
addition, it is necessary to overcome the agglomeration and aggregation of MNPs, which
can also cause negative consequences for the body and complicate the complete release of
drugs in the tumor site.

The variety of anticancer drugs necessitates the creation of an optimal delivery sys-
tem for each of them to the tumor site in order to provide the most effective treatment.
Oncotheranostics and nanomedicine are currently developing quite intensively and are
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now becoming one of the key areas in the creation of new methods of cancer treatment.
Therefore, we propose to consider in this part of the review only fairly recent examples of
the use of magnetic nanoparticles for targeted drug delivery. Table 2 shows the structures
of systems for targeted delivery of various anticancer drugs based on the work of the last
5 years.

Table 2. The diversity of magnetic nanoparticle cores and shells modification agents for targeted
drug delivery in oncology.

Anticancer Drug Type of MNPs Coating Agents Target Cell Refs.

Adriamycin Fe3O4 Homogenous gelatin microspheres Hepatocellular
carcinoma (HCC) [96]

Bufalin Fe3O4 Liposomes 4T1 breast cancer cells [97]

Camptothecin (CPT) Fe3O4 Dextran + folate Prostate cancer cells [98]

Cisplatin Fe3O4

Amphiphilic
polymer + near-infrared

dye-labeled HER2 affibody

HER2-expressing
tumor cells [99]

Curcumin (Cur) Fe3O4 Bovine serum albumin MCF7 cells [90]

Cur ZnFe2O4

L-cysteine
(L-Cys) + oxygen-containing

functional groups and
nitrogen-rich mesoporous

graphite-phase carbon nitride (Ox,
N-rich mpg-C3N4)

Human lung
adenocarcinoma A549 cells [100]

Cur Fe3O4
Hyperbranched polyglycerol

(HPG) and folic acid (FA) HeLa cells [101]

Doxorubicin (DOX) Fe3O4
Polyethylene Glycol

(PEG) + polyarabic acid
Human breast cancer cell

line MDA-MB-231 [102]

DOX
Superparamagnetic

iron oxide
nanoparticles (SPIONs)

Poly(ethylene
glycol)-poly(aspartic acid)
[PEG-P(Asp)] copolymer

Colon carcinoma and
fibroblast cell lines [103]

DOX mesoporous
haematite Fe2O3

- Human breast
cancer, MCF-7 [104]

DOX CoFe2O4 Leucine (Leu) HeLa cells [105]

DOX Fe3O4
Magnetic molybdenum disulfide

(mMoS2) + Liposomes
Human breast cancer,

MCF-7 [106]

DOX Ag-Fe3O4
Dextrin + cell-penetrating

peptide (Tat) MCF-7 cells [107]

DOX and methotrexate CoFe2O4@BaTiO3 -

Human hepatocellular
carcinoma (HepG2) and

human malignant
melanoma (HT144)

[108]

Erlotinib (ERL) SPIONs Poly N-isopropyl acrylamide
(PNIPAM) with aptamer AS1411 Prostate cancer cells [109]

Growth
hormone-releasing

hormone antagonist of
the MIA class (MIA690)

CoFe2O4@BaTiO3 - Human glioblastoma
cells (U-87MG) [110]

Hydrophobic
anticancer

agent ASC-J9
Fe3O4

Silk fibroin + cationic amphiphilic
anticancer peptide,

G(IIKK)3I-NH2 (G3)

Colorectal cancer cells
HCT 116 [111]

Methotrexate Fe3O4 Arginine MCF-7, 4T1, and HFF-2
cell lines [90]
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Table 2. Cont.

Anticancer Drug Type of MNPs Coating Agents Target Cell Refs.

Oxaliplatin (OXA), and
irinotecan (IRI) Fe3O4 Chitosan (CS) CT-26 cancer cells [112]

Paclitaxel (PTX) SPIONs

FA-conjugated Polyethylene glycol
(PEG)/ polyethyleneimine
(PEI)-SPIONs SPTX-loaded

nanoparticles
(SPTX@FA@PEG/PEI-SPIONs)

Nasopharyngeal carcinoma [88]

siRNA Fe3O4 Polyethyleneimine (PEI) B-cell lymphoma-2 (BCL2),
Ca9-22 oral cancer cells [113]

Sorafenib Fe3O4
Mesoporous organosilica + MnO2

+ hyaluronic acid
Human lung

adenocarcinoma A549 cells [114]

Quercetin
5-fluorouracil SPIONs Zeolitic imidazolate frameworks

(ZIF) + FA
Breast cancer

MDA-MB-231 cells [115]

Quercetin MnFe2O4 Mesoporous hydroxyapatite (HA) Human breast cancer
MCF-7 cells [116]

Ursolic acid (UA) Fe3O4 β-cyclodextrin, folate Human breast cancer
MCF-7 cells [117]

Violacein Fe3O4 Polylactic acid Glioblastoma and
melanoma cancer cell lines [118]

Zidovudine NiFe2O4
Poly(vinyl alcohol)/stearic acid
with poly(ethylene glycol) PEG

Human SK-BR-3 breast
cancer cell lines [119]

5-fluorouracil (FLU) Fe3O4
(3-aminopropyl) triethoxysilane +

tryptophan (TRP)
Human breast cancer

MCF-7 cells [120]

FLU Fe3O4-Pt FLU@PEG nanospheres 4T1 cells [121]

As can be seen from Table 2, a very wide range of coatings for magnetic nanoparticles
is used to deliver various anticancer drugs. The variety of coatings used to create targeted
drug delivery systems based on magnetic nanoparticles suggests that the optimal com-
position of such a coating has not yet been found, which would minimize the toxicity of
the system and make it fully biocompatible. Below we consider some examples of such
structures with different coatings.

One of the most common coatings for drug delivery using MNPs is liposomes.
A nanocomposite based on Fe3O4 nanoparticles coated with liposomes loaded with bufalin
was presented as a drug for inhibiting lymphatic metastasis in breast cancer [97]. MNPs
performed a targeting and photothermal function, accumulating in the sentinel lymph
nodes of laboratory mice. The proposed technique allowed to reduce the incidence of lung
metastases by 81% and achieve 91% tumor inhibition in the sentinel lymph nodes of mice.
Lee et al. reported on doxorubicin nanocarriers based on liposome-coated magnetic molyb-
denum disulfide (mMoS2) used for combined photochemotherapy [106]. The nanocarriers
demonstrated a rather low rate of nonspecific protein adsorption and a low degree of
aggregation in physiological saline. A reasonably successful cellular uptake profile of
MCF-7 cells without significant cytotoxicity was obtained from in vitro studies. While
in vivo studies (Figure 10) demonstrated that a drug delivery system based on mMoS2 and
liposomes provides tumor inhibition in mice with fewer negative effects.

Amino acids are also one of the widely used coatings for magnetic nanoparticles in
oncotheranostics. Thus, L-cysteine-encapsulated ZnFe2O4 nanoparticles in combination
with oxygen-containing functional groups and a nitrogen-rich mesoporous graphite phase
with carbon nitride were used as a biodegradable target sonodynamic chemotherapeutic
agent for tumor eradication [100]. The developed nanocomposite served as a carrier of
the anticancer drug curcumin with a pH and ultrasound trigger, as well as to perform
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a semi-enzymatic sonocatalytic function. In another study, Attari et al. [90] proposed
a method for the preparation of iron oxide MNPs coated with arginine using the in situ co-
precipitation method and the one-pot method. The obtained nanoparticles were covalently
bound to methotrexate and can target most cancer cells whose surface is overexpressed
with folate receptors. Due to the functionalization of nanoparticles with arginine, an amide
bond appeared on their surface between the amino groups and terminal carboxylic acid
grappa on methotrexate, which was released from the nanoparticles in the presence of
protease-like lysosomal conditions. Experiments on cell lines MCF-7, 4T1, and HFF-2
demonstrated the absence of cytotoxicity, which makes the developed system promising
for use in clinical practice. In [105], solvothermally synthesized nanoparticles of cobalt
ferrite (CoFe2O4) coated with leucine were used as a doxorubicin delivery system. The
developed nanocarriers not only showed the ability to effectively inhibit the proliferation
of HeLa cells, exerting an obvious cytotoxic effect on them but also demonstrated high
sensitivity to a magnetic field in comparison with CoFe2O4 nanoparticles without leucine
coating (Figure 11).

Figure 10. The changing curve of tumor volume from the beginning to the end of treatment
(mean ± SD, n = 4) (a). The weight change curve of mice in each group (mean ± SD, n = 4) (b). The
tumor image of different groups of mice on the 14th day following the treatment (mean ± SD, n = 4)
(c). Reprinted from [106] with permission of Elsevier provided by Copyright Clearance Center.

Another promising direction in the development of magnetotherapeutic preparations
is the use of polymer compositions as coatings for magnetic nanoparticles. Jin et al. [113]
proposed polyethyleneimine-coated Fe3O4 MNPs for delivery of therapeutic siRNAs target-
ing B-cell lymphoma-2 and Baculoviral IAP repeat-containing 5 into Ca9-22 oral cancer cells.
The study demonstrated significant inhibition of Ca9-22 cell viability and migration as a re-
sult of the use of nanoparticle-delivered siRNAs. Noh et al. [103] obtained a nanocomplex
responsive to the tumor intracellular microenvironment, co-assembled from a copolymer of
polyethylene glycol and poly (aspartic acid), superparamagnetic iron oxide nanoparticles
(SPIONs), and doxorubicin. The performance of this therapeutic nanocomplex was studied
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on cell lines of colon carcinoma and fibroblasts. Moreover, NPs showed enzymatic degrada-
tion in the presence of protease, as well as a contrast effect on magnetic resonance imaging.
Gui et al. presented a composite nanosystem based on folic acid (FA)-loaded SPIONs
designed to reduce adverse reactions to water-insoluble parcitaxel (PTX) [88]. An increase
in the hydrophilicity of PTX was achieved by modifying it with succinic anhydride, thus
obtaining’-succinate parcitaxel (SPTX). SPTX-loaded FA-conjugated polyethylene glycol
(PEG)/polyethyleneimine (PEI)-SPION (SPTX@FA@PEG/PEI-SPION) was prepared by sol-
vent volatilization and hydrogen bond adsorption. Pharmacokinetic studies in rats in vivo
on nasopharyngeal carcinoma cells (Figure 12) showed that SPTX@FA@PEG/PEI-SPIONs
particles had a longer duration of action (t1/2 = 3.41 h) than free SPTX or PTX (t1/2 = 1.67 h).

Figure 11. Magnetization curves of bare CoFe2O4 and Leu-coated CoFe2O4 nanoparticles. The inset
shows the process of dispersion and magnetic separation. Reprinted from [105] with permission of
Elsevier provided by Copyright Clearance Center.

To reduce toxicity and increase biocompatibility, magnetic nanoparticles can be coated
with proteins. Chen et al. used high-voltage electrospray technology to develop micro-
spheres based on Fe3O4 nanoparticles with a gelatin shell for loading them with adri-
amycin [96]. In addition to a good antitumor efficacy, the obtained nanocomplex activated
ferroptosis in tumor cells (the ferroptosis marker GPX4 was significantly decreased, and
ACSL4 was significantly increased) together with exposure to microwave hyperthermia,
and also showed excellent properties for magnetic resonance imaging. Another interesting
application of protein coatings is work [90], where bovine serum albumin-coated MNPs
were used as curcumin carriers. Nanospheres prepared through desolvation and chem-
ical co-precipitation process demonstrated cytotoxic activity on the MCF-7 cell line and
sustained release of curcumin at 37 ◦C in different buffer solutions. Tomeh et al. [111] de-
veloped a microfluidic method for the production of peptide-functionalized magnetic silk
nanoparticles based on silk fibroin for targeted delivery of the hydrophobic anticancer agent
ASC-J9 (Figure 13). A swirl mixer integrated into a microfluidic chip allowed to achieve
the required shape and size for the synthesized MNPs. Their surface was functionalized
with a cationic amphiphilic antitumor peptide G (IIKK)3I-NH2 (G3) in order to increase
the selectivity to cancer cells. The resulting complex increased the anticancer activity and
cellular uptake of the G3 peptide in HCT 116 colorectal cancer cells as compared to the free
G3 peptide.

The use of polysaccharides as coatings for MNPs is another common option for
creating nanosystems for targeted drug delivery based on MNPs. Dextran is widely used for
this purpose. In the study [98], SPIONs coated with dextran and conjugated with folic acid
were synthesized by co-precipitation to deliver camptothecin to prostate cancer cells. The
nanocarriers, which were spherical with an average diameter of 63.31 nm, demonstrated
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antitumor activity in AT3B-1 cancer cells by actively releasing and delivering camptothecin
at 37 ◦C in phosphate and citrate buffers. The MNPs presented in [102] coated with
polyarabic acid (a water-soluble polysaccharide molecule) and loaded with doxorubicin
demonstrated effective penetration through cell membranes and internalization into breast
cancer cells in a mouse model. The developed nanomaterials have demonstrated good
biocompatibility, low cytotoxicity in vitro and in vivo, as well as the possibility of using
them as a contrast agent in MRI.

Figure 12. Plasma concentration–time curves of free PTX, SPTX, and SPTX@FA@PEG/PEI-SPIONs
in vivo, data are expressed as the mean ± SD (n = 4) (A). Tissue distributions of free PTX, SPTX
and SPTX@FA@PEG/PEI-SPIONs at 1 h (B), 4 h (C) and 12 h (D) post-intravenous injection (n = 4),
* p < 0.05. Reprinted from [88], license CC BY 3.0.

It is also of interest to form non-toxic coatings on magnetic nanoparticles based on
mesoporous materials. Recently, Abolhasani Zadeh et al. [104] proposed mesoporous
hematite MNPs loaded with doxorubicin as a multifunctional theranostic agent exhibiting
therapeutic activity against human MCF-7 breast cancer cells. These biomimetic meso-
porous MNPs have over 71% doxorubicin loading efficiency resulting in a 50% reduction
in cancer cells at a concentration of 0.5 μg·ml−1. The obtained MNPs, having a polygonal
structure with an increased surface area and high porosity, became suitable nanocontainers
for a high loading of doxorubicin. Another promising method for effective tumor cell
killing is ferroptosis, which bypasses apoptosis and overcomes tumor drug resistance.
Thus, acid- and redox-sensitive MNPs loaded with sorafenib developed by Chi et al. effec-
tively stimulated tumor ferroptosis and inhibited tumor growth in vivo [114] (Figure 14).
Mesoporous organosilicon nanoparticles (MONs) were coated on the outside with Fe3O4
MNPs, which provided sufficient iron ions for ferroptosis and magnetic targeting. As
a result, a core–shell nanostructure was formed, which contained a disulfide bond with
a redox reaction. MnO2 was dropped onto the surface of the MON as a pylorus, which
degraded to O2 at low pH to promote sorafenib release. Hyaluronic acid acted as a pro-
tector of the nanoparticles from removal by the immune system and promoted active
targeting of cancer cells. Another interesting study demonstrated the use of mesoporous
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magnetic MnFe2O4 core–shell nanocomposite particles for poorly water-soluble quercetin
delivery [116]. MnFe2O4 nanoparticles as a core of nanostructure were made with the
co-precipitation method. Then, the synthesized MNPs were coated with mesoporous hy-
droxyapatite (HA) shell as a new perspective for drug loading. The magnetic mesoporous
nanostructure had a specific surface area and mean pore size of 165.44 m2/g and 11.561 nm,
respectively, which provided the possibility to efficiently load QC into the MNPs’ pores
with the subsequent pH-dependent release of the agent.

Figure 13. A schematic of peptide-functionalized magnetic silk nanoparticles produced by a swirl
mixer for enhanced anticancer activity of ASC-J9. Reprinted from [111] with permission of Elsevier
provided by Copyright Clearance Center.

Multiferroic magnetoelectric nanoparticles are also used in the targeted delivery of
anticancer drugs. Stewart et al. [110] studied the externally controlled anticancer effects of
binding synthetic tumor growth-inhibiting peptides to CoFe2O4@BaTiO3 magnetoelectric
nanoparticles (MENs) in the treatment of glioblastomas. MIA-class growth hormone-
releasing hormone antagonist molecules (MIA690) were chemically linked to these particles
and then tested in vitro on human glioblastoma (U-87MG) cells. Studies have demon-
strated externally controlled, highly efficient binding of MIA690 to MEN, specificity for
glioblastoma cells, and on-demand release of the peptide using d.c. and a.с. magnetic
fields, respectively. The work [108] presents colloidally stable MENs of cobalt ferrite @
barium titanate (CoFe2O4@BaTiO3) synthesized by the sonochemical method and further
functionalized with doxorubicin and methotrexate. In vitro cytotoxicity studies performed
on hepatocellular carcinoma (HepG2) and human malignant melanoma (HT144) cells
confirmed the magnetoelectric properties of CoFe2O4@BaTiO3 NPs in the presence of an ex-
ternal magnetic field (5 mT) with significantly increased cytotoxicity compared to free
preparations and without field replicates.

Metal–organic frameworks (MOFs) are becoming a promising tool for drug delivery
applications. Pandit et al. [115] reported the development and fabrication of a dual MOF
composite with encapsulated iron oxide (IO) nanoparticles coated with folic acid (FA) as
the targeting agent and quercetin (Q) as the drug agent. Due to the presence of SPION,
composites inherently show potential use for MRI. The integration of dual zeolite imidazo-
late frameworks (ZIF-8/ZIF-67) with targeting agents and drugs demonstrated the effective
anticancer activity of the obtained nanocomposites (IO/Z8-Z67/FA/Q) in an FA receptor-
positive breast cancer cell culture model (MDA-MB-231). The resulting nanocomposite
enhanced apoptosis and cytotoxicity in the MDA-MB-231 cell line (expressing folate recep-
tors) compared to the MCF-7 cell line, in which folate receptors were absent. Mechanically,
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the folic acid receptor targeting the delivery of the IO/Z8-Z67/FA/Q nanocomposite to
MDA-MB-231 cells caused high ROS generation and nuclear fragmentation, which led to
cell death. The proposed nanocomposite was also used for 5-fluorouracil loading, and the
results of cytotoxicity suggest that it is a versatile nanocarrier for targeted drug delivery.

Figure 14. In vivo antitumor therapeutic effect of FMMHG/Sor. (A) The tumor volume of mice after
being treated with saline, free Sor, FMMHG/Sor, and FMMHG/Sor + magnet for 21 days. * p < 0.05.
(B) The body weight of mice in each group (saline, free Sor, FMMHG, and FMMHG + magnet) with
treatment for 21 days. (C) Representative photos of tumor tissues obtained in different groups
(saline, free Sor, FMMHG, and FMMHG + magnet) after 21 days of treatment. (D) Histological
section of tumor tissues with H&E staining of different groups (saline, free Sor, FMMHG, and
FMMHG + magnet) after 21 days of treatment. The fat vacuoles were marked with a red circle, which
was the sign of ferroptosis. Scale bars, 100 μm. Reprinted from [114] with permission of Elsevier
provided by Copyright Clearance Center.

Hybrid structures containing nanoparticles of iron oxide and noble metals have also
found application in the targeted delivery of anticancer drugs. The system prepared by
Liu et al. [107], was based on dextrin-coated silver NPs, which were then cross-linked
with iron oxide NPs and a cell-penetrating peptide (Tat), resulting in dual-functional Tat-
FeAgNPs with both superparamagnetic and cell-penetrating properties. The resulting
nanocomplex can first overcome the blood flow shear force and reach the target organ
under the action of an external magnetic field, and then the surface-modified Tat can
further promote tissue penetration, which can effectively improve the efficiency of targeted
drug delivery. The results showed that the obtained nanocomplex can promote cellular
uptake and cytotoxicity of nanoparticles loaded with doxorubicin, while the IC50 of Tat-
FeAgNP-Dox was 0.63 μmol·L−1. Nie et al. [121] fabricated platinum (Pt) nanozymes
dispersed on the surface of iron oxide (Fe3O4) nanospheres loaded with 5-fluorouracil
(FLU), which, in addition to enhancing peroxidase-mimic activity and catalsimic activity,
led to the formation of a pH-sensitive nanoplatform for drug delivery for breast cancer
treatment. Cytotoxicity tests showed that the obtained Fe3O4/Pt-FLU@PEG nanospheres
moderate the proliferation of 4T1 cancer cells mediated by apoptosis and intracellular
production of reactive oxygen species. In vivo assays have shown a significant reduction in
tumor size and overcoming tumor hypoxia.
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Since MNPs are foreign objects to the body, therefore, the immune system rejects them
and various toxic reactions are caused. Therefore, the targeted delivery of drugs to the
human body requires the control of such parameters of MNPs as shape, size, homogeneity,
and coating composition. The coating plays an essential role in various applications: being
highly biocompatible and stable, it would allow the adhered biomolecules to remain active
for longer within the body and satisfactorily control their release or remaining attached for
long periods to be stored and used for diagnosis [50]. MNPs synthesis and formulations
face critical biological barriers, such as localization at the target site, the effective delivery
of the drug to the target site, cross-physiological talk, and the other technical obstacles
specific to cancer [122]. The development of precision drug delivery systems based on
magnetic nanoparticles will make it possible to implement highly effective oncotheranostic
techniques and improve the quality of life of patients.

3. Biogenic Nanoparticles

3.1. Biogenic Synthesis and Diversity of Magnetic Nanoparticles

Biogenic synthesis of nanoparticles can be carried out by organisms such as bac-
teria [123–126], fungi [127], lichens [128], and algae [129]. The production of biogenic
nanoparticles is environmentally friendly since the synthesis process takes place at ambient
temperature and pressure, and no toxic chemicals are used [130]. Hence, many researchers
are focusing on synthesizing biogenic nanoparticles over chemically or physically synthe-
sized ones to produce inexpensive, energy-efficient, and non-toxic metal nanoparticles [131].
Various types of naturally synthesized metallic nanoparticles consist mainly of Ce, Ag, Au,
Pt, Pd, Cu, Ni, Se, Fe, or their oxides [132]. Among them, a particular interest is attracted to
magnetic nanoparticles [133].

Magnetotactic bacteria (MTB) synthesize magnetosome magnetic particles with a well-
controlled size and morphology, covered with an organic membrane 3–4 nm thick, which
provides high and uniform, compared to artificial magnetite, dispersion in aqueous media,
making them ideal biotechnological materials [134] (Figure 15).

Figure 15. TEM image of (a) MTB with a chain of prismatic magnetosomes, (b) a chain of magneto-
somes with a visible membrane.

Based on the results obtained in a detailed study of Magnetospirillum gryphiswaldense
MSR-1 and M. magneticum AMB-1 strains, the mechanism of magnetosome biomineral-
ization was suggested, with mam genes being mainly involved. Magnetosome formation
is a complex process that has been divided into 4 steps, each of which involves certain

53



Biosensors 2022, 12, 789

Mam proteins [135–138]. The magnetosome membrane is the result of the invagination
of the cytoplasmic membrane [139,140]. The initiation point of the invagination process
is apparently not determined by the specific composition of lipids in the membrane but
rather is triggered by the presence of certain Mam proteins on it [137]. The minimal protein
complex MamLQBIEMO enables proper invagination, whereas magnetite biomineraliza-
tion requires additional proteins [119]. Among them, the membrane protein MamB is
probably the most crucial [135,136]. The sorting stage inlolves the addressing of magne-
tosome proteins to the forming vesicle. Presumably, MamA protein plays an important
role in this process, since it is present on the magnetosome membrane surface in large
quantities [141,142] (Figure 16). MamA contains a repetitive protein–protein interaction
site, which provides its oligomerization and the ability to bind other proteins [143]. Since
MamA completely covers the magnetosome membrane, it can serve as a receptor for other
magnetosome proteins [141,144]. For example, MamC, which is one of the most abundant
proteins on magnetosome membranes in wild-type cells, was found to be mislocalized in
Magnetospirillum gryphiswaldense MSR-1 mutants with MamA deletion [145].

Figure 16. Suggested model of protein sorting, membrane invagination, and magnetosome assembly
into an organized chain. Proteins solved structures are in ribbon representation. Reprinted from [137],
license CC BY-NC-ND 4.0.

After the creation of the magnetosome vesicle, the transport of the corresponding ions
in and out of the vesicle takes place to synthesize magnetite or greigite in the magneto-
somes [146]. Such proteins as MamB and MamM, two carriers of divalent iron cations from
the cell into the magnetosome, are involved [147]. When optimal physicochemical condi-
tions are achieved in the magnetosome vesicle, one magnetite crystal per magnetosome
is synthesized, which has a species-specific morphology [148]. Alignment into the chains
occurs simultaneously with nucleation and crystal growth [137]. MamK, MamJ, and MamY
are taking part in the chain organization [139,149].

The ability to form magnetosomes has been found in many bacteria from more than
10 prokaryotic phyla with different physiology [150–153]. However, all isolated in axenic
culture MTB or those that have morphological descriptions and genomic sequences belong
to the phyla Pseudomonadota (classes Alphaproteobacteria, Gammaproteobacteria, and Magne-
tococcia), Thermodesulfobacteriota Nitrospirota, and Omnitrophota (Table 3). Most MTB have
magnetosomes organized into one or more chains. On average, MTB contains several tens
of magnetic particles, and some species, such as Candidatus Magnetobacterium bavaricum,
contain up to 1000 magnetosomes per cell [154]. The magnetic core crystals of magnetotactic
bacteria are of different shapes which depends on MTB species. The majority of MTB can
synthesize only one type of crystal, either magnetite or greigite. BW-1, however, was shown
to be able to synthesize both types of crystals, depending on the sulfide concentrations in
the medium [155]. The crystal size, crystallographic orientation, and arrangement of the
magnetosomes in the MTB are crucial for the magnetic properties of the cell [156].

54



Biosensors 2022, 12, 789

Table 3. Characteristics of magnetosomes from phylogenetically and morphologically identified MTB.

Name of Organism
Crystal

Composition
Crystal Shape

Magnetosome

Ref.
Number

Length
(nm)

Width
(nm)

Alphaproteobacteria

Magnetospirillum caucaseum SO-1. Fe3O4 cuboctahedral ~25 40–50 40–50 [157–160]
Magnetospirillum gryphiswaldense MSR-1 Fe3O4 cuboctahedral ~30 32–45 32–45 [161–163]

Magnetospirillum kuznetsovii LBB-42 Fe3O4 cuboctahedral ~25 40–50 40–50 [164]
Magnetospirillum magneticum AMB-1 Fe3O4 cuboctahedral ~20 ~45 ~40 [165–167]

Magnetospirillum magnetotacticum MS-1 Fe3O4 cuboctahedral ~25 40–50 40–50 [167–169]
Magnetospirillum marisnigri SP-1 Fe3O4 cuboctahedral ~25 40–50 40–50 [157,170]

Magnetospirillum moscoviense BB-1 Fe3O4 cuboctahedral ~25 40–50 40–50 [157,171]
Ca. Magneticavibrio boulderlitore LM-1 Fe3O4 prismatic ~15 ~50 ~40 [172,173]

Magnetovibrio blakemorei MV-1 Fe3O4 prismatic ~10 ~55 ~35 [174–176]
Ca. Terasakiella magnetica PR-1 Fe3O4 prismatic ~15 ~45 ~35 [177]

Magnetospira sp. QH-2 Fe3O4 prismatic ~15 ~80 ~60 [178]

Gammaproteobacteria

BW-2 Fe3O4 octahedral ~30 ~65 ~60 [179,180]
GRS-1 Fe3O4 octahedral ~300 ~65 ~55 [181]
FZSR-1 Fe3O4 prismatic ~20 ~80 ~55 [182]
FZSR-2 Fe3O4 prismatic ~20 ~80 ~55 [182]

NS-1 Fe3O4 prismatic ~10 ~70 ~60 [183]
SHHR-1 Fe3O4 prismatic ~15 ~75 ~55 [184]

SS-5 Fe3O4 prismatic ~20 ~85 ~65 [180,185]

Magnetococcia

Magnetococcus marinus MC-1 Fe3O4 prismatic ~15 ~80 ~70 [186–188]
Ca. Magnetaquicoccus inordinatus UR-1 Fe3O4 prismatic ~30 ~75 ~45 [189]

Ca. Magnetococcus massalia MO-1 Fe3O4 cuboctahedral ~20 ~65 ~55 [190,191]
Magnetofaba australis IT-1 Fe3O4 cuboctahedral ~10 ~85 ~75 [192,193]

Thermodesulfobacteriota

Ca. Belliniella magnetica LBB04 Fe3O4 bullet ~35 ~100 ~35 [194,195]

Desulfamplus magnetovallimortis BW-1 Fe3O4Fe3S4 bulletpleomorphic NDND ~55~33 ~35~32 [155,156,
196]

Desulfovibrio magneticus RS-1 Fe3O4 irregular/bullet ~10 ~40 ~20 [197–199]
Ca. Magnetananas rongchenensis RPA Fe3O4 bullet ~70 ~115 ~40 [200,201]

Ca. Magnetoglobus multicellularis Fe3S4 pleomorphic 60–100 ~90 ~70 [202–204]

Nitrospirota

Ca. Magnetobacterium bavaricum Fe3O4 bullet ~1000 ~130 ~40 [154,205]
Ca. Magnetobacterium casensis MYR-1 Fe3O4 bullet ~1000 ~105 ~40 [206,207]

Ca. Magnetobacterium
cryptolimnobacter XYR Fe3O4 bullet ~150 ~130 ~30 [208]

Ca. Magnetomicrobium cryptolimnococcus
XYC Fe3O4 bullet ~100 ~135 ~45 [208]

Ca. Magnetominusculus linsii LBB02 Fe3O4 bullet ~40 ~120 ~40 [194,195]
Ca. Magnetomonas plexicatena LBB01 Fe3O4 bullet ~35 ~110 ~45 [194,195]

Omnitrophota

Ca. Omnitrophus magneticus SKK-01 Fe3O4 bullet ~175 ~110 ~35 [205,209]

The magnetosomes extracted from MTB meet all requirements in terms of size, mor-
phology, biocompatibility, and magnetization capability [210–214]. However, despite the
wide diversity of MTB and the remarkable properties of magnetosomes, only a few species
from the phylum Pseudomonadota are cultivated and used to study the mechanisms of
magnetosome formation and their applications [215]. Considerable efforts have been
devoted to the production and purification of magnetosomes to obtain large yields of
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stable magnetic nanoparticles [216]. For example, studies have been carried out to op-
timize growth conditions [217,218] and transfer magnetosome genes into fast-growing
non-magnetotactic strains [219].

Separation of MTB with different magnetic contents with subsequent isolation and
enrichment can be performed using microfluidic devices based on their magnetic con-
tents [220]. The motility of MTB can overcome magnetic forces, causing false positives
(reduced purity) and false negatives (reduced yield). To overcome the movement of bacteria,
MTB strains were treated with a cold/alkaline medium (10 ◦C, pH 8.5). Magnetosome pro-
duction and growth were unaffected by this treatment. Thus, high-throughput separation
of Magnetospirillum gryphiswaldense MSR-1 (1.000 cells/μL × 25 μL/min = 25,000 cells/min)
was achieved with up to 80% sensitivity and 95% isolation purity. This demonstrates that
microfluidic technology can greatly facilitate the separation of MTB cells with the required
magnetic properties.

Isolating intact magnetosome organelles is an essential technique used in biotechno-
logical applications. Magnetosomes from disrupted cells can be purified by means of their
magnetic attraction with a permanent magnet and further ultracentrifugation in a sucrose
density gradient [142,221,222]. However, despite extensive washing magnetically enriched
magnetosomes still contained numerous contaminating proteins from other cellular frac-
tions [223]. The use of nano and microfluidic technologies can be adapted for the study
and isolation of magnetosomes and MTB [220,223,224].

3.2. Applications of Magnetosomes in Cancer Theranostics
3.2.1. Biosensors on the Basis of Magnetosomes

Magnetosomes (MS), due to uniform size and morphology (Figure 15), highly ordered
organic membrane (Figure 16), and ability to form homogeneous dispersions offer a per-
spective substrate in biotechnological applications, particularly biosensors [134]. Thus,
their advantages over inorganic magnetite nanoparticles, include, first of all, a stable single-
domain form of the magnetic core which provides a permanent magnetic state at ambient
temperature, then—a high chemical purity, a narrow size distribution, etc. These properties
enable MS to be applied for cell identification and isolation on-a-chip, antigen detection and
recovery, enzyme immobilization and capture of target proteins, and contrast enhancement
in magnetic resonance imaging (MRI) [224–226].

In [227], the authors described an original method of toxicity detection, in which the
magnetic properties of magnetosomes within the magnetotactic bacteria are combined with
bioluminescence ability. These features are achieved by genetic engineering on the basis of
magnetotactic bacteria Magnetospirillum gryphiswaldense, strain MSR-1. The approach made
it possible to obtain a hybrid organism (BL-MTB) that combines the magnetic properties
of navigation with the ability to emit a red glow of click beetle luciferase, and the latter
property turned out to be proportional to the viability of the bacterium [227]. The magnetic
navigation ability of bacterium served as a “natural actuato” to provide transport of bacteria
within a microfluidic chip from the reactor to the detection volume. As a result, a cost-
effective biosensor for toxicity monitoring was developed using microfluidic technology
implemented on a polydimethylsiloxane (PDMS) molded chip. This analytical technology
is quite express, since BL-MTB are incubated for 30 min with the sample, moved by
microfluidics, trapped, and concentrated in detection chambers by an array of neodymium–
iron–boron magnets [227].

A biosensor for white spot syndrome virus (WSSV) detection was presented in [228].
The biosensor is implemented on the basis of antigen-antibody reaction of VP28-specific
antibodies conjugated with magnetosomes at concentrations of 1 and 2 mg·mL−1 and VP28
antigen at concentrations of 0.025~10 ng·μL−1. The complex was transported to carbon
planar electrodes in a magnetic field applied externally and the antigen concentration was
determined using an electrical impedance measurement principle. The assay was applied in
monitoring seafood samples contaminated with WSSV and VP28 antigen of concentration
as low as 0.01 ng·μL−1 was detected. Thus, magnetosomes were successfully applied in
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biosensors for detecting viruses, due to the possibility of biorecognition ligands conjugation
to their native surface and the capability of addressing positioning and concentration of
target particles at detection areas due to magnetic carriers [228].

A similar detection principle was implemented in biosensors for the determination of
pathogenic bacteria and their toxins [229]. The authors presented a biosensor of Salmonella
typhimurium employing a magnetosome with immobilized antibodies for the “O” antigen
of Salmonella lipopolysaccharide (Figure 17). The optimal MS-Ab complex concentrations
for detection of lipopolysaccharide concentration of 1 ng·mL−1, were in the range of
2 mg·mL−1~0.8 μg·mL−1. An external magnet was used for the concentration of the probe
at the area of the electrode. The reaction was detected using the electrical impedance
principle. In real samples, the biosensor demonstrated high sensitivity with the bacteria
detection limit of 101 CFU·mL−1 [229]. Figure 17 shows schematically the advantages of
the developed biosensor, which integrates on a single chip a number of operations applied
in conventional analysis of pathogenic organisms.

Figure 17. Schematic illustration of lipopolysaccharide and Salmonella typhimurium detection using
magnetosome-anti-Salmonella antibody complex. Reprinted from [229] with permission of Elsevier
provided by Copyright Clearance Center.

An important issue in the applications of magnetosomes is the efficiency of biogenic
particles in comparison with synthetic magnetic nanoparticles. In [230], the functional
applicability of genetically engineered magnetosomes was evaluated and compared with
that of commercial immunomagnetic beads. The engineered magnetosomes were fused
to protein A and then bonded to antibodies. A previously constructed recombinant MTB
strain, Magnetospirillum gryphiswaldense ΔF-FA, appeared capable of forming an engineered
BMP with protein A on its surface. It has been demonstrated that magnetosomes are char-
acterized by ordered arrangements of bonded antibodies on the surface with fused protein
A with a linkage rate of 962 μg Ab per mg of magnetosomes [230]. The complex was used
for the detection of V. parahaemolyticus surface antigen and hapten, whereas the maximal
capture rate was 90% and detection sensitivity was 5 CFU·mL−1. Thus, a new engineered
BMP fused with protein A (ΔF-BMP-FA), coupled with an antibody demonstrated a higher
capacity for adsorption of antigen and gentamicin as compared with those of commercial
immunomagnetic beads. It has been shown that such particles are inexpensive, eco-friendly,
and show a strong potential of applicability as alternatives to commercial immunomagnetic
beads, having high Ab-conjugation and antigen-adsorption capacity [230].
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A number of authors note that magnetosomes are perspective also as mediators
for magnetic fluid hyperthermia and as contrast agents for magnetic resonance imaging,
both in vitro and in vivo. Using magnetosomes produced by the magnetotactic bacteria
Magnetospirillum gryphiswaldence authors of [231] demonstrated that the phospholipid
membrane of magnetosomes provides good protection against oxidation and particles are
stable over a period of several months. The temperature kinetic relationships obtained for
magnetosomes dispersed in an agarose gel under an alternate magnetic field of 17 kA·m−1

at 183 kHz frequency demonstrated a rate of temperature rise of 1 ◦C·min−1, which
corresponds to a high specific absorption rate (SAR) of 482.7 ± 50.8 W·g−1 per mass of iron.
Further in [231] the MRI contrast efficiency was also evaluated by means of the acquisition
of NMRD profiles for magnetosomes dispersed in agarose gel and in water, showing
good results as a negative MRI contrast agent. The MRI experiments on an animal model
were carried out with the human glioblastoma–astrocytoma (U87MG) cells inoculated into
mice and their presence was detected by magnetic resonance images two weeks after the
injection of magnetosomes into the tumor mass thus proving the diagnostic potential of this
approach. The high values of relaxivity r2 and the r2/r1 ratio presented in the article [231]
show that magnetosomes are efficient superparamagnetic contrast agents for MRI. Further
progress in increasing MRI sensitivity and contrast is achieved in [215], where authors
developed genetically engineered magnetosomes showing an extremely high relaxivity
value of 599.74 mM−1·s−1. The magnetosomes were extracted from Magnetospirillum
gryphiswaldense MSR-1 and genetically engineered protein structures of anti-HER2 with the
ability to target HER2 were conjugated to the surface layer of the magnetosomes via the
anchor protein MamC. This allowed the magnetosomes to target tumors in vitro and in vivo.
The magnetosomes did not cause any notable pathogenic effect in the animals, which will
greatly advance the development of biogenic magnetic nanoparticles for noninvasive
cancer imaging [232].

An effect of increased transverse relaxivity r2 in biogenic MNPs was also noted in ear-
lier works [233]. Studies were carried out with magnetosomes isolated from Magnetovibrio
blakemorei strain MV-1 and Magnetospirillum magneticum AMB-1 which were compared with
commercial ferumoxide. The dispersions were studied in vitro and in vivo. Thus, relaxome-
try measurements at 17.2 T and 20 ◦C were carried out with phantoms containing agar. The
estimated transverse relaxivities r2 for ferumoxide, cuboctahedral magnetosomes from Mag-
netospirillum magneticum AMB-1, and elongated-prismatic magnetosomes from Magnetovib-
rio blakemorei MV-1 were 17.3 ± 15 mM−1·s−1, 489 ± 26 mM−1·s−1, 728 ± 35 mM−1·s−1,
correspondingly. Aqueous dispersions were tested in the mouse model and the gain in
sensitivity by T2*-weighted imaging at 17.2 T of the mouse brain vasculature was ob-
served after injection of magnetosomes at low concentrations of iron (20 μmol iron kg−1).
Commercial ferumoxide with the same level of iron did not allow such a phenomenon to
be observed [233].

An important issue in theranostic approaches on the basis of biogenic magnetic
nanoparticles is the modification of the surface. It is noted that such particles are eas-
ier to modify due to the specific properties of their surface. In [234], the authors proposed
a peptide, for modification of magnetosome surface, showing complementarity to hu-
man epithelial growth factor receptor (EGFR) with nanomolar affinity and to epithelial
growth factor receptor-2 (HER2) with a lower affinity but comparable to other reported
peptides [234]. EGFR is known for being overexpressed in many human epithelial cancers,
and thus, could serve as a target for cancer diagnosis and therapy. Authors developed the
peptide by screening a computational-aided design of one-bead-one-compound (OBOC)
peptide library followed by in situ single-bead sequencing microarray. Two peptides, P75
and P19, were selected to be used as probes for breast cancer cell imaging. The specificity
of peptides was tested by confocal fluorescence imaging of the culture with FITC-labeled
peptides, incubated for 20 min, and washed. Co-localization analysis was also performed
for which AlexaFluor555 conjugated anti-human EGFR antibody was used (Figure 18).
Magnetosomes were isolated from Magnetospirillum gryphiswaldense (MSR-1) and coupled to
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targeting peptide P75 by the one-step condensation reaction of amino and carboxyl groups.
The transmission electron microscopy (TEM) images of the intact bacteria, magnetosomes,
and Mag-P75 with fluorophore indicated that peptide P75 functionalized magnetosomes
are well dispersed and have a narrow size distribution. The modified-with-P-75 magne-
tosome nanoparticles were used for targeted magnetic resonance imaging on the mouse
model. The results demonstrated the potential of this peptide for EGFR and HER2-positive
tumor theranostics [234] (Figure 18).

Figure 18. Validation of targeting ability and specificity of Mag-P75 in vivo and in vitro by flu-
orescence imaging. Confocal analysis of Mag-P75 (labeled with FITC, green) NPs in SKBR3 (a),
MDA-MB-468 (b), and 293A (c) cell lines, and Mag-PC (labeled with FITC, green) NPs in SKBR3
(d) and MDA-MB-468 (e) cell lines, the white arrows indicate the targeting peptides were successfully
coupled onto magnetosomes; (f) in vivo fluorescence imaging of Mag-PC and Mag-P75 NPs to SKBR3
and MDA-MB-468 tumor-bearing mice; (g) ex vivo fluorescence imaging of Mag-PC and Mag-P75
NPs accumulation in tumors and normal organs, and (h,i) quantification of the fluorescence signals
of tumors in vivo and tumors vs. normal organs ex vivo, respectively. Fluorescence intensity was
measured in terms of counts/energy/area and is presented with the average value (n = 3). Reprinted
from [234] with permission of Elsevier provided by Copyright Clearance Center.

3.2.2. Drug Delivery in Cancer Theranostics Using Magnetosomes

The application of nanoscale vesicles for drug delivery in biomedicine has accelerated
in recent years and they are now extensively used in patient treatment [235,236]. Magne-
tosomes isolated from magnetotactic bacteria can be used as carriers of anticancer drugs
embedded in their membranes. In [237], the authors bound cytosine arabinoside (Ara-C),
in order to reduce its toxic effect, on magnetosome membrane through crosslinking stimu-
lated by the natural biological agent—genipin (GP). The magnetosomes were isolated from
Magnetospirillum magneticum AMB-1. The complex showed a strongly enhanced controlled
drug release effect relieving thus the severe side effects of the drug.
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There are many methods of synthesizing MNPs of different sizes and coating, which
can influence their performance as drug delivery vesicles, but magnetosomes are naturally
occurring, lipid-coated MNPs that exhibit good stability, homogeneity, biocompatibility,
etc. However, their properties, such as cancer cell uptake, toxicity, etc., need further studies.
In [238], magnetosomes, synthetic MNP of different sizes, and coated biomimetic MNP
were studied for their uptake by MDA-MB-231 cells (estrogen, progesterone, and Her-2
receptor-negative cell line, which serves as a good model of late-stage triple-negative breast
cancers). The magnetosome mimics are MNP coated with the oleic acid (OA@MNP) and
with silica (Si@MNP) (Figure 19), the latter are of two sizes.

Figure 19. A schematic of the experimental design and samples produced. The top labeled in green
depicts the magnetosome and how it is biotinylated for functionalization. Center-left shows the
control cMNP labeled in purple with surface coatings of oleic acid (red) and silica (orange label).
The bottom-left shows smaller control rMNP (blue label) coated with silica (black label) and with
conjugated epirubincin (bottom right). Sample color-code used throughout in figures. Reprinted
from [239], license CC BY 4.0.

The experiments demonstrated the uptake of particles by MDA-MB-231 cells through
inclusion bodies and those particles were located intracellularly. The authors consider that
due to the size of the particles, intracellular uptake most likely occurred via pinocytosis
with the inclusion bodies being pinosomes or lysosomes, although other processes of MNP
internalization including clathrin-mediated endocytosis, etc., are also possible [239]. The
particle size was shown to have a negligible effect on overall iron uptake by the MDA-MB-
231 cell line. The observed effects of internalization offer the ability to deliver therapeutic
compounds directly into the cell and the use of their magnetism to steer the MNP within
the body [238].

The magnetic properties of magnetosomes significantly improve the targeting po-
tential for drug delivery in the presence of a magnetic field. Although the application of
such processes obviously demands high levels of monodispersity and reproducibility of
size and physical-chemical properties of magnetosomes which in turn ensures a reliable
and consistent magnetic response and precise positioning at target tumors. In [240], the
controlled navigation capabilities of Magnetospirillum magneticum strain AMB-1 (AMB-1) in
a magnetic field to target a group of mammalian cells using an in vitro monolayer of Chi-
nese hamster ovary (CHO) cells, including both healthy and tumor cells, was implemented
and studied. The motility of MTB cells was controlled by a locally generated magnetic
field using ~3-mm-sized solenoid coils forming a network of tracks (Figure 20). At initial
time, AMB-1 cells interact with the neighboring CHO cells. When the next coil is charged
CHO cells integrated with AMB-1 bacteria are observed moving towards the charged
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coil (marked with the dashed circle in Figure 20). The direction of the cells’ movement
is reversed by switching the order of the coils in the other direction. The authors also
studied the interaction of AMB-1 and CHO via computer simulation, by selecting the
surface proteins MSP-1 and flagellin of AMB-1 and about 14 potential candidates for CHO.
The authors concluded that the mammalian cell surface proteins, which are predominantly
responsible for cell signaling, are the primary targets of the AMB-1 cells that are dissuaded
by flagellin of AMB-1 (Figure 21). On similar lines, the plasma membrane proteins, whose
primary function is to maintain the mammalian cell structure and function, are the targets
of the AMB-1 cell surface protein, MSP-1.

Figure 20. Schematic illustrating the experimental setup for directional control displaying the
movement of AMB-1-integrated CHO cells from coil A to coil C. The charged coil is shown in red,
and the AMB-1-integrated CHO cells are displayed as blue dots. Reprinted from [240], license CC
BY 4.0.

Figure 21. Motility of AMB-1-integrated CHO cells with time. (A) At T = 0 s, AMB-1-integrated CHO
cells are moving randomly. (B) At T = 10 s, coil C on the left is charged and an AMB-1-integrated CHO
cell, highlighted by a blue dotted circle, starts to navigate toward the charged coil C. (C) At T = 50 s,
coils B (right) and C (left) are charged and the AMB-1-integrated CHO cell in the blue dotted circle
stays in the center. (D) At T = 80 s, only coil C (left) is discharged and the AMB-1-integrated CHO
cells can be seen moving toward coil B to the right. A stationary black dotted circle is added at the
bottom of every frame to serve as a reference point. The reversal was achieved in the same manner
(scale bar = 50 μm). Reprinted from [240], license CC BY 4.0.

Figure 21 presents images obtained with a phase contrast microscope at a magnification
of 40×, showing experiments with controlled movement of AMB-1 cells, integrated with
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CHO cells in a magnetic field. The direction of magnetic field lines is defined by switching
the particular coil (C, B). At time T = 0 s, AMB-1 cells exhibit Brownian motion and interact
with the neighboring CHO cells. When the coil B is charged at T = 10 s, the CHO cells
integrated with AMB-1 bacteria move toward coil B (marked with a dashed blue circle),
when coils C and B are charged the cell complex does not move, and when coil B is charged,
and magnetic field changes polarity to the opposite, the complex of cells moved in the
reverse direction [240].

The investigations in magnetosome applications in drug delivery for the treatment of
oncological diseases are aimed mainly at achieving the chemical stability of preparations
after administration as well as their precise delivery to target tumors and their nearest envi-
ronment, keeping healthy tissues intact [241]. Biogenic magnetic particles—magnetosomes,
perform this task better, due to the stability of their surface layer and their ability to bind
specific medications and provide their gradual release. Furthermore, by exploiting their
natural magnetotaxis they can be controlled with an externally generated magnetic field.
This gives a prospect of guiding magnetosomes in the human body towards the target
locations. [241]. Thus, by altering the magnetic field, as shown in [240], it may be possible
to control the drug delivery process and move them to the tumor. Some authors [242–244]
within the framework of this concept call these bacteria specialized nanorobots (Figure 22).

Figure 22. Magnetotactic bacteria as potential drug carriers capable of penetrating the tumor.
Reprinted from [242], license CC BY 4.0.

In [245], a method for addressing targeting antitumor preparation using magneto-
somes was developed on the basis of Magnetospirillum gryphiswaldense strain MSR-1, loaded
with doxorubicin (DOX) and transferrin (Tf) towards human hepatoma cell line HepG2
and human normal hepatic cell line HL-7702. The simultaneous loading of DOX and Tf
on the magnetosomes (Tf-BMs-DOX) enabled an address delivery and binding of com-
plex to the target tumor cells via transferrin receptors (TfR), which are represented on the
tumor cells in concentrations of about 100 times higher than in normal cells (Figure 23).
The comparative studies with cancer and normal cells demonstrated that the complex
Tf-BMs-DOX recognized HepG2 cells more specifically in comparison with HL-7702 be-
cause of the high expression of TfR on the surface of HepG2 cells. Data on drug release
showed that magnetosomes loaded with DOX were capable of sustained drug release. This
means that the frequency of administration and doses could be reduced and the therapeu-
tic effect enhanced. Furthermore, it was observed that the complex Tf-BMs-DOX shows
increased tumor cytotoxicity than free DOX or BMs-DOX. The tumor suppression rate was
56.78%, while in free DOX—31.26%. The results obtained in [245] show that magnetosomes
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modified with DOX and Tf are able to actively target the tumor via intravenous injection
(Figure 23).

Figure 23. Schematic depiction of formulation of Tf-BMs-DOX (A). The antitumor of Tf-BMs-DOX
in vivo (B). Reprinted from [245], license CC BY 4.0.

4. Comparative Analysis of the Relevance of Synthesized and Biogenic Particles in
Biosensors and Drug Delivery for Cancer Theranostics

Biogenic nanoparticles (BNPs) have been evaluated in a number of studies as eco-
friendly and a cost-effective alternative to the chemical synthesis processes [245,246]. The
authors of [245] suggest that the advantages of biogenic nanoparticles are due to the natural
thermodynamic stability of an organic layer surrounding the magnetic core in these struc-
tures. The stability of the structure of biogenic particles could be explained by the presence
of different biological macromolecules, such as proteins, lipids, DNA, and polysaccharides,
as well as low molecular weight metabolites, such as flavonoids, terpenoids, glycosides,
organic acids, and alkaloids—all naturally produced by organisms [246]. Generally, all
nanostructures are thermodynamically not stable due to high values of specific surface areas
and energy, which leads to the necessity to stabilize them via adding components providing
electrostatic, steric, dielectric, etc., stabilizing effects on the dispersion of nanoparticles. The
diversity of biological molecules enables various stabilizing effects to be implemented in the
nanosystems, including electrostatic repulsion, steric hindrance, van der Waals interaction,
etc., which lead to a high degree of stability [246] (Figure 24).

Figure 24. Classes of macromolecules involved in thermodynamic stabilization of biogenic nanoparticles.
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Thus, a key feature of bacterial magnetosomes is the presence of a biological membrane
with a defined biochemical composition [247]. This particular coating ensures high quality
and homogeneity of dispersions and provides thermodynamic advantages for surface
modification [247]. The modification of the surface layer is possible either chemically, or
genetically. The second approach provides many advantages since it enables to implement
a number of functions at the stage of magnetosome biomineralization [247].

Biosensors are mostly used for in vitro analysis, for which the toxicity issue is not of
the primary importance, as that for the drug delivery procedures in vivo. (Although the
direction of biosensors for in vivo monitoring begins to develop, it has not yet become
a well-established approach [248].) The important features of magnetic nanoparticles for
biosensors are: spatial order and stability of the surface layer, capability of chemical modifi-
cation and bonding of ligands, uniformity of size, homogeneity of magnetic properties, high
magnetic relaxivity value [215,231,233,249], and some others. The stability of the organic
surface layer in biogenic particles is higher and the structure of the layer is more ordered,
respectively the uniformity of the ligands layer is higher in biogenic particles, as noted by
a number of authors [241,246]. At the same time, there is a vast diversity of chemically syn-
thesized MNPs, such as “core–shell” type structures (Table 1), and a considerable amount
of variants of shells are created, which make it possible to detect various cancer cells with
high sensitivity, as well as the availability of high yield processes for the preparation of such
MNPs which convinces us of the rationality of application of such particles in mass analysis,
PoCT systems and such like applications [69,70]. A unique feature of biogenic nanoparti-
cles is the possibility of application of genetic engineering approaches for their chemical
modification which makes it possible to design unique analytical protocols [247]. Thus, it
is possible to conclude that in biosensoric applications in vitro, magnetic nanoparticles of
biological and inorganic origin, demonstrate close performance with some advantages of
biogenic particles. At the same time, the area of MNP synthesis and applications developed
a vast diversity of organic and inorganic coatings for MNPs, which is of great value and
an opportunity to develop analytical methods for mass biomedical monitoring.

Mobility and targeted delivery problems for magnetic nanoparticles are becoming
an actual and important direction of research. Since the formulation of the “magic bullet”
concept by Paul Erlich [250], this is the closest perspeсtive of its realization [244]. These
bacterial microrobots can be remotely controlled using magnetic fields due to their internal
chain of iron oxide nanoparticles acting like a compass needle, as well as, which seems to
have more perspective—using magnetosomes as unidomain particles. A comparison of
three-varying magnetic field sequences generated by three orthogonal pairs of electromag-
nets able to generate controllable 3D aggregations of MTB gives a prototype of nanorobots
for targeted drug delivery [244]. In cancer therapy, the problem of low internalization
of medications in tumor cells and the problem of low internalization of anticancer drugs
remains very acute. At the same time, many cancer drugs are expensive and not read-
ily available. These problems make the use of nanocarriers an efficient solution, which
improves its therapeutic index via elevating tumor cell internalization and reducing the
dose of medication [101]. Another problem is the poor selectivity of anticancer drugs and
as a result high toxicity. The address delivery could resolve the toxicity issue [101]. At
the same time, many problems with synthetic and biogenic nanoparticles are yet to be
solved. Interactions of polymers, including proteins, resulting surface charges, geometry,
and energy could have some advantages and disadvantages regarding drug delivery ap-
plications [247]. Surface charges can cause aggregation, as well as repulsion, as well as
increasing or decreasing the adsorption of the drug onto the surfaces depending on the
charges of the drug used.

In [251], the authors compared two different nanoparticles: bacterial magnetosome
and HSA-coated iron oxide nanoparticles for targeting breast cancer. Both magnetosomes
and HSA-coated iron oxide nanoparticles were chemically conjugated to fluorescent-labeled
anti-EGFR antibodies. In vivo MR imaging in a mouse breast cancer model shows the
effective intratumoral distribution of both nanoparticles in the tumor tissue. Magnetosomes
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demonstrated higher distribution than HSA-coated iron oxide nanoparticles according
to fluorescence microscopy evaluation. According to the results of in vitro and in vivo
study results, magnetosomes are promising for targeting and therapy applications of breast
cancer cells [251].

5. Conclusions

In recent years, studies demonstrated the advantages of using biogenic nanoparticles in
cancer therapy, as well as in vivo visualization of tumors and other pathological neoplasms.
These advantages are due to low toxicity, high stability, and spatial order of the organic
surface layers. An important property of magnetosomes is the ability to modify their
biochemical properties by genetic engineering, which makes it possible to implement
unique analytical protocols on biosensor platforms. At the same time, as regards the
biosensors and various in vitro applications, the analysis of scientific articles shows that
synthetic nanoparticles, as well as biogenic ones, are equally perspective, and further
developments as regard shape, surface modification, and analytical protocols are actual and
important. In a number of application types, such as mass monitoring of the population,
or PoCT, the chemically synthesized MNPs are even preferable, due to relatively low
production cost, considerably high yield of the manufacturing processes, sufficient control
on the particles size and size distribution, as well as magnetic properties and chemical
modification of the surface.
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Abstract: The timelier and more accurate the diagnosis of the disease, the higher the patient’s
survival rate. Human epididymal protein 4 (HE4) has great significance as a biomarker of concern for
reflecting ovarian cancer. Herein, we prepared a novel optical label that can be used in lateral-flow
immuno-dipstick assay (LFIA) for sensitive visual detection of HE4 by implanting hydrophobic
gold nanoparticles (Au NPs) at high density in Mg/Fe LDH nanoflowers (MF NFs). MF NFs with
large specific surface area, high porosity, abundant active binding sites, and stable structure were
employed for the first time as templates to directly anchor Au NPs in the organic phase. After simple
modification with an optimized amount of branched polyethyleneimine, not only could MF@Au
NFs be dispersed in the aqueous phase, but also amino functional groups were introduced on its
surface to facilitate subsequent antibody coupling steps. The limit of detection reaches 50 pM with
a detection range of 50 to 1000 pM. This work initially explored how MF NFs can be used to load
signal labels with ideal stability and signal amplification capabilities, which greatly improves the
practicability of LFIA and highlights its important role in the field of rapid diagnostics.

Keywords: layered double hydroxide nanoflowers; gold nanoparticles; human epididymal protein 4;
lateral flow immuno-dipstick assay

1. Introduction

Ovarian cancer is one of the three most common malignant tumors in the female
reproductive system [1,2]. Most ovarian cancer patients are in the middle and late stages
when they are first diagnosed and thus lose the best time for treatment [3–5]. Therefore,
early diagnosis has important clinical significance for the treatment and prognosis of
ovarian cancer. As a new tumor marker discovered in recent years, human epididymal
protein 4 (HE4) has been studied by many researchers in various respects [6–12]. HE4 is not
expressed in normal ovarian tissue but is abundantly expressed in ovarian cancer tissue.
Ingegerd Hellström et al. found that HE4 was overexpressed in epithelial ovarian cancer
in 2003, demonstrating for the first time that HE4 protein has potential as a biomarker for
ovarian cancer [13]. As we all know, early detection and early treatment is the mainstream
idea of current diagnosis, which will help reduce the morbidity and mortality of the disease
and ultimately improve the quality of life of patients. Although traditional methods such
as enzyme-linked immunosorbent assay and quantitative real-time PCR can help solve
the early diagnosis of diseases, they are limited by expensive and complicated laboratory
equipment and well-trained operators [14].

Lateral flow immuno-dipstick assay (LFIA), as a star product in point-of-care devices,
has already played an important role in medical diagnosis, food analysis, and environmen-
tal monitoring [15–17]. Gold nanoparticles (Au NPs) and latex microbeads are the main
tags currently used to construct LFIA. Among them, Au NPs are favored by researchers
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in photonics, catalysis, and bio-nanotechnology due to their inherently superior physico-
chemical properties and easy functionalization [18–21]. Notably, since the localized surface
plasmon resonance effect is very sensitive to particle size, structure, composition, and inter-
particle distance, Au NPs have been further utilized in optical detection platforms. This
colorimetric assay based on a single gold nanoparticle as a signal reporter molecule usually
suffers from low sensitivity in low-abundance biomarker systems, which seriously hinders
its application in early diagnosis [22]. In addition, the currently widely used optical labels
are usually water-phase synthesized Au NPs, which have inherent disadvantages such
as wide size distribution and insufficient stability. These shortcomings can be addressed
by the oil-phase synthesized Au NPs because these nanocrystals have the advantages of
controllable particle size and uniform morphology, and the surface of the nanoparticles
is capped by alkyl ligands with stable surface chemical properties [23,24]. Several studies
have demonstrated that template-based loading is an effective strategy to obtain composites
with good size, shape, and configuration [25–27]. The three-dimensional incorporation of
gold units into the template is highly desirable, which allows for a uniform distribution of
Au NPs and is beneficial for preserving the plasmonic properties of individual Au NPs.

Layered double hydroxides (LDHs) in the form of anionic clays have attracted increas-
ing attention from researchers due to their layered structure, high surface area, porous
structure, and interlayer ion exchange [28]. Among them, spherical LDH nanoparticles
with porous structure have attracted much attention due to their structural stability and
high surface area. Mahfuza Mubarak et al. synthesized Mg/Fe-LDH hollow nanospheres
with high specific surface areas by a simple ethylene glycol-mediated thermal method using
only two metal precursors, Mg2+ and Fe3+ [29]. In this work, Mg/Fe LDH nanoflowers
(MF NFs) were used for the first time as templates for loading hydrophobic Au NPs due
to their advantages of large surface area, high porosity, abundant active binding sites,
and stable structure [30–32]. As illustrated in Figure 1, a large amount of hydrophobic
Au NPs were loaded into MF NFs through thiol-metal covalent bonds. The outer layer
of MF@Au nanocomposites consists of branched polyethyleneimine (PEI), which can not
only serve as a hydrophilic modification layer but also introduce amino functional groups
to facilitate subsequent functional derivatization. Finally, a new type of high-density
Au NP-incorporated MF NFs were successfully prepared. In the MF@Au@PEI−LFIA,
MF@Au@PEI NFs containing amino functional groups on the surface were carboxylated
by succinic anhydride and combined with anti-HE4 labeled antibodies to prepare the
bioconjugates. Subsequently, different concentrations of HE4 antigen are combined with
bioconjugates and applied to the LFIA strip. Qualitative results can be measured by using
the naked eye within 15 min. MF@Au@PEI−LFIA exhibits higher sensitivity and a broader
linear region compared with those of colloidal gold test strips.
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Figure 1. Schematic diagram of the preparation of high-density Au NPs-implanted Mg/Fe-LDH
nanoflowers and detection process for MF@Au@PEI−LFIA.

2. Materials and Methods

2.1. Chemicals and Biological Reagents

Iron (III) chloride hexahydrate, magnesium acetate tetrahydrate, tetrachloroauric (III)
acid tetrahydrate, glutaraldehyde, ethylene glycol, anhydrous ethanol, oleylamine (OLM),
and Triton X-100 were purchased from Sinopharm Chemical Reagent Co., Ltd. Branched
polyethyleneimine (PEI, MW 25000) was purchased from Sigma-Aldrich (Burlington, MA,
USA). Bovine serum albumin (BSA), trimethoxysilylpropanethiol (3-MPTMS), 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC·HCl), and sodium 1-hydroxy-2,5-
dioxopyrrolidine-3-sulfonate (Sulfo-NHS) were purchased from Energy Chemical Co., Ltd.
(Bingham, Nottinghamshire, UK). All chemicals were used as received without purification.
Phosphate buffer solution (PBS, 0.01 M, pH 7.4), MES buffer solution (0.01 M, pH = 6.0), and
HEPES buffer solution (0.01 M, pH = 7.4) were freshly prepared before use. The Anti-HE4
monoclonal antibody (Ab1&Ab2), AFP, CA199, and CEA were purchased from Shanghai
Linc-Bio Science Co., LTD (Shanghai, China). Goat anti-mouse IgG antibody, sample
pads, polyvinyl chloride (PVC) substrate, nitrocellulose (NC) membranes, absorbent pads,
and plastic adhesive cards were purchased from Shanghai Joey Biotechnology Co. Ltd.
(Shanghai, China).

2.2. Characterization
13C CP/MAS NMR spectra were obtained using a Bruker ASCENDTM 400WB spec-

trometer at 400 MHz and reported as parts per million (ppm). UV-vis absorbance spectra
were obtained on a Shimadzu UV 2600 spectropolarimeter (Japan). Scanning electron
microscopy (SEM) measurements were carried out under field emission scanning elec-
tron microscopy (Thermo Scientific, Waltham, MA, USA) operated at 20 kV. Transmission
electron microscopy (TEM) measurements were carried out under a field-emission high-
resolution transmission electron microscopy Talos F200X (Thermo Scientific, Waltham,
MA, USA). Fourier transform infrared (FT-IR) spectrum was collected from a Nicolet 5700
(Thermo Nicolet Corporation, Waltham, MA, USA) IR spectrometer in the range of 4000–
400 cm−1. Powder X-ray diffraction (XRD) analysis was carried out using Rigaku Ultima
IV multifunctional horizontal X-ray diffractometer. X-ray photoelectron spectroscopy (XPS)
studies were performed using the XPS-2 (PreVac, Poland) system. Dynamic light scattering
(DLS) and ζ-potential data were collected from NanoBrook 90 Plus PALS.
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2.3. Preparation of Mg/Fe LDH Nanoflowers

Mg/Fe LDH nanoflowers (MF NFs) were synthesized according to a previous study
with some minor modifications [29]. Briefly, Mg (OAc)2·4H2O (3.0 g, 14.1 mmol) was put
into a three-necked flask containing 120 mL of ethylene glycol and ultrasonically dissolved
quickly. Then, FeCl3·6H2O (285 mg, 1.05 mmol) dissolved in 30 mL of ethylene glycol
was added to the flask through a dropping funnel, and the mixture was allowed to form a
homogeneous yellow clear solution with magnetic stirring for 4 h. Afterwards, the solution
was transferred to a Teflon-lined autoclave and heated at 200 ◦C for 8 h. The final product
was cooled to room temperature and then washed three times with ethanol and water. The
yellowish MF NFs were obtained after vacuum drying at 60 ◦C overnight.

2.4. Synthesis of OLM Capped Gold Nanoparticles (Au NPs)

Au NPs were synthesized by rapidly injecting gold precursor into a pre-heated surfac-
tant solution [24]. Briefly, 10 mL of OLM was injected into a 25 mL three-neck flask and
refluxed at 150 ◦C under an N2 atmosphere. Then, HAuCl4·4H2O (0.2472 g, 0.6 mmol) was
dissolved in OLM (2 mL), and it was quickly injected into the flask to continue the heating
reaction for 2 h to obtain monodisperse Au NPs.

2.5. Preparation of MF@Au@PEI Nanoflowers

Firstly, MF NFs needed to be modified with sulfhydryl functional groups. MF NFs
(50 mg) were dispersed in absolute ethanol by ultrasonication, and then NH3·H2O (500 μL)
and MPTMS (500 μL) were added, followed by vigorous stirring at 25 ◦C for 6 h. The
sulfhydryl-terminated MF NFs were harvested by centrifugation, washed thoroughly
with ethanol and H2O, and dispersed in 50 mL of chloroform. Secondly, excess Au NPs
chloroform dispersion was added to the above sulfhydryl-terminated MF NFs chloroform
dispersion, and a clear and transparent solution was obtained via ultrasonically treatment
for 20 min. The complexes were washed twice with chloroform to remove unlinked AuNPs.
The MF@Au NFs were properly dried in airflow and then dispersed in a 20 mL chloroform
solution containing PEI (0.2 mg/mL) under ultrasonication conditions for 20 min. After
centrifugation and washing, the MF@Au@PEI NFs can be directly dispersed in PBS solution
and stored at 4 ◦C for later use.

2.6. Preparation of Ab2-MF@Au@PEI

The specific preparation process is roughly the same as that reported in the previous
literature [33]. Briefly, MF@Au@PEI NFs with amino functional groups on the surface
were dispersed in water at a concentration of 1 mg/mL, and succinic anhydride solution
(5 mg/mL) was added and stirred for 4 h to modify MF@Au@PEI with carboxyl groups.
After that, it was washed several times with ethanol and water and dispersed in MES
buffer solution (0.01 M, pH = 6.0) for further use. One milligram of carboxyl-modified
MF@Au@PEI NFs were ultrasonically dispersed into 0.5 mL of MES buffer solution, 4 mg
of EDC and 6 mg of Sulfo-NHS were added in sequence, and the reaction was shaken for
15 min. The activated MF@Au@PEI NFs were washed with water twice and redispersed
in 0.5 mL of HEPES buffer (0.01 M, pH = 7.4). Seventy-five micrograms of Ab2 (0.5 mL,
0.15 mg/mL) was added to the above solution and incubated for 2 h at room temperature
with shaking. Finally, Ab2-MF@Au@PEI bioconjugates were collected by centrifugation,
washed with HEPES buffer, and redispersed in 1 mL of HEPES buffer solution (0.01 M,
pH = 7.4, containing 1% BSA) to form a storage dispersion for later use.
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2.7. Fabrication of the MF@Au@PEI−LFIA Test Strips

LFIA test strips were prepared by our previous reported literature [33,34]. The
MF@Au@PEI−LFIA consists of six parts, including polyvinyl chloride (PVC) substrate,
nitrocellulose (NC) membrane, absorbent paper, sample pad, HE4 test line, and control line.
The sample pad was pretreated with PBS (0.01 M, pH = 7.4) containing 1% Triton X-100 and
2% NaCl solution and dried overnight at room temperature. The capture antibody (Ab1,
2 mg/mL) and goat anti-mouse IgG antibody (2 mg/mL) were dispersed in the test line
and control line on the NC membrane, respectively. After that, the absorbent-pad-modified
NC membrane and the pretreated sample pad were assembled in sequence on the PVC
adhesive backing. Then, the assembled strips were cut into 4 mm wide pieces. Finally, the
prepared test strips were sealed and stored in a light-proof box.

2.8. Detection of HE4 with the MF@Au@PEI−LFIA

Different concentrations of 60 μL HE4 standard target solutions (0, 5, 10, 20, 50, 100,
200, 400, 800, and 1000 pM) were premixed with Ab2-MF@Au@PEI NFs (40 μL), respectively.
Afterward, the mixtures were applied to the sample pad. Each concentration was detected
three times. After 15 min, qualitative results could be obtained by observing the red bands
on the strips. An Apple mobile phone camera was used to take pictures for qualitative
measurements, and ImageJ software was used to digitally process the images for T-line and
C-line intensities. To compensate for potential intensity variations caused by acquisition
conditions such as lighting and camera settings, background subtraction was required,
and this work used the ratio of T-line intensity to C-line intensity (T/C) to quantify the
signal [35,36].

3. Results and Discussion

3.1. Synthesis and Characterization of the MF@Au@PEI NFs

Mg/Fe LDH NFs were synthesized by using magnesium acetate and ferric chloride
as precursors and ethylene glycol as a solvent in an autoclave. Figure 2a,b and Figure S3a
are typical images of the as-prepared MF NFs. These flower-like nanospheres consist of
many nanosheets with a thickness of about 10 nm interconnected to form highly open
structures with dimensions of 380–400 nm (Figure S5a in Supplementary Materials). The
growth mechanism of MF can be explained by the so-called inside-out Ostwald maturation
process proposed by Song et al. [37–39]. Firstly, magnesium ions and iron ions coagulate
and self-assemble into solid flower-like spheres. Then, nanosheets on the spherical shell
begin to grow, while the inner core begins to gradually form voids, and finally, 3D hi-
erarchical flower-like hollow nanospheres are obtained. After the sulfhydryl functional
group modification of MF, OLM-capped AuNPs with uniform size (10 nm, Figures 2c, S1
and S5d) prepared by reducing chloroauric acid in the organic phase were reacted with
SH-MF ultrasonically for 20 min in chloroform solution to obtain MF@Au NFs. It can be
seen from Figures 2d and S3b that there are many prominent Au NPs on the surface of
MF NFs, which proves that the Au NPs are abundantly loaded into the MF NFs. Likewise,
the high density of Au NPs bound to MF can be more clearly seen by TEM (Figures 2f
and S3c,d). It can be seen from Figure 2e that after the MF@Au NFs are coated with PEI
hydrophilic modification, the Au NPs on its surface are wrapped. Energy-dispersive X-ray
spectroscopy (EDS) elemental mapping, nuclear magnetic resonance (NMR), and Fourier
transform infrared (FT-IR) techniques were employed to investigate the composition of
MF@Au@PEI NFs. As shown in Figure 2g–l and Figure S4, MF@Au@PEI NFs are composed
of Mg, Fe, Au, C, and N elements, which can demonstrate the successful preparation of the
MF@Au@PEI composite structure. In the FT-IR spectra (Figure 3a), the MF NFs prepared
in this work are in good agreement with the characteristics of LDH-type materials reported
in the literature [29,40]. The characteristic peaks located at 2918 cm−1 (stretching vibration
of -CH2), 2850 cm−1 (stretching vibration of -CH2), 1460 cm−1 (stretching vibration of
-CH2), and 1380 cm−1 (stretching vibration of -CH2) indicate the successful preparation of
OLM-capped Au NPs. The curves of MF@Au are in good agreement with OLM-capped
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Au NPs, which indicates the formation of MF@Au composites. After PEI coating, the
characteristic peaks at 3460 cm−1, and 1630 cm−1 indicate the presence of amino functional
groups. Not only did the MF@Au@PEI NFs show good hydrophilicity, but their surface was
also modified with amino groups, which facilitated the subsequent antibody conjugation
procedures. Figure 3b shows the UV-vis absorption data that the absorption peaks of the
three are all around 520 nm. The X-ray powder diffraction (XRD) patterns of the MF NFs
and MF@Au are shown in Figure 3c. The MF NFs prepared in this work have five main
peaks at 9.26◦, 22.12◦, 34.1◦, 42.3◦, and 59.7◦, corresponding to the (003), (006), (012), (015)
and (110) planes, respectively [29]. The Au diffraction peaks in the MF@Au composite are
well preserved, and the peak shape corresponds to the standard card one-to-one (JCPDS#04–
0784), showing the cubic structure of Au NPs. These indicate that the crystal structure of
the oil-phase AuNPs prepared in this work were not affected during the entire assembly
process. In the 13C CP/MAS NMR spectrum of SH-MF NFs (Figure 3d), three peaks at
17.30, 20.48, and 32.92 ppm can be assigned to methylene carbons originated from the
MPTMS, which indicates that thiol functional groups have been modified onto the MF NFs.
The ζ-potential results of MF NFs, hydrophobic Au NPs, MF@Au, and MF@Au@PEI are
shown in Figure S5f. The ζ-potential of MF NFs in the water phase is negative (−54.92 mV)
due to the large number of hydroxyl functional groups. The change in the ζ-potential value
of MF@Au indicates that Au NPs are loaded in MF NFs, which turns the ζ-potential into
a positive charge (53.26 mV). The surface composition and chemical state of the MF@Au
NFs were investigated by X-ray photoelectron spectroscopy (XPS). The MF NFs are mainly
composed of C, O, Mg, and Fe elements (Figure S6), which is consistent with the XPS data
reported in the literature [29]. As shown in Figure 4a, MF@Au NFs are mainly composed
of C, O, Mg, and Au elements. High-resolution XPS spectra were recorded for C 1s, Mg 2p,
and Au 4f, as shown in Figure 4b–d. The C 1s spectrum consists of two components with
binding energies around 284.6 eV and 285.5 eV, corresponding to C–C and C–OH bonds,
respectively [29,41]. The Mg 2p spectrum has two peaks at about 49.0 and 49.9 eV, which
can be ascribed to Mg–OH and Mg–O bonds, respectively [29,42]. Figure 4d shows the XPS
spectrum of Au 4f, and the curve fitting analysis shows that Au 4f7/2 and Au 4f5/2 have
two peaks at 83.2 eV and 87.0 eV, respectively. The Au 4f doublet of the sample is split to
3.8 eV, indicating that Au exists only in the metallic state [43]. The above characterization
results all prove the successful preparation of MF@Au@PEI NFs.
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Figure 2. (a,b) SEM and TEM images of Mg/Fe LDH NFs. (The two insets are MF NFs solid powder
and the state dispersed in H2O.) (c) OLM capped Au NPs. (The inset is the state dispersed in
CHCl3.) (d) SEM images of MF@Au NFs. (The inset is the state dispersed in CHCl3.) (e,f) SEM and
TEM images of MF@Au@PEI NFs. (The two insets are the MF@Au@PEI solid powder and the state
dispersed in H2O.) (g–l) HAADF STEM image and EDS mapping images of MF@Au@PEI NFs.

Figure 3. (a) FT-IR spectra of MF NFs, Au NPs, MF@Au NFs, and MF@Au@PEI NFs. (b) UV-vis
absorption spectra of Au NPs, MF@Au NFs, and MF@Au@PEI NFs. (c) The XRD patterns of MF and
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MF@Au NFs. (The vertical red solid lines stand for diffractions according to JCPDS#04-0784.s)
(d) Solid-state 13C CP/MAS NMR spectrum of SH-MF NFs. (The inset is the schematic diagrams
of 3-MPTMS.)

Figure 4. (a) XPS survey spectra, and high resolution (b) C 1s, (c) Mg 2p, and (d) Au 4f spectra of
MF@Au NFs.

3.2. Performance of MF@Au@PEI−LFIA for HE4 Detection

Before implementing the MF@Au@PEI−LFIA, the optimization of the concentrations
of PEI is very critical to achieve the best detection effect. Four different concentrations of
PEI (5, 1, 0.5, 0.2 mg/mL) were used to coat MF@Au NFs. As shown in Figure S7, when the
concentration exceeds 0.2 mg/mL, the MF@Au NFs experience different degrees of coagu-
lation. We believe that the excessive PEI coating may lead to the mutual adhesion of the
NFs, and the sedimentation occurs under the action of gravity. Therefore, the PEI concen-
tration used in this work was 0.2 mg/mL. Various concentrations of HE4 antigen standard
solutions were applied to analyze the sensitivity of the MF@Au@PEI−LFIA. The antigen
standard solutions of different concentrations were premixed with Ab2-MF@Au@PEI NFs
and then added to the sample pads. The qualitative model of MF@Au@PEI−LFIA is based
on visual observation of the line color. The test result images of the test strip after 15 min are
shown in Figure 5a. All test strips showed a control line, which proved that the test results
are valid. The results indicated that the limit of detection using the naked eye observation
was approximately 50 pM for HE4. The signal intensity values of the test line and the
control line were obtained by taking advantage of ImageJ software. As shown in Figure 5b,
the linear relationship of HE4 between the T line intensity value/C line intensity value and
the antigen concentrations is y = 0.013x − 0.024 (R2 = 0.983). Clinical medicine considers
the concentration of HE4 to be positive for ovarian cancer when it exceeds 70 pM [44]. As a
comparison, we detected HE4 standard samples at various concentrations using traditional
citrate-capped Au NPs as optical labels. As shown in Figure S8, when the concentration of
HE4 was 800 pM, the T line still did not show a red band, indicating that the traditional
citrate-capped Au NPs as optical labels had low detection sensitivity for HE4. Meanwhile,
this result verifies the optical signal amplification of MF@Au@PEI as an optical label in
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antigen immune response. In addition, the assessment of three biomarkers (AFP, CEA, and
CA199) at a concentration of 1 μg/mL verified the specificity of MF@Au@PEI−LFIA. The
experimental results are shown in Figure 5c, and none of the other three biomarkers can
produce a red band on the T line, except for HE4, which proved that MF@Au@PEI−LFIA
has good selectivity.

Figure 5. (a) Photograph of the MF@Au@PEI−LFIA when detecting different concentrations of HE4
(0, 5, 10, 20, 50, 100, 200, 400, 800, and 1000 pM). (b) Linear response of MF@Au@PEI−LFIA for
detection of HE4 in the concentration range of 50−1000 pM. (c) Specificity of MF@Au@PEI−LFIA for
different biomarkers (AFP, CEA, CA199).

4. Conclusions

In summary, we prepared a novel optical label by efficiently implanting hydrophobic
Au NPs into Mg/Fe LDH nanoflowers. Compared with traditional colloidal gold nanotags,
the incorporation of high-density Au NPs greatly enhanced the optical signal intensity of
each carrier, and the detection sensitivity of HE4 was greatly improved. Under optimal
experimental conditions, the limit of detection for HE4 was 50 pM with a detection range
of 50 to 1000 pM. The study found that MF@Au@PEI−LFIA is highly selective for HE4 and
has little mutual interference with other biomarkers (AFP, CA199, CEA). This work initially
explores how Mg/Fe LDH NFs can be used to load signal labels with desirable stability
and signal amplification capabilities, which greatly broadens the practicability of LFIA and
highlights its important role in rapid diagnosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios12100797/s1, Figure S1. TEM images of OLM capped Au
NPs. Figure S2. TEM images of Citrate capped Au NPs. Figure S3. (a). TEM image of MF NFs.
(b). SEM image of MF@Au NFs. (c–d). TEM image of MF@Au@PEI NFs. Figure S4. The EDS
spectrum of MF@Au@PEI NFs. Figure S5. (a–e) DLS data of hydrophobic Au NPs, MF NFs, MF@Au
NFs, MF@Au@PEI NFs and citrate capped Au NPs. (f) ζ-potential of MF NFs, hydrophobic Au
NPs, MF@Au NFs and MF@Au@PEI NFs. Figure S6. High resolution (a) C 1s, (b) Mg 2p, (c) Fe
2p, and (d) O 1s spectra of MF NFs. Figure S7. MF@Au NFs coated with different concentrations
of PEI (concentrations of (a–d) are 5, 1, 0.5, 0.2 mg/mL in order, the scale bar is 2 μm). Figure S8.
Photographs of the detection results of different concentrations of HE4 (0, 10, 50, 100, 200, 400, and
800 pM) using citrate capped Au NPs as optical labels [45–47].
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Abstract: Transition metal sulfides have been explored as electrode materials for non-enzymatic
detection. In this work, we investigated the effects of phosphorus doping on the electrochemical
performances of NiCo2S4 electrodes (P-NiCo2S4) towards glucose oxidation. The fabricated non-
enzymatic biosensor displayed better sensing performances than pristine NiCo2S4, with a good
sensitivity of 250 μA mM−1 cm−2, a low detection limit (LOD) of 0.46 μM (S/N = 3), a wide linear
range of 0.001 to 5.2 mM, and high selectivity. Moreover, P-NiCo2S4 demonstrated its feasibility for
glucose determination for practical sample testing. This is due to the fact that the synergetic effects
between Ni and Co species, and the partial substitution of S vacancies with P can help to increase
electronic conductivity, enrich binary electroactive sites, and facilitate surface electroactivity. Thus,
it is found that the incorporation of dopants into NiCo2S4 is an effective strategy to improve the
electrochemical activity of host materials.

Keywords: phosphorus doping; NiCo2S4; non-enzymatic sensor; electrochemistry

1. Introduction

The accurate measurement of glucose concentration from blood or other sources is of
great significance to diagnose diabetes and monitor food quality in the field of pharmaceu-
ticals and foods [1]. Recently, electrochemical sensors provide such simple operation, rapid
response, and high sensitivity that they have aroused wide attention for use in glucose de-
tection. Commercial glucose biosensors are generally based on the glucose oxidase enzyme
(GOx), where glucose is converted into gluconolactone in the presence of saturated oxygen.
The enzymatic sensors exhibit outstanding sensitivity and selectivity but suffer from several
limitations caused by environmental effects, high cost, and tedious enzyme immobilization
process [2]. In order to break the above-mentioned drawbacks, it is essential to develop
and explore the non-enzymatic sensors for direct electrooxidation of glucose. Over the past
decades, thanks to their highly active area, excellent stability, and relatively cheap price,
various transition metal chalcogenides, including oxides, sulfides, and selenides, have
been of great promise in electrochemical sensors. Among these, transition metal sulfides
with high electrochemical activity have drawn extensive attention [3–6]. Compared with
oxides, sulfides have a more striking electrochemical performance with outstanding elec-
tronic conductivity and abundant redox chemical properties, because of their more flexible
structure with an elongation of chemical bonds constructed by replacing O with S, which
benefits electron transport [7,8]. In particular, NiCo2S4 usually exhibits high electrochemi-
cal activities as a kind of single-phase binary metal sulfide, rather than the simple mixture
of NiSx and CoSx, due to rich chemical redox, low cost, complex chemical compositions,
abundant resources, environmental friendliness, and the synergetic effect of both individual
components [9]. In spite of promising results, NiCo2S4 still suffers from a reduced density
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of electrochemically active sites and severe polarization on account of lower conductivity
and volume changes during electrochemical reactions. It still cannot meet the demands
of high capacitance, which brings a challenge to its practical utilization [10,11]. Therefore,
enormous research efforts have been devoted to enhancing the electrochemical performance
of NiCo2S4 through regulating nanostructures or combinations with conductive materials.

Typical nanostructures of nanowires, nanotubes, or nanorods could remarkably en-
large the accessible areas between the electrolyte and electrode and shorten the ionic
diffusion distance, while introducing conductive materials may optimize the electrical
conductivity and extend the electroactive surface [3,12,13]. For example, Huang’s group
fabricated a non-enzymatic glucose sensor based on the 3D flower-like NiCo2S4 deposited
Ni-modified cellulose filter paper, exhibiting a wide linear range of 0.5 μM–6 mM, high
sensitivity of 283 μA mM−1 cm−2, and a low detection limit (LOD) of 50 nM [14]. Guo et al.
reported a NiCo2S4 nanowire array with a unique core-shell structure grown on electrospun
graphitic nanofiber film, endowed with a wide linear range and a low LOD for glucose
sensing [15]. Although NiCo2S4 could achieve outstanding electrochemical properties
through the above two methods, it is not always feasible to modulate the inherent elec-
tronic properties to ideal levels. Recent reports have demonstrated that an additional
surface-modified coating can change surface charge, microenvironment, and active site
exposure, to achieve the purpose of adjusting activity [16]. Especially, anionic doping
is verified as an effective method to introduce the surface defects for altering electron
density, thereby improving the redox reactivity of the NiCo2S4 complex [13,17,18]. Among
them, the phosphorus (P) element with fully vacant 3D orbitals and lone-pair electrons
has drawn enormous attention for promoting the surface electroactivity of host materials.
Thereby, the surface P-anion doping of NiCo2S4 might accommodate the surface charge
state by tuning the partial charge density of neighboring bonded Ni and Co atoms. This
method would enhance the redox activity of NiCo2S4 by optimizing the adsorption energy
of electrochemical analytes and reducing the strain during redox reactions [13,19–21].

Inspired by these analyses, P-doping NiCo2S4 with a hollow nanoprism-like structure
(P-NiCo2S4 HNPs) is successfully synthesized in this work through a simple phosphati-
zation reaction. Benefiting from the unique hollow structure and surface engineering of
NiCo2S4, the P-NiCo2S4 HNPs have offered a better electrochemical sensing performance
than that of pristine NiCo2S4, such as higher sensitivity, better selectivity, and reproducibil-
ity, as well as excellent feasibility toward glucose determination in practical samples.

2. Materials and Methods

2.1. Chemicals and Materials

All reagents are of analytical grade and used without further purification. Double
distilled water was used throughout the experiments. Cobalt (II) acetate tetrahydrate
(Co(OAc)2·4H2O), nickel (II) acetate tetrahydrate (Ni(Oac)2·4H2O), potassium hexacyano-
ferrate (II) (K4[Fe(CN)6]), potassium ferricyanide (K3[Fe(CN)6]), D-(+)-glucose, thioac-
etamide (TAA), uric acid (UA), and sodium hypophosphite (NaH2PO2) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Ascorbic acid (AA),
ethanol (EtOH), potassium chloride (KCl), and 4-acetamidophenol (AP) were ordered from
Aladdin Industrial Co., Ltd. (Shanghai, China), Yasheng Chemical Co., Ltd. (Jiangsu,
China), Lingfeng Chemical Reagent Co., Ltd. (Shanghai, China), and Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China), respectively. Urea and sodium chloride (NaCl)
were acquired from Xilong Chemical Co., Ltd. (Guangdong, China), while L-cysteine
(Lcy) and D-fructose (Fru) were obtained from Huixing Biochemical Reagent Co., Ltd.
(Shanghai, China).

2.2. Apparatus

The morphologies and structures of the as-prepared samples were characterized by
using scanning electron microscopy (SEM, Zelss Sigma300) at 3 kV and transmission
electron microscopy (TEM, FEI Talos-F200s) at a voltage of 200 kV. The crystalline structure

89



Biosensors 2022, 12, 823

and chemical states of the samples were verified by powder X-ray diffraction (XRD, D/max-
2500 diffractometer, Rigaku, Japan), energy-dispersive spectroscopy (EDS), and X-ray
photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD spectrometer). Surface area
allowing Brunauer-Emmett-Teller (BET) isotherms was carried out by monitoring N2
adsorption/desorption using a NOVA 2000 surface area analyzer (Quantachrome) at 77 K.

2.3. Fabrication of the P-NiCo2S4 HNPs

According to the previous literature, NiCo2S4 NPs were firstly synthesized [22]. Briefly,
Co(OAc)2·4H2O (0.25 g), Ni(OAc)2·4H2O (0.12 g), and urea (0.56 g) were successively added
into EtOH (80 mL) under stirring. Then, the resulting mixture was heated to 65 ◦C for
4 h, and Co/Ni precursors were obtained after processing. Then, the Co/Ni precursors
were re-dispersed into EtOH, followed by the addition of TAA. Subsequently, the resulting
solution was transferred into a Teflon-lined stainless-steel autoclave and heated to 160 ◦C
for 6 h. NiCo2S4 NPs were obtained after processing and drying in the air. Finally, NiCo2S4
(0.05 g) and NaH2PO2 (0.2 g) were placed in tandem and annealed at 350 ◦C for 2 h under
a flowing N2 atmosphere to produce the P-NiCo2S4 HNPs.

2.4. Electrochemical Measurements

Before preparing modified electrodes, the indium tin oxide (ITO, diameter of 3 mm)
electrodes were successively sonicated and cleaned with acetone, EtOH, and water for
use. After sonication for an adequate time, 6 μL of a uniform dispersion of P-NiCo2S4
HNPs in EtOH (1 mg mL−1) was drop-casted onto the prepared ITO and dried at room
temperature for next use. Cyclic voltammogram (CV) and chronoamperometry were
performed by a CHI 660D instrument (Chenhua Instrument Co., Shanghai, China) to
evaluate the electrochemical performance of the samples. In addition, the glucose detection
was carried out in 0.2 M NaOH solution.

3. Results and Discussion

As illustrated in Figure 1A, the NiCo2S4 was synthesized using our previous method [22],
and the synthetic procedure for P-NiCo2S4 was described through a facile P-doping. Uti-
lizing CO3

2− and OH− derived from the hydrolysis of urea in the presence of Co2+ and
Ni2+, the Co/Ni precursors were obtained by a solution reaction and then employed
as the self-engaged templates. The XRD pattern confirmed that the crystalline Co/Ni
precursors possessed a tetragonal cobalt/nickel acetate hydroxide phase (Figure S1, Sup-
plementary Materials) [22]. Moreover, The EDS spectrum substantiated the successful
synthesis of Co/Ni precursors with the mole ratio of Co to Ni of 2:1 (Figure S2). In addi-
tion, the morphologies and structures were further characterized by SEM. As shown in
Figure 1B,C, the uniform prism-like Co/Ni precursors possessed a length of ~1.3 μm and a
width of ~280 nm with a smooth surface. After sulfidation and the follow-up phosphating
process, the length and width of the resulting P-NiCo2S4 were ~1.5 μm and ~250 nm,
respectively (Figure 1D,E). It could be seen that the P-NiCo2S4 HNPs still maintained the
original prism-like appearance with a hollow structure and rough surface, which was of
benefit to enhancing the electron transfer between interfaces. As shown in Figure 1F of the
TEM image of the P-NiCo2S4 HNPs, this further demonstrated the detailed geometrical
morphology and the hollow interior structure. The XRD pattern of pristine P-NiCo2S4 was
presented in Figure 2A. Obviously, all the diffraction peaks can well correspond to the
cubic NiCo2S4 phase (JCPDS Card. No. 20-0782) [13,22,23]. The result indicated that the
NiCo2S4 crystal structure was not distorted significantly by the introduction of P [13,23].
In accordance with the XRD analysis, the high-resolution TEM (HRTEM) depicted that the
inter-planar distances of P-NiCo2S4 crystals were ~0.28 nm and ~0.56 nm, corresponding
to the (311) and (111) planes of P-NiCo2S4, respectively (Figure 1G). Additionally, the
corresponding EDS mapping further confirmed the uniform distribution of Co, Ni, S, and
P elements within the hollow prisms (Figure 1H). Such results stayed in step with the EDS
spectrum (Figure S3).
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Figure 1. (A) Schematic illustration of P-NiCo2S4 HNPs preparation. SEM images of: (B,C) Co/Ni pre-
cursor, and (D,E) P-NiCo2S4. (F) TEM, (G) HRTEM image, and (H) EDS mapping of P-NiCo2S4 HNPs.

Figure 2. (A) XRD patterns of P-NiCo2S4 and NiCo2S4. (B) Full range XPS survey spectrum. The 2p
spectrum of: (C) Co, (D) Ni, (E) S, and (F) P elements in P-NiCo2S4 HNPs.

As shown in Figure 2, XPS was performed to further identify the chemical environment
and surface element state of the as-prepared P-NiCo2S4 HNPs. The XPS survey spectrum
confirmed the presence of P, S, O, Co, and Ni elements on the surface of P-NiCo2S4 HNPs
(Figure 2B). For the 2p spectrum of Co (Figure 2C), it could be noticed that two main peaks at
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782.4 and 798.7 eV were consistent with Co 2p3/2 and Co 2p1/2 of Co2+. Two other peaks at
778.8 and 793.9 eV could be indexed to Co 2p3/2 and Co 2p1/2 of Co3+, respectively, together
with two satellite peaks at 786.2 and 803.5 eV [5,24]. The Ni 2p spectrum exhibited similar
characteristics, as shown in Figure 2D. Two peaks at 853.3 and 870.2 eV were attributed to
Ni 2p3/2 and Ni 2p1/2 of Ni2+, while two additional peaks at 857.4 and 871.3 eV resulted
from Ni 2p3/2 and Ni 2p1/2 of Ni3+, respectively [25]. For the 2p spectrum of the S element
(Figure 2E), the peak at 161.7 eV (S 2p3/2) was ascribed to the metal-sulfur bonds, while
the binding energy of 162.8 eV (S 2p1/2) was linked to S2− with low coordination at the
surface. In addition, the two signals at 129.6 and 130.2 eV were assigned to P 2p3/2 and
P 2p1/2, relating to metal phosphides. Moreover, the peak at 133.4 eV belonged to the
oxidized phosphorus species (POx), which originated from the exposure of its surface to air
for ages [26]. Finally, the XPS result suggested a P content of about 3.8 at%. Therefore, the
XPS results demonstrated the doping of P in NiCo2S4, which would increase the number of
active sites, improve its conductivity, and thus enhance its electrochemical performance.

The CV was conducted to investigate the mechanism and electrochemical sensor
activity of the P-NiCo2S4 HNPs modified electrode for glucose oxidation via a standard
three-electrode system in a 0.2 M NaOH solution at a scan rate of 50 mV s−1. As shown
in Figure 3A, although the CVs of bare ITO in the absence (black line) and presence
(red line) of 1 mM glucose in an applied potential range of 0–0.6 V were active for glucose
electrooxidation, the response was very weak. Figure 3B displays the CV curves of P-
NiCo2S4/ITO with cathodic and anodic peaks at about 0.4 and 0.45 V, respectively. It
was noticeable that a higher glucose oxidation peak was observed when adding 1 mM
glucose, suggesting the excellent electrocatalytic activity of P-NiCo2S4/ITO towards glucose
oxidation. The corresponding reaction mechanism for the glucose oxidation on the P-
NiCo2S4 HNPs modified electrode can be briefly described as follows:

CoS + OH− ↔ CoSOH + e− (1)

CoSOH + OH− ↔ CoSO + H2O + e− (2)

NiS + OH− ↔ NiSOH + e− (3)

 

Figure 3. CVs of: (A) bare ITO, and (B) P-NiCo2S4/ITO in 0.2 M NaOH without (a) and with (b)
1 mM glucose (scan rate: 50 mV s−1). (C) A bar chart for comparison of current increments (ΔI) for
bare ITO and P-NiCo2S4/ITO. (D) CVs of P-NiCo2S4/ITO in 0.2 M NaOH in the presence of different
glucose concentrations at a scan rate of 50 mV s−1. (E) CVs of P-NiCo2S4/ITO in 0.2 M NaOH with
1 mM glucose at different scan rates (a to j: 20, 30, 40, 50, 60, 70, 80, 90, 100, and 150 mV s−1). (F) The
corresponding plot of anodic current density (Ipa) vs. the square root of the scan rate.
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In addition, it can be easily seen from a comparison of current increments (ΔI) for
bare ITO and P-NiCo2S4/ITO in Figure 3C that the electrochemical performance of the
electrode modified with P-NiCo2S4 was greatly improved. Figure 3D presents the CVs of
P-NiCo2S4/ITO with different glucose concentrations to evaluate the feasibility of glucose
sensing, and the anodic peak current significantly increased with increasing concentration
from 0 to 10 mM, representing typical catalytic oxidation of glucose. As shown in Figure 3E,
the CVs of P-NiCo2S4/ITO at a series of scan rates with 1 mM glucose suggested that
increasing the scan rate will lead to a rise in currents and a shift in potentials, which mainly
comes from the increasing internal diffusion resistance within P-NiCo2S4 HNPs as the scan
rate increases [2,27]. Furthermore, Figure 3F exhibits a good linear dependence relation
between the anodic peak current and the square root of the scan rate with a linear regression
coefficient (R2) of 0.9838, implying that the glucose oxidation on the P-NiCo2S4/ITO is a
reversible and typical diffusion-controlled electrochemical process [28].

The identification of the optimal concentration of NaOH solution for an effective
non-enzymatic glucose sensor was monitored at P-NiCo2S4/ITO for a range of 0.01~0.5 M
(Figure 4A). Upon the increment in concentration from 0.01 to 0.2 M, the electrooxidation ki-
netics of glucose was dramatically enhanced, and the utmost response towards glucose was
observed in 0.2 M NaOH solution. High-alkaline conditions will generate higher oxidation
state species (Ni2+/Ni3+ and Co3+/Co4+), which provide the maximal glucose oxidation
responses at P-NiCo2S4/ITO. However, stronger alkaline conditions tend to corrode elec-
trodes resulting in limiting the electrochemical reaction [14]. Next, the optimal value of the
applied potential was achieved in order to investigate the effect of detection potential on the
amperometric response of P-NiCo2S4/ITO to glucose. As shown in Figure 4B, the oxidation
current increased with increasing the detection potential and reached the highest value
at 0.4 V. Therefore, 0.4 V was chosen as the optimal working potential for the follow-up
study. Subsequently, for a systematic comparison, the P-NiCo2S4 nanoprisms with different
amounts of NaH2PO2 were also prepared under the same synthetic conditions. In addition,
the amperometric current responses of P-NiCo2S4/ITO with 0.1 g, 0.2 g, and 0.4 g NaH2PO2
at 0.4 V were represented in Figure 4C, which exhibited an almost obvious current differ-
ence. It was found that 0.2 g NaH2PO2 was the optimal admixing quantity in the following
experiments. To analyze the interfacial behaviors of P-NiCo2S4 with 0.1 g, 0.2 g, and 0.4 g
NaH2PO2, the electrochemical impedance spectroscopy (EIS) was performed in 0.1 M KCl
solution containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6]. Obviously, the P-NiCo2S4 with 0.2 g
NaH2PO2 showed a lower charge-transfer resistance (diameter of the semicircle) value than
those of the other two, revealing the highest electrical conductivity of P-NiCo2S4 with 0.2 g
NaH2PO2, and the result was consistent with Figure 4C. P-doping content has an effect on
the electrical conductivity and electrocatalytic activity of materials. The high content of
P-doping can significantly improve the fixation site and catalytic site of polysulfide, and
thus promote the catalytic activity of materials. However, excessive P-doping will seriously
affect the structural integrity of the materials, which significantly reduces the electrical con-
ductivity [19,29,30]. The appropriate amount of P-doping can accelerate electron transport,
and thus it would be a promising electrode to fabricate sensitive sensors. As shown in
Figure S4, the BET surface areas of P-NiCo2S4 with 0.2 g and 0.4 g NaH2PO2 were 53.679
and 56.725 m2 g−1, respectively, which were slightly higher than that of P-NiCo2S4 with
0.1 g NaH2PO2 (43.558 m2 g−1). However, compared with pure NiCo2S4, P-doping can
improve the specific surface area and electrochemical activity. Besides, the effective surface
area of working electrodes will directly influence their sensitivity, thus playing a large
role in developing electrochemical sensors. The CVs of P-NiCo2S4/ITO were measured
in 5 mM K3Fe(CN)6 containing 0.1 M KCl solution, shown in Figure S5A. Additionally,
Figure S5B indicates that the Ip values of P-NiCo2S4/ITO increase linearly with the square
root of scan rates. Therefore, the effective surface area of the P-NiCo2S4 was assessed by
the Randles–Sevcik equation: Ip = (2.69 × 105)n3/2AD1/2v1/2C, where n was the number
of electrons transferred, D was the diffusion coefficient of Fe(CN)6

3− (7.6 × 10−6 cm2 s−1),
C was the reactant concentration (mol cm−3), v is the scan rate (V s−1), A was the effective
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area of the electrode, and Ip was the peak current [31,32]. The slope was the ratio of Ip

to v1/2 (Figure S5B); thus, the effective surface area of the P-NiCo2S4 was calculated as
0.134 cm2.

 
Figure 4. (A) CVs of P-NiCo2S4/ITO in different concentrations of NaOH solution with 1 mM glucose
(scan rate: 50 mV s−1). (B) Current responses of P-NiCo2S4/ITO at different detection potentials with
1 mM glucose in 0.2 M NaOH. (C) Amperometric responses of P-NiCo2S4/ITO with different amounts
of NaH2PO2 at 0.40 V with continuous addition of 1 mM glucose in 0.2 M NaOH. (D) Nyquist plots
for P-NiCo2S4 electrodes with different amounts of NaH2PO2.

The amperometric analysis was used as an extremely attractive electrochemical
technique to study the sensitivity, selectivity, and detection limit of the proposed glu-
cose sensor. Under the above-optimized conditions, Figure 5A depicts a typical current-
time plot of the P-NiCo2S4/ITO on the successive step-wise addition of glucose. The
inset in Figure 5A represents the magnification of glucose concentration ranging from
1 to 4 μM. A wide linear response of P-NiCo2S4/ITO for glucose sensing from 0.001 to
5.2 mM was shown in Figure 5B. The linear regression equation for P-NiCo2S4/ITO was
I/μA = 17.66C/mM + 1.72 (R2 = 0.9903) with a high sensitivity of 250.0 μA mM−1 cm−2.
As a consequence, the LOD of the sensor was calculated to be 0.46 μM (S/N = 3). In addition,
after adding glucose to the NaOH solution, the P-NiCo2S4 sensor produced steady-state
signals less than 0.1s (Figure 5C). Table 1 lists the detection performance comparison of
P-NiCo2S4/ITO with some similar non-enzymatic glucose sensors. It is clear that the
performance of P-NiCo2S4/ITO is comparable or superior to some reports, for example,
Co3O4/NiCo2O4, NiCo2S4/Pt, and CoNi2S4@NCF [33–35]. The remarkable electrochem-
ical performance of P-NiCo2S4/ITO could stem from the hollow structures, synergetic
effects between Ni and Co species, and partial substitution of S vacancies with P. This can
provide more electrochemical active sites and enhance electrical conductivity, implying the
potential value of P-NiCo2S4 in many systems for glucose detection.
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Figure 5. (A) Amperometric response of the P-NiCo2S4/ITO with successive addition of glucose at
0.4 V in 0.2 M NaOH (inset: the current response of electrode towards adding glucose from 1 to 4 μM).
(B) The corresponding calibration curve of the P-NiCo2S4/ITO electrode to successive additions
of glucose ranging from 1 μM to 5.2 mM. (C) The response time of the P-NiCo2S4/ITO electrode.
(D) Amperometric response of the P-NiCo2S4/ITO with successive addition of glucose (1 mM),
interfering species (0.1 mM), and the second addition of glucose (1 mM) in 0.2 M NaOH.

Table 1. Performance comparison of P-NiCo2S4/ITO sensor toward glucose oxidation with some
similar electrodes.

Electrode Materials Sensitivity (μA mM−1 cm−2) Linear Range (mM) LOD (μM) Ref.

Co3O4/NiCo2O4 304 0.01–3.52 0.384 [33]
NiCo2S4/Pt 5.14 0.001–0.664 1.2 [34]

CoNi2S4@NCF 6.675
54.82

0.5–12.5
12.5–30 NR [35]

Ni5P4 149.6 0.002–5.3 0.7 [36]
NiS-rGO NR 0.05–1.7 10 [37]

CoP/GCE 116.8 0.5–5.5 9 [38]
P-NiCo2S4/ITO 250 0.001–5.2 0.46 This work

Selectivity and stability are the major factors to evaluate the performance of the non-
enzymatic glucose sensor. It is clear that the P-NiCo2S4/ITO displays an anti-interference
advantage after the addition of glucose (1 mM) and a series of interfering species (0.1 mM
each) at a working potential of 0.4 V, shown in Figure 5D, indicating the good ability of
anti-interference of P-NiCo2S4 with negligible interference from urea, NaCl, KCl, AA, UA,
Fru, Lcy, and AP. The long-term stability of the P-NiCo2S4/ITO electrode was evaluated
by measuring the current peak towards 1 mM glucose over a week at room temperature.
The electrode basically kept the same value as the original current after 7 days, showing
good stability of the P-NiCo2S4 electrode at room temperature (Figure 6). The enhanced
electrochemical behavior may be attributed to: (i) more redox reactions from multiple oxide
states of the Ni and Co species, (ii) a much lower optical band gap energy and higher
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electric conductivity of binary metal sulfides, (iii) its unique hollow structure that enlarges
surface area and shortens electronic transmission, and (iv) the anionic phosphorus doping
that provides some new active sites and introduces surface defects.

 

Figure 6. The stability of P-NiCo2S4/ITO stored at room temperature over 7 days in the presence of
1 mM glucose.

In addition, the feasibility of the proposed electrode was evaluated by monitoring
glucose in human serum. The serum samples were donated by Jiangsu Province Hospital.
The serum sample was firstly separated by centrifugation at 8000 rpm for 15 min, then
the collected supernatant was obtained for further electrochemical tests. The standard
addition method was employed to detect the glucose concentration in serum under optimal
experimental conditions. The successive addition of glucose was continuously added
into the mixture of 9.5 mL of 0.2 M NaOH and 0.5 mL of the treated serum supernatant
(Figure S6A). The corresponding calibration curve of glucose ranging from 0.005 to 5.2 mM
on the P-NiCo2S4/ITO was illustrated in Figure S6B, and the linear regression equation was
ΔI/μA = 4.62C/mM + 36.51 (R2 = 0.9891), disclosing good stability and anti-interference
of the proposed glucose sensor for real blood samples. Moreover, we also measured the
recoveries in serum samples by adding glucose solution with different concentrations.
As presented in Table 2, the recoveries were calculated to be in the range of 96.4–101.8%.
The above results demonstrated that the P-NiCo2S4/ITO had favorable feasibility of glucose
detection in real serum samples.

Table 2. The recovery of glucose by standard addition method in the serum sample.

Sample Added Concentration/mM Measured Concentration/mM Recovery/%

Serum
0.055 0.056 101.8
0.275 0.271 98.6
0.475 0.458 96.4

4. Conclusions

In summary, we have rationally synthesized hollow NiCo2S4 nanoprisms in situ
using a urea precursor as a sacrifice template by an anion exchange reaction, followed by
constructing P-NiCo2S4 through simple P element doping for enhancing the electrochemical
performance towards glucose oxidation. Compared with pristine NiCo2S4, a non-enzymatic
sensor with good sensitivity, low detection limit, wide linear range, and high selectivity
was established. It is confirmed that the incorporation of P can induce the surface defect at
the atomic level to improve the electrochemical activity of host materials, which often suffer
from slow ion diffusion and charge transfer kinetics, and the deficiency of electrochemically
active sites. A series of electrodes with different amounts of P suggest that an appropriate
amount of P-doping can accelerate electron transport. Moreover, P-NiCo2S4 demonstrates
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its feasibility for glucose determination for practical sample testing. These results reveal that
the synergetic effects between Ni and Co species and the partial substitution of S vacancies
with P can help to increase electronic conductivity, enrich binary electroactive sites, and
boost surface electroactivity. Thus, our proposed non-enzymatic sensor has great prospects
in the application of detecting glucose rapidly and effectively. In addition, the reported
nanomaterials-based electrodes have been mostly applied in strongly alkaline conditions
for non-enzymatic glucose sensors so far. However, the electrochemical characteristics
in weakly alkaline or even neutral environments close to human body fluid are rarely
reported. It is possible that, before the test, a negative potential is first employed to reduce
the water in situ, and the hydrogen gets released resulting in the formation of OH−; thus,
it produces an alkaline microenvironment, so as to realize glucose detection in a neutral
environment. This will be further studied in the future.
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//www.mdpi.com/article/10.3390/bios12100823/s1, Figure S1: XRD pattern of Co/Ni precur-
sors; Figure S2: EDS spectrum of Co/Ni precursors; Figure S3: EDS spectrum of the P-NiCo2S4
HNPs; Figure S4: N2 adsorption/desorption isotherms of P-NiCo2S4/ITO with different amounts of
NaH2PO2; Figure S5: (A) CVs of P-NiCo2S4/ITO in 5 mM K3Fe(CN)6 solution containing 0.1 M KCl at
different scan rates. (B) The linear plot of Ip vs. v1/2 of P-NiCo2S4/ITO; Figure S6: (A) Amperometric
response of P-NiCo2S4/ITO with successive addition of glucose at 0.4 V in 0.2 M NaOH in healthy
human serum samples. (B) The corresponding calibration curve of the glucose sensor.
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Abstract: Copper peroxide/zeolitic imidazolate framework/polydopamine nanoparticles (CP/ZIF-
8/PDA)-based fluorescence-linked immunosorbent assay (FLISA) was designed for the sensitive
and high-throughput determination of carcinoembryonic antigen (CEA) by self-supplied H2O2

generation. Specifically, the CEA aptamer was modified on the surface of CP/ZIF-8/PDA to form
an immunoprobe. The structures of CP and ZIF-8 could be broken under acidic conditions, and
produced the Cu2+ and H2O2 due to the dissociation the CP. A subsequent Fenton-type reaction of
Cu2+ and H2O2 generated hydroxyl radical (·OH). o-phenylenediamine (OPD) was oxidized by the
·OH to form 2, 3-diaminophenazine (DPA) with a significant fluorescence signal. CP/ZIF-8/PDA
could be used as an efficient Fenton-type reactant to generate a large amount of ·OH to promote
OPD oxidation. The sensitive detection of CEA could be realized. Under optimal conditions, the
FLISA platform displayed a linear detection range from 0.01 to 20 ng mL−1 with a detection limit of
7.6 pg mL−1 for CEA. This strategy has great application potential for sensitive and high-throughput
determination for other biomarkers in the field of biomedicine.

Keywords: fluorescence-linked immunosorbent assay; Fenton-type reaction; carcinoembryonic antigen

1. Introduction

The enzyme-linked immunosorbent assay (ELISA) is the gold standard for the detec-
tion of a large number of routine biological analytes [1]. Nevertheless, conventional ELISA
still suffers from high background, low sensitivity, false-positive results, it is expensive and
the labeling enzyme is highly susceptible to inactivation [2,3], so the practical applications
of the ELISA technique is restricted. Normally, enzyme-labeled secondary antibodies
are need for ELISA to determine the absorbance of the substrate [4]. Distinct from the
ELISA, fluorescence-linked immunosorbent assay (FLISA) employs a fluorescent substance
as a label to measure the fluorescence intensity [5]. Both ELISA and FLISA are efficient
high-throughput detection methods. The principles of their operation and detection are
similar. The rapid development of nanotechnology has made tremendous progress in
the development of the FLISA [6]. In recent years, many fluorescent materials have been
developed for the FLISA method, including graphene oxide (GO) [7] and metal-organic
frameworks [8]. These materials generally use the fluorescence resonance energy transfer
(FRET) strategy to achieve a sensitive signal output, but the donor and acceptor of FRET
are susceptible to distance and depend on the degree of overlap between the emission
spectrum of the donor and the excitation spectrum of the acceptor. In addition, many signal
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amplification methods of enhancing the sensitivity of FLISA have been investigated, includ-
ing carbon dots (o-CDs) aggregation fluorescence quenching [9], the simple enhancement
of fluorescence by Triton-X 100 micelles [10] and signal amplification by fluorescein-labeled
DNA strand hybridization reaction [11]. However, these methods have limitations for
analytical applications, such as their susceptibility to interference by metal ions and the
high cost of reagent. Therefore, the exploration of the fluorescence output strategy and
appropriate nanomaterial in FLISA are still very meaningful.

Zeolitic imidazolate frameworks (ZIFs) are typical materials for metal organic frame-
works (MOFs), which have been widely used in sensors and drug delivery due to their
large specific surface area, good porosity and biocompatibility [12,13]. Because of the high
affinity of ZIFs for enzymes, Guo et al. [14] designed a sensor based on the enzymatic
cascade reaction of metal-organic framework composites (AuNCs/β-Gal/GOx@ZIF-8)
for the detection of lactose. The sensitivity of this sensor was effectively enhanced by
catalytic signal amplification. However, the biological enzymes are expensive and easily
lose activity since they are susceptible to external conditions, including temperature and
pH changes, as well as a complicated modification process. Therefore, enzyme-mediated
catalytic signal amplification by assembling enzyme-ZIFs nanocomposites is not an ideal
signal output strategy. Wang et al. [15] synthesized a copper peroxide/zeolitic imidazolate
framework/polydopamine (CP/ZIF-8/PDA) composite, which was combined with a 3-
aminobenzeneboronic acid (ABA)/polyvinyl alcohol (PVA) film-modified electrode and
self-supplied H2O2 generation for the electrochemical immunoassay of the glycoantigen
CA19-9. This method used HCl-triggered cascade reaction without introducing enzymes
and metal ions, which had good sensitivity, selectivity and stability, and provided a new
idea for designing simple, fast and effective immunosensors. Above all, the known ZIFs-
based FLISA for the sensitive and high-throughput determination of CEA by self-supplied
H2O2 generation has not reported so far.

Inspired by the above work, a FLISA platform for the sensitive and high-throughput
detection of the carcinoembryonic antigen (CEA) was constructed based on a CP/ZIF-
8/PDA nanocomposite by self-supplied H2O2 generation (Scheme 1). ZIF-8 was used for
the encapsulation of CP for the formation of ZIF-8/CP. After a layer of PDA membrane
was formed onto the surface of ZIF-8/CP, the abundant amino of PDA was beneficial to
the immobilization of biomolecules, such as antibodies or aptamers via the EDC-NHS
reaction and glutaraldehyde cross-linking reaction. CP was the source of Cu2+ and H2O2
under the stimulation of the acidic condition. Thus, the CP/ZIF-8/PDA plays a key
role as a “signal switch” and immunocarrier. The aminated CEA aptamer was modified
on the surface of CP/ZIF-8/PDA to form an immunoprobe (CP/ZIF-8/PDA/Aptamer)
via the glutaraldehyde cross-linking function between the aminated CEA aptamer and
amino-rich PDA. In the presence of CEA, CP/ZIF-8/PDA/Aptamer and the modified
CEA antibodies on the microtiter plate specifically recognized with CEA to form the
sandwich immune complexes. Then, the structure of CP/ZIF-8/PDA was destroyed
under acidic conditions, thus, releasing CP, which was rapidly converted to Cu2+ and
H2O2 [16]. After that, Cu2+ underwent a Fenton-type reaction with H2O2 to produce
·OH and ·OH-oxidized o-phenylenediamine (OPD) to form 2,3-diaminophenothiazine
(DPA) with fluorescence property. This method did not involve enzymes, metal ions and
external H2O2 to induce Fenton-type reactions. Compared with an external H2O2-based
sensing system, self-supplied H2O2 was more stable in the system solution and could
effectively avoid the reduction in biomolecular activity [17]. The simultaneous production
of H2O2 and Cu2+ could achieve enrichment in site to form higher concentrations of H2O2
and Cu2+, which was conducive to producing a large amount of ·OH to oxidize OPD.
The efficient high-throughput detection of CEA could be achieved by the FLISA sensing
platform. Therefore, polydopamine-functionalized CP/ZIF-8 nanoparticle-based FLISA
provided a new strategy for the sensitive and high-throughput detection of CEA.
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Scheme 1. Schematic illustration of CP/ZIF-8/PDA nanoparticle-based FLISA for the sensitive
determination of the carcinoembryonic antigen by self-supplied H2O2 generation.

2. Experimental Section

2.1. Reagents and Materials

We purchased dopamine (DA), copper chloride dihydrate (CuCl2·2H2O), glacial acetic
acid (HAc), sodium acetate (NaAc), sodium carbonate (Na2CO3), sodium bicarbonate
(NaHCO3), sodium dihydrogen phosphate (Na2HPO4) and disodium hydrogen phosphate
(Na2HPO4) from Aladdin Reagent Co., Ltd. (Shanghai, China). Solarbio Science & Technol-
ogy. Co., Ltd. (Beijing, China) provided bovine serum albumin (BSA, 97.0%) and Tween 20.
From Jiuding Chemical Technology Co., Ltd. (Shanghai, China), we purchased methylimi-
dazole and o-Diphenylamine (OPD). Sodium chloride (NaCl), potassium chloride (KCl)
and sodium hydroxide (NaOH) were purchased from Sinopharm Chem. Re. Co., Ltd.
(Shanghai, China). Zn(NO3)2·6H2O and anhydrous methanol were acquired from Xilong
Scientific Co., Ltd. (Guangdong, China). All other chemicals were analytical grade. In these
experiments, ultrapure water (Milli-Q, Millipore, ≥18.2 MΩ·cm) was used. Sangon Biotech
(Shanghai, China) supplied the high-performance liquid chromatography (HPLC) purified
CEA-binding aptamer. The following oligonucleotide sequence (5’→ 3’) was listed: H2N-
TTT TAT ACC AGC TTA TTC AAT T. Beijing Key-Bio Biotech Co., Ltd. (Beijing, China)
provided the CEA monoclonal antibody (5 mg mL−1), CEA (100 μg mL−1), CA19-9 (50 KIU
mL−1), CA125 (50 KIU mL−1), AFP (105 μg mL−1) and PSA (100 μg mL−1). The Guilin
Hospital of Chinese Traditional and Western Medicine provided clinical human serum
samples with different CEA concentrations based on the rules of the local ethical committee.
The referenced values of CEA in clinical human serum samples were acquired from the
commercialized Roche Cobas e601 automatic electrochemiluminescence immunoanalyzer
(Basel, Switzerland)

2.2. Apparatus

Perkin-Elmer (USA) provided Fourier transform infrared (FTIR) spectrometer. Thermo
Fisher (Thermo Fisher Scientific, Waltham, MA, USA) supplied field emission transmission
electron microscopy (FE-TEM). The sample shaking was performed by Mini Shaker (Kylin-
Bell Lab Instruments Co., Ltd., Haimen, China). Mapada (Shanghai, China) supplied the
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ultraviolet-vis absorption UV-6100S spectrophotometer. Malvern (Malvern, UK) supplied
the Zetasizer Nano ZS90 Laser Particle Size/Potentiometer. Tecan (Männedorf, Switzerland)
provided the TECAN microplate reader SPARK. The emission spectra at 565 nm wavelength
were applied with the excitation spectra of DPA at 410 nm.

2.3. Synthesis of CP/ZIF-8/PDA

CP nanoparticles were prepared according to the literature synthesis method [16]. A
total of 0.5 g of polyvinylpyrrolidone (PVP) and 0.01 g of CuCl2·2H2O were dissolved in
5 mL of aqueous solution. Then, 0.1 mL of H2O2 (30%) and 5 mL of NaOH (0.02 mol L−1)
were added to the above solution, and the color of the solution was changed from clear to
brown by magnetic stirring for 30 min. The PVP-coated CP nanoparticles were washed by
multiple centrifugations (12,000 rpm) with ultrapure water, and the centrifuged CP was
dispersed with anhydrous methanol and stored in a refrigerator at 4 ◦C for use.

A total of 291 mg of Zn(NO3)2·6H2O and 328 mg of 2-methylimidazole were sequen-
tially dispersed in 25 mL of CP solution, stirred magnetically at room temperature for 24 h.
CP/ZIF-8 was obtained by centrifugal washing (8000 rpm) and dried at 60 ◦C for 12 h.

A total of 100 mg of CP/ZIF-8 was weighed and dispersed in 25 mL of methanol.
Subsequently, 10 mL of dopamine solution (DA, 1.0 mg mL−1, dissolved in Tris-HCl, pH
8.5) was added under magnetic stirring and the reaction was continued for 2.5 h to form a
polydopamine film (PDA) on the surface of CP/ZIF-8. CP/ZIF-8/PDA was obtained by
centrifugal washing (8000 rpm) and dried at 60 ◦C for 12 h.

2.4. Synthesis of the CP/ZIF-8/PDA/Aptamer Immunoprobe

A total of 20 mg of CP/ZIF-8/PDA was dispersed into 20 mL of PBS buffer (10 mmol L−1,
pH 7.4), and 1 mL of 50% glutaraldehyde was added. The above resulting solution was
incubated in a shaker at room temperature for 2 h, and the surface-activated CP/ZIF-8/PDA
was washed by centrifugation at 10,000 rpm for 3 times and dispersed in 6.5 mL of PBS.
Then, 0.5 OD of aminated CEA Aptamer was added and shaken at 37 ◦C for 16 h. After
that, the immunoprobe (CP/ZIF-8/PDA/Aptamer) was obtained by adding BSA (final
concentration of 1%) and shaking at room temperature for 1 h. The immunoprobe (CP/ZIF-
8/PDA/Aptamer) was finally washed by centrifugation at 9500 rpm.

2.5. The 96-Well Plate Trimmed with CEA Antibody

First, the CEA antibody was diluted to 10 μg mL−1 with Na2CO3-NaHCO3 coating
buffer (100 mmol L−1, pH 9.6). A total of 100 μL of CEA antibody was then added to
each well of a 96-well plate and incubated for 12 h at 4 ◦C in the refrigerator. Then, the
well plates were washed for three times with PBST wash buffer (10 mmol L−1, pH 7.4,
27 mmol L−1 KCl, 135 mmol L−1 NaCl, 0.05% Tween 20), and then 200 μL of PBST buffer
containing 1% BSA as blocking agent was added and incubated for 1 h at room temperature
to block the remaining active sites. The above washing operation was repeated, and finally
the 96-well plate was sealed with cling film and stored in a refrigerator at 4 ◦C.

2.6. FLISA Determination of CEA

A total of 200 μL of different concentrations of CEA were added to the microtiter wells
and incubated at 37 ◦C for 1 h. Excess CEA was washed off with PBS (10 mmol L−1, pH 7.4).
Next, 100 μL of CP/ZIF-8/PDA/Aptamer immunoprobe was added and incubated at
room temperature for 1 h. Then, excess immunoprobe was washed with PBS. Then, 100 μL
of 4 mmol L−1 OPD (prepared with pH 5.5, 10 mmol L−1 HAc-NaAc buffer solution) was
added for the reaction of 3 h. The fluorescence signal intensity at 565 nm was measured by
a TECAN microplate reader SPARK.
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3. Results and Discussion

3.1. Characterization of the CP and CP/ZIF-8/PDA/Aptamer

The morphology of the synthesized CP nanoparticles was characterized by TEM
(Figure 1A). As seen in Figure 1A, the CP nanoparticles are small, spherical particles
with a size of about 3 nm and uniform distribution. Figure 1B shows the UV-vis of CP
nanoparticles in the aqueous solution; it can be seen that there is a shoulder peak at 345 nm,
which is an absorption peak due to the charge transfer between O2− and Cu(II) through a
symmetrical bridging structure [18].

Figure 1. (A) TEM images of CP and (B) UV absorption peaks of CP.

Energy dispersive spectrometric spectra for the TEM images (EDS) were performed for
ZIF-8 and CP/ZIF-8, respectively. Among them, Figure S1 shows the EDS mapping element
analysis diagram of ZIF-8, from which ZIF-8 contained four elements, C, N, Zn and O. In
contrast to Figure S2, the EDS mapping elemental analysis plot of CP/ZIF-8 showed that
CP/ZIF-8 contained Cu elements in addition to the above four elements, indicating that
CP nanoparticles were successfully encapsulated into ZIF-8. TEM of ZIF-8, CP/ZIF-8 and
CP/ZIF-8/PDA were also performed (Figure 2) to examine the morphology of the materials
after modification. In Figure 2A and B, after the CP nanoparticles were covered with ZIF-8,
many CP nanoparticles were distributed in ZIF-8, and the shadow in the middle of the TEM
image deepened. Additionally, the particle size of the nanoparticles became larger with
about 150–200 nm, further indicating the successful synthesis of CP/ZIF-8 nanoparticles.
With the coverage of PDA, the surface of CP/ZIF-8 nanoparticles gradually became rough
(Figure 2C), and the shadow deepened again, indicating the successful modification of
PDA on the surface of CP/ZIF-8.

The successful synthesis of CP/ZIF-8/PDA/Aptamer can be verified by FTIR. In
Figure 2D, it could be seen that CP/ZIF-8/PDA had significant absorption bands at
1458 cm−1 and 1582 cm−1, which were caused by the stretching vibrations of the aro-
matic ring skeleton in PDA [19], indicating the presence of PDA on the surface of CP/ZIF-8.
Two absorption bands were observed between 3200–3500 cm−1, which were attributed to
the N-H stretching vibrations of -NH2 on the PDA. When the CP/ZIF-8/PDA was modi-
fied with the aptamer by glutaraldehyde cross-linking method, the double peak between
3200–3500 cm−1 became a single peak, which was due to the N-H stretching vibration
peak formed by glutaraldehyde crosslinking to produce amide bond, and -NH2 became
-NH. A clear absorption band at 1062 cm−1 appeared in the FTIR spectrum of CP/ZIF-
8/PDA/Aptamer, which was mainly caused by the phosphodiester bond in the DNA
strand [20], indicating the successful synthesis of CP/ZIF-8/PDA/Aptamer. Meanwhile,
the zeta potentials of aptamer, CP/ZIF-8/PDA and CP/ZIF-8/PDA/Aptamer were also
examined, as shown in Figure 2E. The average zeta potential carried by the CEA Aptamer
was −9.36 mV and that of CP/ZIF-8/PDA was −11.02 mV. When CP/ZIF-8/PDA was
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modified with CEA Aptamer, the average zeta potential was −13.57 mV. These results
further demonstrate the successful synthesis of CP/ZIF-8/PDA/Aptamer.

Figure 2. TEM image of (A) ZIF-8, (B) ZIF-8/CP, (C) CP/ZIF-8/PDA, and (D) FT-IR spectra of
CP/ZIF-8/PDA, CP/ZIF-8/PDA/Aptamer; (E) Zeta potentials of CEA Aptamer, CP/ZIF-8/PDA
and CP/ZIF-8/PDA/Aptamer.

3.2. Feasibility of the Proposed FLISA Platform

CP nanoparticles can be decomposed to form Cu2+ and H2O2 under acidic conditions,
and Cu2+ and H2O2 will produce ·OH through the Fenton-type reaction. To verify the
ability of CP/ZIF-8/PDA to catalyze the oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB),
H2O, CP, CP/ZIF-8/and CP/ZIF-8/PDA were reacted with TMB under acidic conditions
for 10 min. As can be seen in Figure 3A, under acidic conditions, H2O cannot oxidize
TMB with almost no UV absorption peak, while all CP, CP/ZIF-8 and CP/ZIF-8/PDA can
oxidize TMB with different degrees of UV absorption peaks at 652 nm. The results indicate
that CP still had the ability to catalyze the oxidation of TMB through the encapsulation
and modification of ZIF-8 and PDA to produce ·OH. To further verify the generation of
·OH by CP/ZIF-8/PDA under acidic conditions, tert-butanol was used as a scavenger to
react with CP/ZIF-8/PDA and TMB to identify ·OH. As shown in Figure 3B, the intensity
of the UV-visible absorption peak decreases continuously with the increase in the tert-
butanol concentration. The results indicate that CP/ZIF-8/PDA can generate ·OH under
acidic conditions. Additionally, the fluorescence intensity of the FLISA platform after the
introduction of CP/ZIF-8/PDA/Aptamer in the presence and absence of CEA was probed
using OPD as the substrate (Figure S3). Comparing the absence of CEA, the fluorescence
signal of the FLISA-sensing platform became significantly stronger in the presence of CEA.
The above results show that the experiment is feasible.
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Figure 3. (A) Investigation of the catalytic oxidation of TMB by H2O, CP, CP/ZIF-8, CP/ZIF-8/PDA,
(B) investigation of ·OH by tert-butanol as a scavenger (0/2/4% is the volume ratio of tert-butanol in
the solution).

3.3. Effect of Reaction Parameters

To obtain the optimal analytical performance of the FLISA platform, the influence of
the pH value of OPD reaction, OPD concentration, incubation time of OPD and antibody
concentration on the fluorescence signal were investigated, respectively. A concentration of
5 ng mL−1 CEA was used as the target concentration. The CP in CP/ZIF-8/PDA requires
acidic release to produce ·OH to oxidize OPD, so the pH of the reaction is particularly
important for the reaction system. HAc-NaAc buffer was used to dissolve OPD, and the
pH of the buffer was optimized. The results in Figure 4A show that, in the pH range of
3.5 to 5.5, as the pH increased, the fluorescence signal was continuously enhanced, mainly
because the oxidation of OPD was inhibited by over-acidic conditions [21]. In the pH 5.5–6.5
interval, the fluorescence signal continuously decreased with increasing pH, indicating
that the dissolution of the ZIF-8 and PDA shell layers encapsulating CP slowed down
after the pH reached 5.5, so pH 5.5 was chosen as the optimal pH. OPD concentration and
reaction duration also have a large effect on the fluorescence signal. As shown in Figure 4B,
as the OPD concentration increased from 1 mmol L−1 to 4 mmol L−1, the DPA formed
by ·OH oxidation of OPD increased and the fluorescence signal intensity of the reaction
was enhanced. The fluorescence signal leveled off after the OPD concentration reached
4 mmol L−1, indicating that the reaction reached equilibrium, thus, 4 mmol L−1 was chosen
as the optimal OPD.

In Figure 4C, as the reaction time increased from 1 to 2.5 h, DPA increased, and the
fluorescence intensity kept getting stronger. The fluorescence signal slowly enhanced with
time growth after 2.5 h, thus, 2.5 h was chosen as the best reaction duration. Finally, the
concentration of modified antibody (Ab) on the 96-well plate was optimized. As shown
in Figure 4D, the concentration of Ab increased from 4 μg mL−1 to 10 μg mL−1, the CEA
captured by Ab kept increasing and the more CP/ZIF-8/PDA fixed onto the well plate,
thus, the intensity of the fluorescence signal obtained was greater. When the concentration
of Ab reached 10 μg mL−1, the fluorescence signal reached a plateau, indicating that the
amount of antibody binding to CEA reached saturation. Finally, 10 μg mL−1 of Ab was
selected as the optimal concentration.

3.4. Analytical Performance

To examine the applicability of the FLISA analytical method for the sensitive detection
of CEA, different concentrations of CEA were detected under optimal experimental condi-
tions. In Figure 5A, the fluorescent signal was directly proportional to the logarithmic value
of CEA concentrations in the range from 0.01 ng mL−1 to 20 ng mL−1, corresponding with
Figure 5B. The linear regression equation was F = 2154.8 × l g C[CEA]/ng mL−1 + 14439.75
(R2 = 0.9967). The detection limit was as low as 7.6 pg mL−1 (3σ/K, where σ stands for the
standard deviation of 10 blank controls, K stands for the slope of regression equation). The
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analytical performances of other CEA assays [22–28] were listed in Table S1 and compared
with our designed ELISA method. The results showed that the sensitivity of this FLISA
method was comparable or even better than other analytical methods. This is because
the sensing platform triggers a cascade reaction under acidic conditions to amplify the
detection signal, and the simple steps eliminate many unnecessary errors. In addition, the
self-supplied H2O2 is more stable and reacts more efficiently with Cu2+ than the applied
H2O2. This FLISA platform has a low detection limit and can be used as an effective method
for the clinical diagnosis of CEA.

Figure 4. Effects of (A) pH of CP/ZIF-8/PDA reaction with OPD, (B) OPD concentration,
(C) incubation time of OPD and (D) Ab concentration on the fluorescence intensity. A total of
2 mmol L−1 of OPD was used for pH optimization, 4 mmol L−1 of OPD was used for other optimiza-
tion, and 5 ng mL−1 of CEA was used.

Figure 5. (A) The linear calibration plot for CEA determination (0.01–20 ng mL−1, log C vs. fluo-
rescence intensity at 565 nm) (error bars: SD, n = 3), (B) fluorescent determination of CEA based on
CP/ZIF-8/PDA nanoparticles by self-supplied H2O2 (the concentration of CEA: 0, 0.01, 0.05, 0.1, 0.5,
1, 5, 10 and 20 ng mL−1).
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3.5. Selectivity and Stability Investigation

To examine the selectivity of this FLISA platform for CEA, coexisting substances that
may interfere with CEA determination in actual samples such as prostate antigens (PSA,
25 ng mL−1), alpha-fetoprotein (AFP, 25 ng mL−1), glycoantigen 125 (CA125, 25 IU mL−1)
and glycoantigen 19-9 (CA19-9, 25 IU mL−1) were investigated. The fluorescence signal
intensity of 0.5 ng mL−1 CEA and interfering antigens and their mixtures were detected,
respectively. The results are shown in Figure 6A. When comparing with other interferents,
it was found that the fluorescence signal intensity of the experimental group with CEA was
larger, and the fluorescence signal intensity of the interferent alone was consistent with
that of the blank group. This was because the fluorescence immunosensor could not recog-
nize other coexisting substances. When the CEA and high concentration of other tumor
markers coexist in the sample, the fluorescence response results were in agreement with the
results from the single presence of CEA. These results demonstrated that the fluorescence
immunosensor could specifically distinguish CEA from its interfering species since the
fluorescence signal was specifically triggered by the binding of the aptamer/antibody
and CEA. So, the interferents did not interfere with the detection process. The results
showed that the analytical method had good specificity for CEA. The reproducibility of
the analytical method was investigated at three different concentrations of CEA. The coef-
ficients of variation (CVs) of the three intra-batch measurements were 2.13%, 1.38% and
1.21% for the three CEA concentrations of 0.05, 0.5 and 5 ng mL−1, respectively, and the
CVs of the three inter-batch measurements were 5.09%, 6.10% and 6.17%, respectively.
The results indicate that the FLISA platform has good reproducibility. The stability of
the fluorescent immunosensor is a key factor which affects the practical application. As
shown in Figure 6B, when the CP/ZIF-8/PDA/Aptamer was stored at 4 ◦C for 1, 6, 11 and
16 days, respectively, for the same concentration of CEA, the fluorescence signal change
was not obvious. However, for the different concentrations of CEA, with the increasement
in CEA concentration from 0.05 ng mL−1, 0.5 ng mL−1 to 5 ng mL−1, the fluorescence signal
intensity gradually increased, which was consistent with the result of the linear calibration
plot for CEA determination. The above results indicate that the method has good stability.

Figure 6. (A) Selectivity for the determination of CEA by monitoring the fluorescence intensity with
different interfering species (error bars: SD, n = 3), (B) the stability of the FLISA platform for CEA
(0.05, 0.5, 5 ng mL−1) (error bars: SD, n = 3).

3.6. Analysis of Real Samples and Evaluation of Method Accuracy

The CEA referenced the concentrations of six clinical serum samples, which were 0.05,
0.5, 1.5, 2.1, 5.4 and 13.7 ng mL−1 for the follow-up FLISA determination, respectively.
Among them, serum samples containing 0.05 ng mL−1 and 13.7 ng mL−1 CEA were
obtained via dilution with PBS (10 mmol L−1, pH 7.4). In Table 1, the FLISA results of
the six different samples were consistent with the referenced values obtained from the
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commercialized Roche Cobas e601 automatic electrochemiluminescence immunoanalyzer.
The maximum RSD of the FLISA method did not exceed 8.16%, indicating that the method
has high accuracy and clinical application.

Table 1. Comparison of the results for the determination of CEA in clinical serum samples by using
the self-supplied H2O2 fluorescent immunosensor and the referenced electrochemiluminescence
method.

Sample
Number

Found by the Electrochemiluminescence Method [ng mL−1]
Found by Self-Supplied H2O2 Fluorescent Immunosensor

[mean ± SD (RSD), ng mL−1], n = 3

1 0.05 0.052 ± 0.001 (2.54%)
2 0.5 0.51 ± 0.03 (5.84%)
3 1.5 1.55 ± 0.13 (8.16%)
4 2.1 1.99 ± 0.14 (7.20%)
5 5.4 5.94 ± 0.17 (5.24%)
6 13.7 13.05 ± 0.68 (5.24%)

4. Conclusions

In summary, a self-supplied H2O2 of FLISA method was constructed based on CP/ZIF-
8/PDA nanoparticles for the sensitive and high-throughput determination of CEA. The
prepared CP/ZIF-8/PDA nanoparticles were modified by the aptamer to form an im-
munoprobe and were immobilized onto a 96-well plate by forming a sandwich complex
with CEA and antibodies. Under acidic conditions, the cascade reaction was triggered to
generate Cu2+ and H2O2 due to the CP dissociation. Both of them rapidly underwent a
Fenton-type reaction to produce ·OH which oxidized OPD to form a strong fluorescent
substance DPA for subsequent fluorescence detection. Because of the close distance be-
tween the simultaneously generated Cu2+ and H2O2, the concentration of them in the site
was relatively high, and thus, a high reaction efficiency could be achieved without the
addition of H2O2. Additionally, the signal output of this FLISA platform did not require
enzymes. The sensitive determination of CEA could be achieved with a LOD value of
7.6 pg mL−1, and the result of CEA determination in serum samples was satisfactory. Thus,
the FLISA-sensing platform provided a new way of sensitive and large-scale screening
biomarkers for the early diagnosis of clinical disease. Future work will focus on the point
of care diagnosis for CEA via smartphone determination and explore app applications
towards the biomarker-based FLISA method.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios12100830/s1, Figure S1: EDS mapping element analysis
diagram of ZIF-8; Figure S2: EDS mapping element analysis diagram of CP/ZIF-8; Figure S3:
Fluorescence intensity of FLISA platform with and without CEA; Table S1: Comparison of analytical
performance for CEA determination by using different sensing methods.
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Abstract: Lipid droplets (LDs) are simple intracellular storage sites for neutral lipids and exhibit
important impact on many physiological processes. For example, the changes in the polar microen-
vironment inside LDs could affect physiological processes, such as lipid metabolism and storage,
protein degradation, signal transduction, and enzyme catalysis. Herein, a new fluorescent chemo-
sensor (Couoxo-LD) was formulated by our molecular design strategy. The probe could be applied
to effectively label intracellular lipid droplets. Intriguingly, Couoxo-LD demonstrated positive sen-
sitivity to both polarity and viscosity, which might be attributed to its D-π-A structure and the
twisted rotational behavior of the carbon–carbon double bond (TICT). Additionally, Couoxo-LD was
successfully implemented in cellular imaging due to its excellent selectivity, pH stability, and low
biotoxicity. In HeLa cells, the co-localization curve between Couoxo-LD and commercial lipid droplet
dyes overlapped at 0.93. The results indicated that the probe could selectively sense LDs in HeLa
cells. Meanwhile, Couoxo-LD can be applied for in vivo imaging of zebrafish.

Keywords: lipid droplets; viscosity-sensitive; polarity-sensitive; solvatochromism

1. Introduction

Lipid droplets (LDs) serve as simple intracellular storage sites for neutral lipids and
consist of a non-polar neutral lipid core [1]. Studies have shown that LDs are not only
simple energy stores but also complex and dynamic multifunctional organelles [2]. For
example, alterations in the polar microenvironment surrounding LDs affect physiological
processes, such as lipid metabolism and storage, protein degradation, signal transduction,
and enzyme catalysis [3]. Furthermore, previous studies reported that homeostasis of
the LDs microenvironment was associated with diseases, such as obesity, cardiovascular
disease, and diabetes mellitus [4–6]. Cancer cells exhibit a strong affinity for fatty acids and
cholesterol, which are over-stored in lipid droplets. [7]. The high levels of LDs in tumors
provide a potential means of monitoring and treating cancer [8]. Therefore, the tracking
and monitoring of LDs are essential. In addition, LDs consist a unique structure (a single
phospholipid membrane with a hydrophilic “head (group)” facing the cytoplasm and an
internal storage of lipid cores, such as triglycerides and cholesterol esters [9,10]), i.e., a
hydrophobic and viscous environment inside the lipid droplets. Theoretically, if the probe
exhibits different fluorescence properties in these two microenvironments, they could be
used as a tool for labeling LDs [11,12].

Fluorescence imaging has established itself as a beneficial tool for studying biological
systems because of its high sensitivity, accessibility, non-invasiveness, and real-time and in
situ detection of target molecules [13–19]. So far, several fluorescent probes for specifically
imaging LDs have been reported [20–27]. For example, Yu et al., designed two heteroindole-
based two-photon fluorescent probes and visualized the polarity of LDs at a cellular level
and in zebrafish larvae [15]. However, there were only a few probes that were reported to
respond positively to both the polarity and viscosity of lipid droplets. Therefore, there is a
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requirement to develop a strong color-changing LDs probe for sensing both polarity and
viscosity [28,29].

Since Perkin et al. first synthesized artificial coumarins by chemical synthesis in
1868 [30], coumarin derivatives have been widely used in the design of small-molecule fluo-
rescent sensors because of their good biocompatibility, controlled structure, and stable and
strong fluorescence emission intensity [31–41]. Here, a solvent–chromogenic lipid droplets
fluorescent probe, Couoxo-LD, was synthesized using benzoylglycine and coumarin flu-
orescent moiety. Couoxo-LD consisted an oxazolone and a coumarin derivative linked
by a double bond. In optical characterization tests, the emission wavelength of the probe
exhibited a significant red shift with increasing solvent polarity. The emission intensity of
the probe increased with increasing solvent viscosity, showing regular polarity-viscosity-
sensitive characteristics. The properties of good biocompatibility and pH stability were
expressed in this probe. In addition, Couoxo-LD exhibited satisfactory lipid droplets target-
ing, possessed a high degree of overlap with commercial lipid droplets dye co-localization
imaging, and had been successfully applied to cells and zebrafish imaging.

2. Synthesis of Probes

2.1. Reagents and Materials

The materials and reagents involved in the experiments were obtained commercially;
furthermore, no secondary purification was carried out. The instruments used in the
experiments were described in detail in the supporting materials.

2.2. Synthesis of Couoxo-LD

The synthesis of compound 1 was reported in detail in earlier work [42]. The synthetic
design route of Couoxo-LD was shown in Scheme 1 and the specific synthesis was referred
to in Ref. [43].

 
Scheme 1. Synthesis of Couoxo-LD.

Compound 1 (7-(diethylaMino)-2-oxo-2H-chroMene-3-carbaldehyde) (49.1 mg,
0.2 mmol), compound 2 (benzoylglycine) (39.42 mg, 0.22 mmol), and triphenylphosphine
(5.25 mg, 0.022 mmol) were dissolved in anhydrous acetic anhydride (54.14 mg 50 μL,
0.53 mmol) and stirred for 4 h at 130 ◦C. After completion of the reaction (thin-layer
chromatography monitoring), reaction mixture was cooled to room temperature. Ethyl
alcohol (95%, 5.0 mL) was added to produce a large amount of precipitation. The product
was obtained by filtration and recrystallization from ethanol (66.81 mg, 86 %). 1H NMR
(400 MHz, CDCl3) δ 9.17 (s, 1H), 8.13–8.07 (m, 2H), 7.63–7.57 (m, 1H), 7.56–7.49 (m, 3H), 7.43
(d, J = 8.9 Hz, 1H), 6.64 (dd, J = 9.0, 2.4 Hz, 1H), 6.41 (d, J = 2.4 Hz, 1H), 3.45 (q, J = 7.1 Hz,
4H), 1.25 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 166.74, 162.76, 161.37, 157.09,
152.31, 146.86, 133.16, 131.94, 131.40, 128.94, 128.14, 125.67, 125.27, 113.79, 110.03, 109.86,
97.34, 45.30, 12.52.

3. Result and Discussion

3.1. Probe Design and Discussion

As mentioned above, LDs are distinguished from the surrounding viscous environ-
ment due to their unique internal structure, namely a phospholipid monolayer and a lipid
core composed of fatty acids. The large amount of water and inorganic ions as components
of the cytoplasmic solute provides a polar environment around LDs. Meanwhile, the char-
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acteristic environments such as viscosity and non-polarity exhibited inside LDs serve as a
reliable theory to support our development of efficient lipid droplets fluorescent probes.

Based on the above principles, we designed and constructed a fluorescent probe
Couoxo-LD with a structure sensitive to both viscosity and polarity. Couoxo-LD, consisting
of coumarin derivatives and benzoylglycine, possessed strong electronic push–pull prop-
erties. In addition, the coumarin scaffold was selected as the monomeric component of
Couoxo-LD, giving the probe a certain lipophilicity and therefore a higher sensitivity to
lipid droplets. By introducing a diethylamine electron donor, Couoxo-LD was designed
as a molecule with a typical D-π-A structure. In conclusion, the solvent-altering effect of
Couoxo-LD was the main reason for illuminating intracellular lipid droplets. In an aqueous
environment, such as a cytoplasmic solute, the twisted rotational behavior (TICT) around
the carbon–carbon double bond hindered the emission behavior of Couoxo-LD [44]. In
contrast to this, in non-polar media, such as LDs, it would release a strong signal through
the locally excited (LE) state. That is, the vinyl structure in Couoxo-LD allowed the free
rotation of the probe molecule that was restricted by the environment, which affected the
emission behavior of the probe (Scheme 1). The probe Couoxo-LD was characterized by 1H
NMR and 13C NMR (Supplementary Figures S1 and S2).

3.2. Study of Photophysical Properties of Probes

The molecular probe that possessed a donor (D)-π-acceptor (A) structure exhibited
a pronounced solvatochromic effect and its photophysical properties varied with solvent
polarity. Therefore, the absorption and emission behaviors of Couoxo-LD in different polar
solvents were investigated (Figures 1 and S3), such as 1,4-dioxane, methanol (MeOH),
dichloromethane (DCM), N,N-dimethylformamide (DMF), ethanol (EtOH), tetrahydrofu-
ran (THF), toluene (Tol), dimethyl sulfoxide (DMSO), ethyl acetate (EtOAc), acetone, and
acetonitrile (CH3CN).

Figure 1. Normalized fluorescence spectra at 510 nm excitation. (a) Normalized fluorescence spectra
in organic solvents with different polarities; a-Inner: Photographs of solvent discoloration with
insertion of Couoxo-LD (10 μM). (b) For linearity between the maximum emission wavelength of the
probe and the polarity of the solvent.

As shown in Figures 1 and S3, the spectral data of the probe in different polar solvents
were firstly explored, and Couoxo-LD showed strong absorption and emission phenomena
and exhibited red-shifted behavior. From the emission peak at 576 nm in toluene to 622 nm
in dimethylsulfoxide, the emission peak of Couoxo-LD underwent a red shift of about
50 nm. Under 365 nm-UV irradiations, it was clearly seen that this probe with an electronic
push–pull structure exhibited a clear solvent discoloration effect accompanied by a change
in fluorescence color from blue (toluene) to orange-red (dimethylsulfoxide) (Figure 1a). The
above presented results demonstrate the ICT effect of Couoxo-LD. As mentioned above, we
evaluated the environment-sensitive and alike-solvent-discoloration effect of the Couoxo-
LD by studying the emission behavior of Couoxo-LD under different solvent polarities.
In particular, Couoxo-LD exhibited a strong positive solvent discoloration effect, which
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was consistent with the closely reported fluorophore [45]. Moreover, a gradual increase in
the polarity parameter ET(30) from 33.9 kcal−1 to 55.4 kcal−1 molar concentration resulted
in a continuous red shift of the maximum emission wavelength of the probe (Figure 1a).
More significantly, we found that Couoxo-LD showed a satisfactory linear relationship
between the emission peak in different polar solvents and the ET(30) of the solvent with
their Pearson correlation coefficient of 0.991 (Figures 1b and S3) and a slope of 4.1 nm
ET(30) units. This was caused by the function of the intra-molecular charge transfer effect
(ICT) from the electron-giving N,N-diethyl unit to the electron-accepting oxazol-5(4H) one.
These results indicated that the Couoxo-LD photophysical properties were closely related
to solvent polarity.

To verify the above conjecture, we performed density general function theory (DFT)
calculations for Couoxo-LD, and based on them we further optimized the electron cloud
around Couoxo-LD using the Gaussian’09 program and DFT-derived Multiwfn and VMD
program models. The distribution of Couoxo-LD in the more polar PBS-buffered solvent
and the distribution of HOMO and LUMO in the less polar dioxane solvent were also
calculated (Figure 2). The results show that the energy band gap ΔE of Couoxo-LD in
aqueous solution is smaller than that in dioxane solvent. Obviously, the larger the energy
band gap ΔE, the smaller the wavelength of the maximum absorption peak because the
energy required for the electron leap is large. It was further verified that the wavelength of
the absorption peak of Couoxo-LD in a low-polarity solvent environment (dioxane) was
smaller than that of the absorption peak in a high-polarity solution (PBS buffer).

Since the ΦF of Couoxo-LD depended strongly on the solvent’s properties (Table 1), the
ΦF increased with increasing solvent polarity (Toluene to Acetone) and reached a maximum.
The increase in ΦF due to charge transfer (negative solvatokinetic effect) could be explained
by several mechanisms, such as proximity effects and conformational changes. The decrease
in ΦF from DMSO to DMF (positive solvatokinetic effect) could be attributed to strong
ICT interactions. As described in the literature [46], the fluorescence quantum yield of
Couoxo-LD depended on the polarity of the solvent, as well as on specific solute–solvent
interactions, such as hydrogen bonding and high photostability.

Figure 2. Cont.
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Figure 2. Molecular structure of Couoxo-LD and frontier molecular orbitals of the probe S0 and S1

states, calculated using Gaussian’09 at the TDB3L YP/6−31+G(d) level. (a) Used the PBS solvent
model; (b) Used the Dioxane solvent model.

Table 1. Photophysical properties of Couoxo-LD in different solvents.

Toluene Dioxane THF EtOAc DCM Acetone DMF DMSO MeCN

λabs (nm) 533 514 513 524 531 528 543 548 531
λem (nm) 576 581 592 591 602 609 613 622 607
ET(30) 1 33.9 36 37.4 38.1 40.7 42.2 43.2 45.1 45.6

Stokes shift (nm/cm–1) 43/1401 67/2244 61/1940 67/2163 71/2221 81/2519 70/2103 74/2071 76/2358
ΦF

2 5.2% 6.1% 3.4% 3.4% 1.3% 19.0% 11.0% 11.3% 4.3%
(Logεmax) 3 4.74 4.33 4.78 4.76 4.74 4.24 4.75 4.78 4.76

1 ET(30) is a solvent polarity parameter and means the molar transition energy in kcal·mol–1 [43]. 2 Fluorescence
quantum yield was obtained by the reference method and applying equation Φx = Φs (nx/ns)2 (As/Ax) (Fx/Fs).
3 Molar extinction coefficients are calculated in the maximum of the highest peak.

3.3. The Emission Behavior of the Probe in PBS and Dioxane

Furthermore, we investigated the spectroscopic testing of the probe in different vol-
ume ratios of PBS buffer–dioxane mixtures (Figure 3). From the above experiments, we
discovered that the emission behavior of the probe was related to the polarity of the
medium; therefore, we further explored the lipid solubility test of the probe in different
polar environments. In the binary solvent system of PBS buffer and dioxane, increasing the
proportion of PBS buffer (fw) from 40% to 100%, the fluorescence intensity of Couoxo-LD
showed a trend of increasing and then rapidly decreasing. Its emission peak underwent
a certain red shift, which we judged to be caused by the increased polarity of the solvent
mixture. The emission of the probe decreased appreciably with the decrease of the lipid-
soluble solvent. This might be due to the increasing content of the PBS buffer, in which the
increased polarity of the solvent made Couoxo-LD more sensitive, masking the solubility
of the probe to the lipid solvent. This results in a reduction in the emission intensity of
Couoxo-LD and a red shift of the maximum emission peak. All these findings suggested
that the optical properties of Couoxo-LD were closely related to the environmental polarity.

3.4. Probe Emission Behavior in Viscous Environments

We verified the viscosity-emitting behavior of Couoxo-LD in binary systems with
different ratios of PBS buffer and glycerol. As shown in Figure 4a, the emission intensity
gradually increased with the increase of glycerol content. We further explored the relation-
ship between the probe in a medium with different volume ratios of PBS buffer–Glycerol
and the maximum emission intensity. The emission intensity of Couoxo-LD increased expo-
nentially with the viscosity of the system (Figure 4b), which was consistent with the D-π-A
structure of the probe molecule we mentioned earlier. In a low-viscosity environment, the
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free intra-molecular rotation leads to a slackening of the excitation energy, which greatly
attenuated the emission phenomenon. In high-viscosity environments, free rotation within
the probe molecule was inhibited by the environment and the molecule released energy
primarily by radiation, resulting in a significant enhancement of fluorescence emission
from Couoxo-LD. Furthermore, the color change of Couoxo-LD in the mixed system was
found to be affected by polarity in the study (Figure 4c,d). This could be due to the higher
polarity of the solution in the pure-PBS-buffer environment. With the addition of glycerol,
the polarity in the mixed system decreased. A shift from red to yellowish green occurred,
while the spectrum underwent a blue shift. Finally, when the glycerol ration was increased
to 100%, the polarity of the system was greater than the mixed polarity of both and a red
shift in the spectrum occurred and the color changed back to red. These results showed
that Couoxo-LD could successfully monitor changes in viscosity and respond to polarity.

Figure 3. (a) Fluorescence emission spectra of Couoxo-LD (10 μM, λex = 510 nm) in the binary system
of PBS buffer and dioxane. (b) Folding graph of maximum absorption and emission wavelengths
of Couoxo-LD.

Figure 4. Couoxo-LD (10 μM, λex = 510 nm) in solution viscosity (PBS buffer–Glycerol system) (2 mL)
versus fluorescence spectrum (a) and maximum emission wavelength (b). Images of Couoxo-LD
in different PBS buffer–Glycerol mixture systems under natural light (c). Images of Couoxo-LD in
different PBS buffer–Glycerol mixes under 365 nm UV light (d).
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3.5. Probe Stability Study

To verify whether the Couoxo-LD was adapted to the sophisticated environment
inside living cells, we investigated the emission behavior of Couoxo-LD in phosphate
buffer solutions over a wide range of pH values. The results showed that the fluorescence
intensity of Couoxo-LD decreased slightly when decreasing the solution pH (Figure 5a).
Overall, the fluorescence intensity of Couoxo-LD was observed to be almost identical
in different pH environments, demonstrating that the probe was unaffected by pH. We
then investigated the response of the probe Couoxo-LD under different interfering ion
environments (Figure 5b). The ions and different small biomolecules were added to PBS
buffer and dioxane solutions, respectively, and the results showed that the fluorescence
intensity of the probe did not change significantly in the organic solvent dioxane and PBS
buffer, indicating that the emission behavior of Couoxo-LD was almost unaffected by the
other chemicals. Furthermore, the emission intensity of Couoxo-LD in PBS buffer remained
almost unchanged after continuous irradiation with a 365 nm-UV lamp for 1000 s, while
it remained at a high level in dioxane, although it decreased slightly (Figure 5c). The
excellent photostability indicated that the probe Couoxo-LD possessed a strong resistance
to photobleaching and photo bursts.

 
Figure 5. (a) The emission intensity of probe Couoxo-LD (10 μM, λex = 510 nm) in PBS buffer at
various pH (1–12). (b) In PBS buffer, the fluorescent intensity of Couoxo-LD in (10 μM, λex = 510 nm,
at 645 nm) and in Dioxane, Couoxo-LD (10 μM, λex = 510 nm, at 580 nm) upon addition of various
species (10 μM) including: 1, Blank; 2, HS−; 3, NO2

−; 4, CO3
2−; 5, HCO3

−; 6, TBHP; 7, SO4
2−;

8, CI−; 9, Ca2+; 10, H2O2; 11, SO3
2−; 12, HSO3

−; 13, GSH; 14, Mg2+; 15, Na+. (c) Couoxo-LD (10 μM,
λex = 510 nm) emission pattern of continuous irradiation in PBS buffer and Dioxane solvent.

3.6. Probe Couoxo-LD for Bioimaging Applications

The cytotoxicity of the probe was tested by the standard MTT method (Supplementary
Figure S5). Cells survival remained above 90% under incubation with a concentration of
20 μM Couoxo-LD, indicating that the cytotoxicity of Couoxo-LD was low and exhibited
no significant impact on the cells testing. Encouraged by the excellent optical testing of
the Couoxo-LD, we then estimated its cells imaging capabilities by laser scanning confocal
(LSC) imaging techniques (Figure 6). BODIPY 493/503, a commercially available probe,
was used for monitoring LDs as a control. We evaluated the absorption and emission
spectra of Couoxo-LD and BODIPY (Supplementary Figure S6). Living HeLa cells were
stimulated with oleic acid in order to generate more LDs. Figure 6d demonstrates the co-
localization images of both dyes on intracellular lipid droplets. As anticipated, Couoxo-LD
labeled intracellular lipid droplets well (Figure 6e,f). Furthermore, the Pearson’s correlation
coefficient between Couoxo-LD and the commercial dye BODIPY was as high as 0.93.
These results suggested that Couoxo-LD possessed a good ability to sense LDs in living
HeLa cells.
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Figure 6. Fluorescence images of live HeLa cells incubated with Couoxo-LD (10 μM) and BODIPY
(5 μM) for 30 min at 37 ◦C. (a) Bright-field image. (b) Emission of BODIPY (λex = 405 nm, 480–510 nm).
(c) Emission of Couoxo-LD (λex = 405 nm, 600–650 nm). (d) Merged images. (e) The intensity scatter
plot of (b) and (c). (f) Fluorescence intensity distribution within the rectangle.

Meanwhile, to investigate the response of the probe to intracellular polarity, we
performed imaging tests on the probe. In the control group, HeLa cells were imaged after
incubation with culture medium for 30 min. In the experimental group, the cells were
further treated with a preconfigured H2O2 (500 μM, 20 μL) solution for 20 min on the basis
of control cells. The H2O2 solution would kill the cells, leading to a decrease in the number
of intracellular lipid droplets and resulting in a change in intracellular polarity. At this
point, the fluorescence of the green channel diminished from bright green (Figure 7b,f),
the fluorescence of the red channel was lighted up (Figure 7c,g), and the images of the
combined channels also showed a change from green to orange fluorescence (Figure 7d,h).

 

Figure 7. Fluorescent images of living (control) and dead (H2O2) HeLa cells treated with Couoxo-
LD (10 μM). (a,e) Bright-field images; (b,f) Emission of BODIPY (λex = 405 nm, λem 480–510 nm).
(c,g) Couoxo-LD (λex = 405 nm, λem 600–650 nm). (d,h) Merged images. Scale bar: 500 μm.
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Zebrafish have similar digestive systems to humans, such as the liver and intestines.
Additionally, their methods of digestion and nutrient absorption transport are highly
similar to humans. Therefore, using live zebrafish to model intestinal lesions could help to
further study human-related diseases. Approximately 70% of the zebrafish yolk sac fraction
is neutral lipid, and by utilizing the lipid-specific fluorescent staining of the zebrafish yolk
sac (Figures 8b and S8b), it was clearly observed that both dyes stained the zebrafish yolk
sac. This indicates that Couoxo-LD can successfully label lipid droplets. Therefore, Couoxo-
LD was informative for further studies on human physiology and pathology caused by
abnormal expression of lipid droplets.

 

Figure 8. Fluorescent images of living zebrafish treated with Couoxo-LD (10 μM). (a) Bright field.
(b) Red channel, λex = 405 nm, λem = 600–650 nm. (c) Merge images. Scale bar: 500 μm.

4. Conclusions

In this work, we designed a polar viscosity-sensitive fluorescent probe for targeting
LDs. The probe Couoxo-LD was extremely sensitive to the polarity and viscosity of
different media and showed intense fluorescence in LDs. In addition, the probe possessed
splendid selectivity, low biotoxicity, and photostability. By artificially altering the external
environment, Couoxo-LD could be competently used for discriminating changes in LDs
polarity between living and post-mortem HeLa cells. Couoxo-LD was successfully applied
for zebrafish imaging. Furthermore, lipid droplets co-localization imaging illustrated the
accurate targeting of intracellular lipid droplets by Couoxo-LD. We believe that Couoxo-LD
could be a powerful tool to study the processes associated with LDs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios12100851/s1, Figure S1: 1H NMR (CDCl3) spectrum of Couoxo-
LD; Figure S2: 13C NMR (CDCl3) spectrum of Couoxo-LD; Figure S3: normalized (a) absorption
and (b) fluorescence spectra of Couxox-LD (10 μM, λex = 510 nm) in different solvents. (c,d) are
photographs of Couoxo-LD (10 μM) in different solvents, under natural light, and with 365 nm
handheld UV lamp irradiation, respectively; Figure S4: maximum emission wavelength of Couoxo-LD
(10 μM, λex = 510 nm) versus liquid viscosity (PBS buffers–Glycerol) system; Figure S5: cytotoxicity
assays of probe Couoxo-LD at different concentrations (0 μM; 2 μM; 5 μM; 10 μM; 20 μM; 30 μM)
for HeLa cells; Figure S6: absorption and emission spectra of Couoxo-LD (solid line) and BODIPY
(dashed line) in dioxane; Figure S7: fluorescence images of live HeLa cells incubated with different
concentrations of Couoxo-LD at 37 ◦C for 30 min; Figure S8: fluorescence images of live zebrafish
treated with BODIPY (5 μM). (a) Bright-field view; (b) green channel, λex = 405 nm, λem = 480–510 nm;
(c) merged images. Scale bar. 500 μm.
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34. Kahveci, B.; Menteşe, E. Microwave Assisted Synthesis of Coumarins: A Review From 2007 to 2018. Curr. Micro. Chem. 2019, 5,
162–178. [CrossRef]

35. Long, L.; Huang, M.; Wang, N.; Wu, Y.; Wang, K.; Gong, A.; Zhang, Z.; Sessler, J.L. A Mitochondria-Specific Fluorescent Probe for
Visualizing Endogenous Hydrogen Cyanide Fluctuations in Neurons. J. Am. Chem. Soc. 2018, 140, 1870–1875. [CrossRef]

36. Chen, X.; Wang, H.; Ma, X.; Wang, M.; Zhang, Y.; Gao, G.; Liu, J.; Hou, S. Colorimetric and fluorescent probe for real-time
detection of palladium (II) ion in aqueous medium and live cell imaging. Dyes Pigments 2018, 148, 286–291. [CrossRef]

37. Ding, Y.; Zhao, S.; Wang, Q.; Yu, X.; Zhang, W. Construction of a coumarin based fluorescent sensing platform for palladium and
hydrazine detection. Sens. Actuat. B-Chem. 2018, 256, 1107–1113. [CrossRef]

38. Chen, W.; Pacheco, A.; Takano, Y.; Day, J.J.; Hanaoka, K.; Xian, M. A Single Fluorescent Probe to Visualize Hydrogen Sulfide and
Hydrogen Polysulfides with Different Fluorescence Signals. Angew. Chem. Int. Ed. 2016, 55, 9993–9996. [CrossRef]

39. Yang, L.; Su, Y.; Geng, Y.; Zhang, Y.; Ren, X.; He, L.; Song, X. A Triple-Emission Fluorescent Probe for Discriminatory Detection
of Cysteine/Homocysteine, Glutathione/Hydrogen Sulfide, and Thiophenol in Living Cells. ACS Sens. 2018, 3, 1863–1869.
[CrossRef]

40. Kwon, N.; Hu, Y.; Yoon, J. Fluorescent Chemosensors for Various Analytes Including Reactive Oxygen Species, Biothiol, Metal
Ions, and Toxic Gases. ACS Omega 2018, 3, 13731–13751. [CrossRef]

41. Wang, K.N.; Liu, L.Y.; Mao, D.; Xu, S.; Tan, C.P.; Cao, Q.; Mao, Z.W.; Liu, B. A Polarity-Sensitive Ratiometric Fluorescence
Probe for Monitoring Changes in Lipid Droplets and Nucleus during Ferroptosis. Angew. Chem. Int. Ed. 2021, 60, 15095–15100.
[CrossRef]

42. Cui, W.L.; Wang, M.H.; Chen, X.Q.; Zhang, Z.H.; Qu, J.; Wang, J.Y. A novel polarity-sensitive fluorescent probe for lighting up
lipid droplets and its application in discriminating dead and living zebrafish. Dyes Pigments 2022, 204, 110433. [CrossRef]

43. Punna Rao, A.M.L.; Sridhar Rao, A.; Saratchandra Babu, M.; Krishnaji Rao, M. Triphenylphosphine (PPh3) Catalyzed Erlenmeyer
Reaction for Azlactones under Solvent-free Conditions. J. Heterocyclic. Chem. 2017, 54, 429–435. [CrossRef]

44. Sasaki, S.; Drummen, G.P.C.; Konishi, G.i. Recent advances in twisted intramolecular charge transfer (TICT) fluorescence and
related phenomena in materials chemistry. J. Mater. Chem. C 2016, 4, 2731–2743. [CrossRef]

45. Wu, C.J.; Li, X.Y.; Zhu, T.; Zhao, M.; Song, Z.; Li, S.; Shan, G.G.; Niu, G. Exploiting the Twisted Intramolecular Charge Transfer
Effect to Construct a Wash-Free Solvatochromic Fluorescent Lipid Droplet Probe for Fatty Liver Disease Diagnosis. Anal. Chem.
2022, 94, 3881–3887. [CrossRef]

46. Marwani, H.M.; Asiri, A.M.; Khana, S.A. Spectral, stoichiometric ratio, physicochemical, polarity and photostability studies of
newly synthesized chalcone dye in organized media. J. Lumin. 2013, 136, 296–302. [CrossRef]

122



Citation: Wong, A.; Santos, A.M.;

Proença, C.A.; Baldo, T.A.;

Feitosa, M.H.A.; Moraes, F.C.;

Sotomayor, M.D.P.T. Voltammetric

Determination of 3-Methylmorphine

Using Glassy Carbon Electrode

Modified with rGO and Bismuth

Film. Biosensors 2022, 12, 860.

https://doi.org/10.3390/

bios12100860

Received: 21 September 2022

Accepted: 9 October 2022

Published: 12 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biosensors

Article

Voltammetric Determination of 3-Methylmorphine Using
Glassy Carbon Electrode Modified with rGO and Bismuth Film

Ademar Wong 1, Anderson M. Santos 2, Camila A. Proença 2, Thaísa A. Baldo 2, Maria H. A. Feitosa 2,

Fernando C. Moraes 2,* and Maria D. P. T. Sotomayor 1

1 Institute of Chemistry, State University of São Paulo (UNESP), Araraquara 14801-970, Brazil
2 Department of Chemistry, Federal University of São Carlos (UFSCar), São Carlos 13560-970, Brazil
* Correspondence: fcmoraes@ufscar.br

Abstract: This work reports the development and application of a simple, rapid and low-cost
voltammetric method for the determination of 3-methylmorphine at nanomolar levels in clinical and
environmental samples. The proposed method involves the combined application of a glassy carbon
electrode modified with reduced graphene oxide, chitosan and bismuth film (Bi-rGO-CTS/GCE) via
square-wave voltammetry using 0.04 mol L−1 Britton–Robinson buffer solution (pH 4.0). The appli-
cation of the technique yielded low limit of detection of 24 × 10−9 mol L−1 and linear concentration
range of 2.5× 10−7 to 8.2× 10−6 mol L−1. The Bi-rGO-CTS/GCE sensor was successfully applied for
the detection of 3-methylmorphine in the presence of other compounds, including paracetamol and
caffeine. The results obtained also showed that the application of the sensor for 3-methylmorphine
detection did not experience any significant interference in the presence of silicon dioxide, povidone,
cellulose, magnesium stearate, urea, ascorbic acid, humic acid and croscarmellose. The applicability
of the Bi-rGO-CTS/GCE sensor for the detection of 3-methylmorphine was evaluated using syn-
thetic urine, serum, and river water samples through addition and recovery tests, and the results
obtained were found to be similar to those obtained for the high-performance liquid chromatography
method (HPLC)—used as a reference method. The findings of this study show that the proposed
voltammetric method is a simple, fast and highly efficient alternative technique for the detection of
3-methylmorphine in both biological and environmental samples.

Keywords: reduced graphene oxide; bismuth; 3-methylmorphine; electrochemical sensor; electrode-
position

1. Introduction

Over the past few decades, researchers from different fields have shown an increasingly
growing interest in the determination of drugs present in clinical, environmental and
pharmaceutical samples with a view to tackling the problems related to drug intoxication
and wastewater contamination as well as ensuring the quality control of pharmaceutical
products [1]. This has resulted in the development of several techniques with accurate tools
targeted at the qualitative (simple yes/no analysis) and/or quantitative determination of
drugs at trace levels in different samples (including urine, serum and water).

One of the drugs most commonly consumed for the treatment of pains is 3-
methylmorphine; this opioid analgesic, which is also referred to as 3-methylmorphine
(codeine), is obtained from the methylation of morphine derived from Papaver somniferum
(poppy seeds) [2]. 3-methylmorphine has a sedative effect which helps to manage mild to
moderate pain. Despite its proven efficiency in pain alleviation, 3-methylmorphine has
some profoundly disturbing side effects; one of these side effects is that it can affect the
central nervous system, causing mood swings. The analgesic effect of 3-methylmorphine
can be potentiated when it is applied in combination with acetaminophen and caffeine [3].
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Owing to its widespread application and rampant disposal in the environment, several
studies reported in the literature have employed a wide range of analytical techniques for
the determination/detection of 3-methylmorphine in different matrices; the techniques
employed have included the following: colorimetry [4,5], spectrophotometry [6,7], chro-
matography [8,9], capillary electromigration [10,11], and electrochemical techniques [12,13].
Significant improvements have been increasingly made in the design of these techniques in
order to ensure accurate quantification of drug species in complex matrices so as to avoid
false positive or negative signals due to the high concentration levels of interferents in these
matrices.

The use of electrochemical sensors for the detection of compounds of interest in
complex matrices has attracted considerable interest among researchers because of their
operational simplicity, sensibility and high degree of accuracy; in addition, the application
of these sensors with rapid detection techniques such as square-wave voltammetry (SWV)
allows one to identify the analytes of interest within an extremely short period of time (for
instance, in seconds) [14]. The sensibility and selectivity of electrochemical sensors can be
improved by modifying the devices with nanomaterials, such as reduced graphene oxide
(rGO); this contributes toward enhancing the mechanical resistance of the sensors, as well
as their thermal and electrical conductivity [15,16]. Furthermore, the use of suitable hybrid
materials for the modification of working electrodes may help to improve the properties
of the sensor. Bismuth film-based electrodes have been widely used in electroanalysis
for the determination of analytes such as metals, pesticides and pharmaceutical products.
Bismuth film can be used in combination with rGO in order to promote efficient synergistic
effects which can effectively improve the sensor properties, leading to low residual current,
good chemical stability, and high mechanical stability, apart from allowing the formation of
“fused alloys” with heavy metals [17].

In the present work, we report the development and application of an electrochemical
sensor, which was constructed using glassy carbon electrode (GCE) modified with rGO and
bismuth film, for the determination of 3-methylmorphine. The clinical and environmental
applicability of the sensor was also evaluated through the application of the device for
the detection of 3-methylmorphine in synthetic urine, serum, and river water samples; the
results obtained were then compared with those of HPLC used as a reference method.

2. Materials and Methods

2.1. Reagents and Apparatus

All the reagents (purity ≥ 98%) were used as purchased. 3-methylmorphine, ascor-
bic acid, caffeine, paracetamol, bismuth (Bi), chitosan (CTS), glutaraldehyde (Glu), KCl
and bovine serum were purchased from Sigma-Aldrich (St. Louis, MO, USA). NaOH,
Na2[B4O5(OH)4, (H2SO4), CH3COOH and H3BO3 were acquired from Synth (São Paulo,
Brazil). Graphene was acquired from the Graphene Supermarket (New York, NY, USA). All
solutions were prepared using ultrapure water (with resistivity ≥ 18.0 MΩ cm) acquired
from a Milli-Q system (Millipore®). Stock solution of 0.01 mol L−1 3-methylmorphine was
dissolved in ultrapure water.

The electrochemical experiments were performed using Autolab PGSTAT 302N poten-
tiostat (Herisau, Switzerland) controlled by the NOVA 2.1 software and equipped with a
conventional electrochemical cell of 10.0 mL volume which consisted of the following three
electrodes: Ag/AgCl (3.0 mol L−1 KCl) used as reference electrode (RE); platinum coil
employed as counter electrode (CE); and GCE used as working electrode (WE) (r = 0.15 cm).

Morphological characterization of the materials was performed using images acquired
from Supra 35-VP microscope (Oberkochen, Germany) and the confocal optical microscope
(Olympus, LEXT OLS 4000) controlled via the 2.2.6 software (CA, USA).

Fourier transform infrared spectroscopy analyses of the rGO and bismuth film were
performed using FTIR–Vertex 70 spectrometer (Bruker, Karlsruhe, Germany) with spectral
range of 4000 to 400 cm−1.
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The chromatographic analysis was conducted using Shimadzu model 10ATvp LC
(Kyoto, Japan) system which consisted of two pumps (LC–10AT), column oven (CTO10A),
and UV detector (SPD–10A). The chromatographic experiments were performed under
the following conditions—mobile phase: 1% phosphoric acid (v/v) and acetonitrile in the
ratio of 85:15 (v/v)); temperature: 30 ◦C; flow rate: 1.0 mL min−1; detection wavelength:
220 nm [18].

2.2. Preparation of rGO and Modification of GCE with rGO and Bismuth Film

Initially, graphene oxide (GO) was synthesized, as described in the literature [19],
using a mixture of H2SO4/HNO3 concentrated in the proportion of 3:1 (v/v). Thus, an
amount of 200 mg of graphene was mixed in the acidic solution, and the mixture was
kept under stirring for 12 h at 25 ◦C. Subsequently, the GO suspension obtained was then
filtered and washed with ultrapure water until a pH close to 7.0 was obtained. After that,
the mixture was dried in an oven at 100 ◦C. A mass of 50 mg GO was diluted in ultrapure
water (50 mL) to form a suspension of 1 mg/mL. Thereafter, 1.0 g NaBH4 and 0.5 g CaCl2
were added to a 50 mL GO suspension. The mixture was kept under stirring at 25 ◦C for
12 h to obtain the rGO. The solid material (rGO) obtained was filtered and washed with
ultrapure water [20,21].

In the next step, the surface of the GCE was cleaned by polishing with alumina slurry
(1.0 μm) on a polishing cloth. Subsequently, the GCE was subjected to ultrasonic bath with
deionized water for 1 min. The Bi-rGO-CTS/GCE dispersion was prepared using 2.0 mg
of rGO, 500 μL of CTS (0.1 % v/v), 500 μL of Glu (0.2 % v/v), and 1.0 mL of 0.01 mol L−1

sodium hydroxide. The material was subjected to ultrasonic agitation for 25 min. After
that, 9.0 μL of the homogeneous dispersion was added on the electrode surface and was
left to dry (25 ◦C) for 2 h. To prepare the Bi-rGO-CTS/GCE sensor, the bismuth film was
electrochemically deposited on the electrode surface using an applied potential of −0.18 V
vs. Ag/AgCl (3.0 mol L−1 KCl) for 200 s and a solution containing 0.02 mol L−1 Bi(NO3)3,
0.15 mol L−1 sodium citrate and 1.00 mol L−1 HCl [17].

2.3. Preparation of Synthetic Urine, Bovine Serum and River Water Samples

The synthetic urine sample was prepared based on the work conducted by Laube
et al. [22] using 49, 10, 20, 15, 18, and 18 mmol L−1 of NaCl, CaCl2, KCl, KH2PO4, NH4Cl
and urea, respectively. The serum samples were prepared using commercial bovine calf
serum obtained from Sigma-Aldrich. River water samples were collected from the Jacaré-
Guaçu river in the city of Araraquara—Sao Paulo, Brazil. The collection sites were recorded
by GPS (21◦51′23.3′′ S 48◦19′49.8′′ W). The samples were subjected to conventional filtration
to remove any solid material and were then stored in a 100.0 mL flask and kept in the
refrigerator at 0 ◦C. The samples were enriched with 3-methylmorphine concentration. A
dilution of 100 times was used in the electrochemical cell.

2.4. Analytical Procedure

First, the morphological and electrochemical characterizations of the electrodes were
performed by scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX).

The electrochemical oxidation of 3-methylmorphine was evaluated by cyclic voltam-
metry (CV) and the optimization of the experimental conditions was conducted using
square-wave voltammetry (SWV). Under optimal conditions, analytical curves were con-
structed with the successive additions of 3-methylmorphine. The limit of detection (LOD)
was calculated based on the following equation: 3 × SD/m, where “SD” stands for standard
deviation for 10 blank solutions (n = 10) and “m” represents the slope. The precision and
selectivity of the proposed method based on the application of the Bi-rGO-CTS/GCE sensor
were evaluated through repeatability studies and analysis of potential interference. The
proposed sensor (Bi-rGO-CTS/GCE) was applied for the detection of 3-methylmorphine
in biological (bovine serum and urine synthetic) and environmental (river water) sam-
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ples. Finally, the results obtained were compared with those of high-performance liquid
chromatography (reference method).

3. Results and Discussion

3.1. Material Characterization

The morphology of the materials (rGO and Bi-rGO film) was characterized by scanning
electron microscopy (SEM). The SEM image of the rGO material was characterized by
agglomerated and thin “sheets” of different sizes (Figure 1A). Figure 1B,C show the SEM
image of Bi on reduced rGO under different magnifications. As can be noted, bismuth
characterized by loose leaf structure with well-defined morphology can be found uniformly
distributed on both surfaces of the rGO sheets; this is clearly indicative of the successful
formation of bismuth on the rGO material.

Figure 1. SEM images of reduced graphene oxide (A); bismuth on reduced graphene oxide (B,C);
and EDX (D).

The EDX profile of the Bi-rGO material (Figure 1C) exhibited signals of carbon, oxygen
and bismuth atoms; this pointed to the successful mixture of the rGO nanosheets with the
Bismuth film.

The confocal optical microscope (LEXT OLS 4000) was used to obtain the images of the
materials in 3D imaging format with great definition. Looking at Figure 2, one can clearly
see a significant difference in the topographic images of the materials incorporated onto
the surface of the proposed electrode. The thickness of the films was calculated using the
Olympus software. The average values obtained for the thickness of the films were as follows:
3.1 ± 0.2 μm for rGO-CTS (Figure 2A) and 5.7 ± 0.2 μm for Bi-rGO-CTS (Figure 2B) (n = 5).

Figure 2. Topographic image of the (A) rGO-CTS and (B) Bi-rGO-CTS film surface obtained from
confocal optical microscope (100 times of magnification). X and Z axes (scale, μm).
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3.2. Analytical Response

Cyclic voltammetry plots were used to monitor the electrochemical profile of the
modified electrodes. Figure 3 shows the electrochemical response (potential range: 0.5 V
to 1.25 V, and ν = 50 mV s−1) of the following electrodes: GCE, rGO-CTS/GCE and
Bi-rGO-CTS/GCE in the presence of 3-methylmorphine and without the addition of 3-
methylmorphine (inset).

Figure 3. Electrochemical profiles of GCE, rGO-CTS/GCE and Bi-rGO-CTS/GCE. Analysis
conditions-electrolyte solution: 0.04 mol L−1 Britton-Robinson buffer solution (pH 4); scan rate
(ν): 50 mV s−1; 3-methylmorphine concentration: 0.10 mmol L−1. Inset: without the addition of
3-methylmorphine.

Figure 3a shows that the bare GCE did not exhibit any significant electrochemical
response (voltammetric response) in the presence of 0.10 mmol L−1 standard solution
of 3-methylmorphine. Figure 3b,c show the electrochemical profiles obtained for rGO-
CTS/GCE and Bi-rGO-CTS/GCE, respectively, in the presence of a solution containing
3-methylmorphine; as can be observed, both electrodes exhibited high electrochemical
response with well-defined irreversible oxidation peaks at +1.1 V, corresponding to the
oxidation of 3-methylmorphine on the surface of the electrodes. The current values recorded
for the bare GCE, rGO-CTS/GCE and Bi-rGO-CTS/GCE were 2.6 μA, 22 μA, and 39 μA,
respectively. This result clearly points to the significant role played by Bi and rGO in the
direct electrochemical detection of 3-methylmorphine. The analysis of the parameters
mentioned above helped confirm that the modification of the electrode with Bi film led to
an increase in both the surface area and the faradaic current.

Electrochemical studies were carried out in order to evaluate the electrochemical
properties of the electrodes prepared in this study; with the aid of the electrochemical
probe [Fe(CN)6]3−/4− and through the application of cyclic voltammetry (CV), we were
able to analyze the reversibility of the redox behavior, the change in conductivity, and
the active surface area of the electrodes-see Figure 4. The scan rate of the bare GCE (Fig-
ure 4A), rGO-CTS/GCE (Figure 4B) and Bi-rGO-CTS/GCE (Figure 4C) was evaluated using
0.1 mol L−1 KCl as electrolyte solution with the redox probe [Fe(CN)6]3−/4− (1.0 mmol L–1)
at scan rate of 10 to 500 mV s−1.
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Figure 4. Analysis of the scan rate of the (A) GCE, (B) rGO-CCTS/GCE and (C) Bi-rGO-CTS/GCE elec-
trodes using 0.1 mol L−1 KCl solution in the presence of redox probe [Fe(CN)6]3−/4− (1.0 mmol L–1)
at different potential scan rates (10–500 mV s−1). (D) Ip vs. ν1/2.

The Randles–Sevcik equation (Equation (1)) was used to calculate the active surface
area of the sensors. The CVs obtained exhibited linear relationships between the anodic
peak current (Ip) and the square root of the scan rate (ν1/2).

Ip = (2.69 × 105) ACD1/2n3/2ν1/2 (1)

In Equation (1), Ip is the peak current (A), A is the electroactive area (cm2), n is the
number of electrons transferred, D is the diffusion coefficient of [Fe(CN)6]3–/4- in the
0.10 mol L−1 KCl solution (7.6 × 10−6 cm2 s−1), ν is the potential scan rate (V s−1), and C
is the [Fe(CN)6]3− concentration (mol cm−3).

The surface area of the electrodes was calculated from the slope of Ip vs. ν1/2

(Figure 4D). The active surface area obtained for the bare GCE, rGO-CTS/GCE and Bi-rGO-
CTS/GCE sensor was 0.041 cm2, 0.077 cm2 and 0.119 cm2, respectively.

The heterogeneous electron transfer rate constant (k0) was used to evaluate how the
charge transfer kinetics is affected by the sensor modification. The rate constant values
were found using the Nicholson Equation (2) [23].

Ψ = k0 [πDnνF/(RT)]−1/2 (2)

In Equation (2), Ψ is the kinetic parameter, π = 3.1415, T = 298 K, and F and R are
the Faraday (96,485 C mol−1) and universal gas (8.314 J K−1 mol−1) constants. The Ψ
values were obtained as proposed by Lavagnini et al. [24], according to Equation (3), which
correlates Ψ with ΔEp.

Ψ = (−0.6288 + 0.0021 nΔEp)/(1 − 0.017 nΔEp) (3)
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With regard to the above equation, the slope of the equation of the line directly
represents the value (obtained) of k0, which in this case was equal to 1.7 × 10−3 cm s−1 for
GCE, 3.8 × 10−3 cm s−1 for rGO-CTS/GCE, and 8.9 × 10−3 cm s−1 for Bi-rGO-CTS/GCE.
Thus, the k0 value obtained for Bi-rGO-CTS/GCE was about 5.2 times greater than that
obtained for GCE. This result points to an improvement in the electronic transfer speed for
Bi-rGO-CTS/GCE compared to the other electrodes.

A thorough analysis was also conducted in order to evaluate the influence of scan rate
on the analytical response using 50.0 μmol L−1 3-methylmorphine in phosphate-buffered
solution (pH 6.0) and scan rates ranging from 10 to 400 mV s−1 (Figure 5A). The anodic
peak currents (Ipa) of 3-methylmorphine in the phosphate-buffered solution (pH 6.0) shifted
to more positive values as the scan rate increased; this is clearly indicative of an irreversible
electrochemical reaction. The Ipa vs. ν1/2 plot was found to be linear (Figure 5B); this shows
that the mass transport of the 3-methylmorphine on the electrode surface occurred by
diffusion. Plots of log Ipa vs. log ν (Figure 5C) exhibited a slope of 0.60, which is typically
characteristic of systems controlled by diffusion.

Figure 5. (A) Cyclic voltammograms at different scan rates (10–400 mV s−1) based on the application
of the Bi-rGO-CTS/GCE sensor in 0.20 mol L−1 phosphate-buffered solution (pH 6.0) in the presence
of 50.0 μmol L−1 concentration of 3-methylmorphine. Plots: (B) Ipa vs. ν1/2 and (C) log Ipa vs. logν.

Using the cyclic voltammograms obtained at different potential scan rates, we were
able to calculate the average value of Ep − E1/2 (see Equation (4)). By inserting the value
obtained (64 mV), we obtained the relation αn = 0.75. Considering α = 0.50 (value normally
attributed to irreversible processes), we estimated the number of electrons (n) involved in
the 3-methylmorphine irreversible oxidation on the electrode surface. The value of (n) was
found to be approximately 1.5 (close to 2); this value is similar to the values obtained in
other studies reported in the literature [25].

∣∣Ep − E1/2
∣∣ = 48

αn
(4)

In Equation (4), Ep stands for peak potential, and E1/2 is the half-wave potential
obtained from the cyclic voltammetry graph (Figure 5).
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The analysis of the influence of pH on the peak potential and the peak current re-
lated to 3-methylmorphine oxidation was conducted by square-wave voltammetry using
0.04 mol L−1 Britton–Robinson buffer solution (pH range of 2.0–7.0) as supporting elec-
trolyte. As can be observed in Figure 6, a decrease in hydrogen ionic concentration of the
electrolyte was found to cause a shift in peak potential for 3-methylmorphine oxidation to-
ward less positive values; this outcome is attributed to deprotonation during the oxidation
process, which is facilitated at higher pH values.

Figure 6. Results obtained from SWV analysis conducted based on the application of the Bi-rGO-
CTS/GCE sensor in 0.04 mol L−1 Britton–Robinson buffer solution containing 5.0 μmol L−1 of
3-methylmorphine at pH ranging from 2.0 to 7.0. Parameters: f = 15 Hz; a = 50 mV; ΔEs = 5 mV. Inset:
Ip vs. pH plots.

Additionally, as can be verified, a single anodic peak was observed in the pH range of
2.0 to 5.0, and two anodic peaks were detected at pH = 6.0 and 7.0. Where peak one can be
associated with the oxidation of the 6-hydroxy group with loss of 2 electrons and 1 proton,
and peak two (varying of 0.95 V and 0.88 V) can be associated with the oxidation of the
tertiary amine group involving the loss of 2 electrons and 2 protons [26]. For illustration
purposes, Scheme 1 shows the electrochemical processes, which correspond to the oxidation
processes of 3-methylmorphine [26].

The Ipa vs. pH plots (Figure 6 inset) for 3-methylmorphine shows an increase in the
anodic peak current in the pH range of 2.0 to 4.0, with maximum peak current recorded
at pH 4.0. The maximum value of the oxidation peak current for 3-methylmorphine was
observed at pH 4.0; the value was found to decrease after that. In addition, an increase in
pH from 2.0 to 7.0 led to a gradual shift in the oxidation peak potential to negative potential;
this evidently showed that the electrochemical process was dependent on pH. Based on a
comparison of the peak currents of 3-methylmorphine at different pH values, pH 4.0 was
selected as the optimal pH level for the conduct of further experiments.
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Scheme 1. Proposed mechanism for the electro-oxidation of 3-methylmorphine [26].

3.3. Calibration Curve

Under optimized experimental conditions, an increase in 3-methylmorphine concen-
tration was found to lead to an increase in peak current (Figure 7). Figure 7 shows the SW
voltammograms obtained from the application of Bi-rGO-CTS/GCE for the determination
of 3-methylmorphine at concentrations ranging from 2.5 × 10−7 to 8.2 × 10−6 mol L−1 in
0.04 mol L−1 Britton–Robinson buffer solution (pH 4.0). The inset in Figure 7 shows the
calibration plots that correspond to 3-methylmorphine concentrations. As can be observed,
the calibration curve between peak current and 3-methylmorphine concentration exhibits a
linear relationship (in the linear range) based on the following equation: Ip (μA) = 0.1 + 3.4
[3-methylmorphine], with correlation coefficient of 0.998. The LOD value obtained from
the application of the proposed Bi-rGO-CTS/GCE was 24 × 10−9 mol L−1 (in triplicate
experiments). Table 1 presents a comparative analysis of the LOD value obtained in this
study and the values obtained in other studies reported in the literature related to the
application of electrochemical sensors. As can be noted, the LOD value obtained in this
study was satisfactorily comparable and, in some cases, better than the values reported in
the literature; essentially, this points to the efficiency and viability of the method proposed
in this study.

Table 1. Comparison of analytical parameters in the determination of 3-methylmorphine on different
modified electrodes.

Electrode Method
Linear Range
(μmol L−1)

LOD
(μmol L−1)

Sensitivity
(μA mol−1 L)

Presence Ref.

CD-HPC/CBPE 1 SWV 0.5–38 0.0095 0.047 Dipyrone [13]
AChE-TTF-SPCEs 2 Chrono-amperometry 20–200 0.02 No - [27]

Zn2SnO4—GO/CPE 3 DPV 0.02–15 0.009 2.938 Morphine [28]
ND-DHP/GCE 4 SWV 0.299–10.8 0.0545 0.0745 - [29]

BDD 5 DPV 0.1–60 0.08 0.155 - [30]

HTP-MWCNT/CPE 6 DPV 0.2–34.1
34.1–844.7 0.063 0.0288

0.009 Acetaminophen [31]

CYP2D6-SPCEs 7 Chrono-amperometry 5.0–35.0 4.9 - - [32]
Bi-rGO-CTS/GCE SWV 0.25–8.2 0.02 3.5 Paracetamol and caffeine This work

1 Carbon black paste electrode modified with α-cyclodextrin and hierarchical porous carbon. 2 Tetrathiafulvalene/
AChE- modified screen-printed carbon. 3 Carbon paste electrode (CPE) modified with Zn2SnO4-graphene
nanocomposite. 4 Nanodiamond/dihexadecyl phosphate-modified glassy carbon. 5 Boron-doped diamond film
electrode. 6 4-hydroxy-2-(triphenylphosphonio)phenolate (HTP) and multiwall carbon nanotubes paste electrode.
7 CYP2D6-modified screen-printed carbon.
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Figure 7. SW voltammograms obtained from the application of Bi-rGO-CTS/GCE for the deter-
mination of 3-methylmorphine (concentrations ranging from 2.5 × 10−7 to 8.2 × 10−6 mol L−1)
in 0.04 mol L−1 Britton–Robinson buffer solution (pH 4.0). Inset: Corresponding calibration plots
related to 3-methylmorphine concentrations. Parameters: f = 15 Hz; a = 50 mV; ΔEs = 5 mV.

To evaluate the selectivity of the Bi-rGO-CTS/GCE sensor in terms of 3-methylmorphine
determination, a thorough analysis was performed in order to analyze the influence of
some common interfering species. Under optimized conditions, the SWV experiments
were performed in the potential range of 0.35 to +1.7 V vs. Ag/AgCl (3.0 mol L−1 KCl)
using 0.1 mol L−1 phosphate buffer (pH 6.0), with sequential addition of 3-methylmorphine
concentration in the range of 2.5 × 10−7 to 8.5 × 10−6 mol L−1. The results obtained from
the SWV experiments are shown in Figure 8. In all the SWV experiments, no overlap was
observed between the 3-methylmorphine oxidation peak and the oxidation peaks of the
interfering species. Based on the application of the proposed Bi-rGO-CTS/GCE sensor, the
oxidation peak potentials obtained for paracetamol, 3-methylmorphine and caffeine were
+0.50, +1.1, and +1.4 V, respectively.

Based on the comparative analysis, the linear concentration range and LOD obtained
from the application of the Bi-rGO-CTS/GCE-based method was found to be comparable
and sometimes better than those obtained in other studies reported in the literature.

A wide range of studies reported in the literature have employed similar oxidation
reaction processes for the direct detection of 3-methylmorphine [27–32]. Carbon electrodes
such as carbon paste, glassy carbon, and boron-doped diamond (BDD) have been mostly
employed for the detection analysis (Table 1). Compared to metallic electrodes, the wider
potential window exhibited by carbon electrodes allows one to effectively monitor redox
species like 3-methylmorphine. This wider potential window is also desirable for the
simultaneous determination of multiple analytes.
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Figure 8. SW voltammograms obtained from the application of Bi-rGO-CTS/GCE for the determina-
tion of 3-methylmorphine in the presence of paracetamol and caffeine (at fixed concentration). Inset:
Corresponding calibration plots related to 3-methylmorphine concentrations.

3.4. Study of Repeatability and the Influence of Possible Interferents

The analysis of repeatability of the Bi-rGO-CTS/GCE was conducted using 3.0 ×
10−6 mol L−1 concentrations of 3-methylmorphine in 0.04 mol L−1 Britton–Robinson buffer
solution (pH 4.0). As shown in Figure S1 (Supplementary Material), the RSD value obtained
in 20 replicates was 3.1 % for 3-methylmorphine. The high repeatability of the proposed
Bi-rGO-CTS/GCE can be attributed to the homogeneity of the electrode surface and the
good conductivity derived from the application of Bi-rGO-CTS/GCE.

In addition, the influence of possible interferents, including silicon dioxide, povidone,
cellulose, starch, croscarmellose, magnesium stearate, urea, ascorbic acid, and humic acid, in
the ratio of 1:1 (analyte:possible interferent) was investigated. Based on the voltammograms
obtained, the interferents were found to exert no influence on the determination of the
analytes investigated.

3.5. Analysis of 3-Methylmorphine in Synthetic Urine, Bovine Serum and River Water Samples

The Bi-rGO-CTS/GCE sensor was applied for the quantification of 3-methylmorphine
in samples of synthetic urine, bovine serum (commercial serum), and river water collected
from the Jacaré-Guaçu River, Araraquara—São Paulo, Brazil; the samples were prepared as
described in the experimental section. 3-methylmorphine determinations were performed
in triplicate (n = 3) without any pre-treatment procedure. As can be observed in Table 2,
the application of the proposed SWV-based method for 3-methylmorphine determination
led to recovery percentages ranging from 95 % to 105 %.
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Table 2. Results obtained from the analysis of river water, serum and artificial urine samples.

Samples

[3-Methylmorphine]/mol L−1

Recovery **
(Sensor, %)Added Found *

Comparative
Method *

Synthetic urine
1.0 × 10−7 (1.02 ± 0.08) × 10−7 (1.05 ± 0.05) × 10−7 102

1.0 × 10−6 (0.99 ± 0.06) × 10−6 (0.95 ± 0.04) × 10−7 99.0

Serum
1.0 × 10−7 (1.03 ± 0.09) × 10−7 (1.02 ± 0.04) × 10−6 103

1.0 × 10−6 (1.05 ± 0.07) × 10−6 (1.03 ± 0.06) × 10−6 105

River water
1.0 × 10−7 (1.00 ± 0.09) × 10−7 (1.00 ± 0.03) × 10−7 100

1.0 × 10−6 (0.95 ± 0.06) × 10−6 (0.98 ± 0.05) × 10−6 95.0
* Average of 3 measured concentrations; ** Recovery percentage = [Found]/[Added] × 100.

Finally, the results obtained from the application of the two methods were compared
using the paired Student’s t test (95 % confidence level). For this study, the calculated
experimental values (2.6) were found to be lower than the tcritical value (0.2); that is, there
was no significant difference between the results obtained from the two analytical methods.
Thus, based on these results, it can be concluded that the proposed Bi-rGO-CTS/GCE-
based method had no matrix effect; this clearly points to the great potential of the proposed
technique when applied for the determination of 3-methylmorphine in urine, bovine serum
and river waste samples.

4. Conclusions

The present work reported the successful development and application of Bi-rGO-
CTS/GCE sensor for 3-methylmorphine detection. The modification of the working elec-
trode (GCE) with rGO and bismuth film led to significant improvements in the electrochem-
ical properties. The proposed sensor was successfully employed for 3-methylmorphine
detection in synthetic urine and serum samples as well as in river water, and excellent
recovery percentages were obtained (indicating the accuracy of the method). The results
obtained in this study also showed that the Bi-rGO-CTS/GCE sensor has good repeatability,
reproducibility and selectivity, and has great potential for application as an efficient tool for
the analytical determination of 3-methylmorphine and other drugs in both biological and
environmental samples.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/bios12100860/s1, Figure S1: Repeatability study of 3-methylmorphine with
the Bi-Rgo-CTS/GCE sensor in 0.04 mol L−1 Britton-Robinson (pH 4.0). SWV parameters: f = 15 Hz,
a = 50 mV, ΔEs = 5 mV.
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Abstract: In this work, Ni-Co layered double hydroxide (Ni–Co LDH) hollow nanostructures were
synthesized and characterized by X-ray diffraction (XRD), field emission-scanning electron mi-
croscopy (FE-SEM), and Fourier-transform infrared spectroscopy (FT-IR) techniques. A screen-printed
electrode (SPE) surface was modified with as-fabricated Ni–Co LDHs to achieve a new sensing plat-
form for determination of sumatriptan. The electrochemical behavior of the Ni–Co LDH-modified
SPE (Ni-CO LDH/SPE) for sumatriptan determination was investigated using voltammetric methods.
Compared with bare SPE, the presence of Ni-Co LDH was effective in the enhancement of electron
transport rate between the electrode and analyte, as well as in the significant reduction of the overpo-
tential of sumatriptan oxidation. Differential pulse voltammetry (DPV) was applied to perform a
quantitative analysis of sumatriptan. The linearity range was found to be between 0.01 and 435.0 μM.
The limits of detection (LOD) and sensitivity were 0.002 ± 0.0001 μM and 0.1017 ± 0.0001 μA/μM,
respectively. In addition, the performance of the Ni-CO LDH/SPE for the determination of sumatrip-
tan in the presence of naproxen was studied. Simultaneous analysis of sumatriptan with naproxen
showed well-separated peaks leading to a quick and selective analysis of sumatriptan. Furthermore,
the practical applicability of the prepared Ni-CO LDH/SPE sensor was examined in pharmaceutical
and biological samples with satisfactory recovery results.

Keywords: Ni-Co layered double hydroxide hollow nanostructures; screen-printed electrode;
sumatriptan; naproxen

1. Introduction

Sumatripta (1-[3-(2-dimethylaminoethyl)-1H-indol-5-yl]-N-methylmethanesulfonamide)
is one of the triptan drugs medically administrated to manage cluster headache and
migraine [1,2]. Sumatriptan is a selective 5-hydroxytryptamine (5-HT1B/1D) receptor ago-
nist [3]. Its binding with serotonin type-1D receptors leads to extensively dilated cranial
vessel vasoconstriction, thus reducing migraine pain [4]. Reportedly, extra dose of triptans
can be followed by numerous complications, some of which are neck tension, seizures,
sleepiness, paralysis, hypertension, leg or arm swelling, and feeling tremor [5,6]. The
physiological significance of sumatriptan makes it necessary to quantitatively measure
sumatriptan in different specimens, particularly biological samples in the disciplines of
clinical diagnosis, pharmacology, and the life sciences. Naproxen (6-methoxy-a-methyl-2-
naphthalene acetic acid) is widely used as an anti-inflammatory drug to manage numerous
medical conditions such as degenerative joint disorder, rheumatoid arthritis, primary
dysmenorrhea, ankylosing spondylitis, and acute gout [7]. Nevertheless, extra and long-
term naproxen use can develop some complications such as gastrointestinal hemorrhage,
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stomach ulcers, nephrotoxicity, elevated heart disease risk, and kidney dysfunction [8,9].
The medical importance of naproxen in humans highlights the necessity of access to an
appropriate rapid, facile, and sensitive analytical approach. In addition, the mode of
complementary action of these two drugs suggests their combined use to obtain more
effective clinical outcomes in the treatment of acute migraine than both drugs alone. Hence,
simultaneous detection of these drugs in biological fluids and pharmaceutical formulations
is very important [10].

Many strategies, including spectrophotometry [11,12], capillary electrophoresis [13,14],
high-performance liquid chromatography [15,16], liquid chromatography–mass spec-
troscopy [17], spectrofluorimetry [18], chemiluminescence [19], and electrochemical tech-
niques [20–22] have been applied for determination of these compounds. However, the
widespread application of some of these methods has been limited by their complex opera-
tion and high cost. Electrochemical determinations have been shown to be more appropriate
for analyte analysis [23–32], owing to commendable merits such as cost-effectiveness, nar-
row LOD, higher sensitivities, wide potential window, short analysis time, and ease to
renew the surface.

Screen-printing technology has proven its effectiveness in making electroanalyti-
cal platforms with tailored purposes, some of which are point-of-care (POC) tools in
biomedicine [33–35], and portable sensing systems in food industries [36,37] and envi-
ronmental pollutant detection [38–40]. SPEs are potent materials for electroanalytical
(bio)sensors [41–43] owing to their inexpensiveness and easy production process, espe-
cially for the fabrication of transducers required for on-site one-point measurements. The
miniaturized SPEs are appropriate for on-site measurements during real-time analysis, and
require small amounts of reagents and samples.

The application of nanomaterials in various fields is increasing rapidly [44–49] and
offers promising prospects. In recent years, the advances in nanotechnology have been help-
ful to produce sensitive and selective (bio)sensors [50–56]. A variety of nanomaterials, such
as metal and metal oxides nanoparticles, and carbon nanostructures, have been employed
to fabricate electrochemical (bio)sensing platforms [57–65], with diverse performances such
as biomolecule labeling or immobilization, the electrochemical process catalysis, electron
transfer enhancement, and serving as reactant [66].

Layered double hydroxides (LDHs) have recently spurred extensive interest owing to
multiple specific merits such as a layered nature, huge surface area, adjustable structure,
cost-effectiveness, and environmental friendliness [67–69]. The LDHs containing transition
metals are of great significance for catalyst, energy storage, and sensing [70–73]. One of
the strategies to enhancing their electrochemical performance is the design of tunable
porous nanostructures or architecture of LDHs with huge surface area [74–76]. Hierarchical
hollow structures (HHSs) with well-defined micro- or nanostructures, mesoporous pore-
size distribution, huge surface area, more active sites, and satisfactory charge transfer could
potentially promote the electrochemical behavior of LDHs [77].

Among these materials, nickel–cobalt layered double hydroxides (Ni-Co LDHs) have
attracted particular interest in electrochemical sensors because of their low cost, good redox
activity, and eco-friendly properties. They have an inverse spinel crystal structure, where
Ni2+ is distributed at the octahedral sites and Co3+ is distributed at both tetrahedral and
octahedral sites. This composition offers higher conductivity than that of Ni-Co LDH, which
in turn enhances the electron transfer and improves the performance of electrochemical
sensors [78,79].

In this research, a simple strategy was used to design an electrochemical sensing
platform based on SPE modification with Ni-Co LDH which was employed for the de-
termination of sumatriptan in the presence of naproxen. The Ni-Co LDH-modified SPE
demonstrated better sensor features with a low LOD, high sensitivity, and wide linear
range. The sumatriptan and naproxen sensing platform was characterized by the successful
measurement of these analytes in sumatriptan tablets, naproxen tablets, and urine samples.
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2. Experimental

2.1. Equipment

A Metrohm Autolab PGSTAT 320N Potentiostat/Galvanostat Analyzer (Utrecht,
The Netherlands) with GPES (General Purpose Electrochemical System-version 4.9) soft-
ware was applied for all electrochemical determinations at ambient temperature. The
electrochemical sensors were prepared using DRP-110 SPEs (DropSens, Oviedo, Spain)
featuring a silver pseudo-reference electrode, graphite working electrode, and graphite
auxiliary electrode. A Metrohm 713 pH meter with glass electrode (Herisau, Switzerland)
was recruited to determine and adjust the solution pH. Direct-Q® 8 UV deionized water
(Millipore, Darmstadt, Germany) was used to freshly prepare all solutions.

A Panalytical X’Pert Pro X-ray diffractometer (Almelo, The Netherlands) applying a
Cu/Kα radiation (λ:1.54 Å) was used for XRD analysis, and a Bruker Tensor II spectrometer
(Karlsruhe, Germany) was employed to capture the FT-IR spectra. An MIRA3 scanning
electron microscope (Tescan, Brno, Czech Republic) was utilized for FE-SEM imaging.

2.2. Solvents and Chemicals

All solvents and chemicals applied in our protocol were of analytical grade and
obtained from Merck and Sigma-Aldrich. Phosphate-buffered solution (PBS) was prepared
using phosphoric acid and adjusted by NaOH to the desired pH value.

2.3. Synthesis of Ni-Co Layered Double Hydroxide Hollow Nanostructures

The Stöber method, with slight modification, was followed to prepare monodispersed
silica (SiO2) spheres [80]. To this end, tetraethyl orthosilicate (TEOS) (6 mL) was dissolved
drop by drop in a solution containing ethanol (75 mL), deionized water (10 mL), and
aqueous ammonia (3.15 mL), followed by stirring at an ambient temperature for 5 h. The
centrifugation was performed to extract the SiO2 spheres from the suspension, followed by
rinsing by ethanol/deionized water. Finally, the obtained white precipitate was oven dried
under vacuum condition at 65 ◦C for 12 h. Subsequently, the SiO2@Ni-Co LDH core–shell
structures were produced by following the protocol reported by Li and coworkers [77]. In
brief, 200 mg of pre-synthesized silica spheres were dispersed in 100 mL ethanol under
ultrasonication for 1 h. Then, 3 mmol Ni(NO3)2.6H2O (2.5 g) and 1.5 mmol Co(NO3)2.6H2O
(5 g) were dissolved into the above suspension. After that, 23 mL of aqueous ammonia
solution was dispersed drop by drop in the suspension containing SiO2 spheres and metal
salts while magnetically stirring for 1 h at room temperature. The co-precipitation process
was carried out for deposition of hierarchical Ni-Co LDH nanosheets on SiO2 sphere
surface. The centrifugation was performed to extract the resulting precipitate, followed by
thoroughly rinsing by ethanol/deionized water. The obtained precipitate was oven-dried
at 80 ◦C for 12 h. Finally, Ni-Co LDH hollow structures were formed after removal of silica
cores by etching SiO2@Ni-Co LDH in 0.5 M KOH solution at for 1 h. The resulting product
was centrifuged and rinsed thoroughly. The prepared Ni-Co LDH hollow structures were
dried at 60 ◦C for 12 h.

2.4. Preparation of the Ni-Co LDH/SPE Sensor

A drop-casting technique was followed to fabricate the Ni-Co LDH/SPE. Thus, a
certain amount of as-prepared Ni-Co LDH hollow nanostructures (1 mg) was subsequently
dispersed in deionized water (1 mL) under 20 min ultrasonication. Then, the dispersed
suspension (4 μL) was coated dropwise on the SPE surface and dried at the laboratory
temperature.

2.5. Real Samples Preparation

Five sumatriptan tablets (labeled 50 mg of sumatriptan) purchased from a local phar-
macy in Kerman (Iran) were pulverized together, and then 50 mg was dissolved in water
(25 mL) under ultrasonication to prepare a sumatriptan solution. Then, variable volumes of
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diluted solution were poured into a 25 mL volumetric flask and brought to the final volume
with PBS (pH = 7); the analyses were performed using a modified electrode.

Five naproxen tablets (labeled 500 mg of naproxen) purchased from a local pharmacy
in Kerman (Iran) were pulverized together, and then 500 mg was dissolved in water (25 mL)
under ultrasonication to prepare a naproxen solution. Then, variable volumes of diluted
solution were poured into a 25 mL volumetric flask and brought to the final volume with
PBS (pH = 7); the analyses were performed using modified electrode.

Moreover, 10 mL of refrigerated urine specimens were centrifuged at 1500 rpm for
20 min, followed by filtering the supernatant via 0.45 μm filter. Next, variable supernatant
solution contents were placed in 25 mL volumetric flasks and diluted to the marks using
PBS at the pH value of 7. Variable sumatriptan and naproxen contents were applied to
spike the diluted urine specimens. At last, a standard addition method was followed to
quantify the sumatriptan and naproxen.

3. Results and Discussion

3.1. Characterization of Ni-Co Layered Double Hydroxide Hollow Nanostructures

The surface morphologies of SiO2 spheres, SiO2@Ni-Co LDH core–shell structures, and
Ni-Co LDH hollow structures were explored using FE-SEM. Figure 1a shows the FE-SEM
images of SiO2 spheres. The SiO2 spherical particles showed good monodispersity, with a
uniform size of approximately 170 nm. According to the FE-SEM images captured from
SiO2@Ni-Co LDH core–shell structures, it is clearly evident that, after the co-precipitation
process, the hierarchical Ni-Co LDH nanosheets were well deposited on the surface of the
silica spheres (Figure 1b). Subsequently, after KOH etching process to remove the SiO2
cores, the Ni-Co LDH hollow structures were obtained and showed an obvious hollow
structure (Figure 1c,d).

Figure 1. FE-SEM images of SiO2 spheres (a), SiO2@Ni-Co LDH core–shell structures (b), and Ni-Co
LDH hollow structures (c,d).

The XRD pattern of Ni-Co LDH hollow structures is presented in Figure 2, showing
the well-defined diffraction peaks observed at 2θ values of 11.4◦, 23.0◦, 34.2◦, and 60.9◦ can
be related to plane reflections of (003), (006), (012), and (110) for the hydrotalcite-like LDH
phase. The XRD pattern of the synthesized sample is consistent with the XRD patterns
reported in previous papers [81,82].
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Figure 2. XRD pattern of Ni-Co LDH hollow structures.

FT-IR spectroscopy is a well-equipped tool to study the functional groups of the pre-
pared samples. Figure 3 depicts the FT-IR spectra of SiO2@Ni-Co LDH core–shell structures
and Ni-Co LDH hollow structures. According to the FT-IR spectra captured from SiO2@Ni-
Co LDH, the distinctive adsorption peaks of SiO2 were found at 467 cm−1, 805 cm−1,
and 1101 cm−1, corresponding to the bending vibration of Si–O–Si, stretching vibration
of Si–O–Si, and asymmetric stretching vibration of Si–O–Si [83]. Below, the existence of
characteristic absorption bands of Ni-Co LDH is mentioned. The broad vibration of hy-
droxyl groups (O–H stretching) of water molecules in the interlayer space of LDH was
confirmed at 3459 cm−1. The peak at 1637 cm−1 relates to the bending vibration of OH
groups. The characteristic FT-IR band at 1383 cm−1 is generally assignable to the vibration
of interlayer anions (CO3

2− and NO3
−) [82,84]. In addition, the peak at 642 cm−1 relates

to the characteristic absorption band of M–O (metal-oxygen) vibrations. According to the
FT-IR spectra captured for Ni-Co LDH hollow structures, following the etching process,
disappearing of Si–O–Si characteristic peaks highlighted the silica template removal.

Figure 3. FT-IR spectra of (a) SiO2@Ni-Co LDH, and (b) Ni-Co LDH.

3.2. Studying the Influence on the Structures on Voltammetric Detection of Sumatriptan Oxidation

The electrochemical response of sumatriptan oxidation in 0.1 M PBS adjusted to
variable pH values (2.0 to 9.0) was explored to determine the influence of electrolyte
solution pH. As shown in Figure 4, its electrochemical oxidation was dependent on the
pH value of the solution, such that it reached a maximum with increasing pH up to 7.0
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and then decreased with further pH values (Figure 5). Hence, the pH value of 7.0 was
considered to be the optimum for subsequent electrochemical determinations.

Figure 4. Proposed oxidation mechanism for sumatriptan.

Figure 5. Plot of Ip vs. pH obtained from DPVs of Ni-Co LDH/SPE in a solution containing 100.0 μM
of sumatriptan in 0.1 PBS with different pH (2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0).

Cyclic voltammetry (CV) was performed to clarify the electrochemical behavior of
sumatriptan on unmodified (bare) and modified SPE surfaces. Figure 6 compares the bare
SPE and Ni-Co LDH/SPE for 100.0 μM sumatriptan oxidation in 0.1 M PBS at the pH value
of 7.0. The sumatriptan oxidation displayed a tiny and wide peak (2.9 μA) at the potential
of 800 mV on the bare SPE surface. The Ni-Co LDH-modified SPE exhibited a shift in the
peak current toward more negative potentials (610 mV) by raising the amount of current
(11.8 μA). Such an improvement could have appeared because of the appreciable catalytic
impact of Ni-Co LDH hollow nanostructures for sumatriptan oxidation.
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Figure 6. Cyclic voltammograms captured for oxidation of sumatriptan (100.0 μM) in PBS (0.1 M;
pH = 7.0) on (a) unmodified SPE and (b) Ni-Co LDH/SPE with a scan rate of 50 mV/s.

3.3. Effect of Scan Rate

The linear sweep voltammograms (LSVs) were recorded for the oxidation of suma-
triptan (100.0 μM) on the Ni-Co LDH/SPE under variable scan rates (Figure 7). There
was an apparent gradual elevation in the oxidation peak by raising scan rate ranging from
10 to 400 mV/s. As seen in Figure 7 (Inset), the anodic peak current (Ipa) had a linear
association with the scan rate square root (V1/2). The regression equation was obtained as
Ipa (μA) = 1.117 V1/2 (mV·s−1)1/2 + 2.8278 (R2 = 0.9986), indicating a controlled diffusion
process of sumatriptan oxidation on the Ni-Co LDH/SPE.

Figure 7. LSVs captured for the oxidation of sumatriptan (100.0 μM) on the Ni-Co LDH/SPE under
variable scan rates (a–g: 10, 30, 50, 100, 200, 300, and 400 mV/s). Inset: correlation of Ipa with V1/2.
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A Tafel plot (Figure 8 (inset)) was achieved on the basis of data related to the rising
domain of current–voltage curve at a low scan rate (10 mV/s) for sumatriptan (100.0 μM)
to explore the rate-determining step. The linearity of the E vs. log I plot clarifies the
involvement of electrode process kinetics. The slope from this plot could present the count
of transferred electrons during the rate-determining step. On the basis of Figure 8 (inset),
the Tafel slope was estimated to be 0.1393 V for the linear domain of the plot. The Tafel slope
value revealed that the rate-limiting step was the one-electron transfer process considering
a transfer coefficient (α) of 0.58.

Figure 8. LSV for sumatriptan (100.0 μM) at the scan rate of 10 mV/s. Inset: The Tafel plot from the
rising domain or the respective voltammogram.

3.4. Chronoamperometric Analysis

Chronoamperometry was recruited to explore the sumatriptan catalytic oxidation on
the Ni-Co LDH/SPE surface. Chronoamperometric analysis was performed for variable
sumatriptan contents on Ni-Co LDH/SPE at the working electrode potential of 660 mV. The
chronoamperograms captured for variable sumatriptan contents on the Ni-Co LDH/SPE
are shown in Figure 9. Cottrell’s equation explains the current (I) for electrochemical
reaction of an electroactive material with a D value (diffusion coefficient) under a mass
transport limited condition. Figure 9A shows a linear relationship of the I value with t−12

for the oxidation of variable sumatriptan contents. The slopes from the obtained straight
lines were plotted against variable sumatriptan contents (Figure 9B). The plotted slope and
Cottrell equation estimated the D value to be 8.2 × 10−5 cm2/s for sumatriptan.
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Figure 9. Chronoamperometric behavior of Ni-Co LDH/SPE in PBS (0.1 M; pH = 7.0) at potential
of 660 mV for variable sumatriptan contents (a–h: 0.1, 0.3, 0.5, 0.7, 0.9, 1.2, 1.7, and 2.0 mM). Insets:
(A) Plots of I vs. t−1/2 and (B) plots of the slopes from the straight lines vs. sumatriptan level.

3.5. DPV Analysis of Sumatriptan

DPV analysis was performed for variable sumatriptan contents to explore the linear
dynamic range, LOD, and sensitivity of the Ni-Co LDH/SPE under optimized experimental
circumstances (Figure 10). As expected, the elevation in sumatriptan level enhanced
the peak current. Figure 10 (Inset) shows a linear proportionality of the oxidation peak
currents to variable sumatriptan contents (0.01 μM to 435.0 μM) with a linear regression
equation of Ipa (μA) = 0.1017 ± 0.0001 Csumatriptan + 0.6849 (R2 = 0.9995), and a sensitivity
of 0.1017 μA/μM. In the equations of LOD = 3Sb/m and LOQ = 10Sb/m, the Sb is the
standard deviation of the response for blank solution, and m is the slope from the standard
graph. The LOD and LOQ were estimated at 0.002 ± 0.0001 and 0.007 ± 0.0001 μM for
sumatriptan determination on Ni-Co LDH/SPE.

Table 1 compares the efficiency of the sumatriptan sensor prepared by the Ni-Co
LDH-modified SPE and other reported works.
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Figure 10. DPVs captured for the oxidation of variable sumatriptan contents on the Ni-Co LDH/SPE
under variable contents (a–p: 0.01, 1.0, 2.5, 7.5, 15.0, 30.0, 45.0, 75.0, 100.0, 150.0, 200.0, 250.0,
300.0, 350.0, 400.0, and 435.0 μM). Inset: Calibration curve of voltammetric response (Ipa) against
sumatriptan level.

Table 1. Comparison of the efficiency of the Ni-Co LDH/SPE sensor with other reported modified
electrodes for sumatriptan determination.

Electrochemical Sensor
Electrochemical

Method
Linear Range LOD Ref.

CuO/SPE DPV 0.33–3.54 μM 0.066 μM [4]
Cu nanoparticles

(NPs)/poly-melamine/glassy
carbon

electrode

DPV 0.08–0.58 and
0.58–6.5 μM 0.025 μM [85]

Multiwalled carbon nanotube
(MWCNTs)decorated with

silver NPs/pyrolytic graphite
electrode

CV 0.08–100.0 μM 0.04 μM [86]

MWCNTs and cobalt
methyl-salophen

complex/carbon paste
electrode

DPV 1.0–1000.0 μM 0.3 μM [21]

MWCNTs and polypyrrole
doped with new coccine/glassy

carbon electrode
LSV 0.02–10.0 μM 0.006 μM [20]

Overoxidized
poly(p-aminophenol)

modified glassy carbon
electrode

Square wave
voltammetry 1.0–100.0 μM 0.294 μM [87]

Ni-Co LDH/SPE DPV 0.01–435.0 μM 0.002 μM This work
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3.6. DPV Analysis of Sumatriptan in the Presence of Naproxen

To confirm the ability of Ni-Co LDH/SPE for codetection of sumatriptan and naproxen,
the electrochemical responses of these analytes were detected by simultaneously changing
the concentration of both analytes in PBS at pH 7.0. As seen in Figure 11, with a concurrent
change in their concentrations, two noninterference peaks were found on DPV curves. The
peak currents of both sumatriptan and naproxen oxidation displayed a linear elevation
with the respective concentrations (sumatriptan concentration range between 1.0 μM and
400.0 μM, and naproxen concentration range between 1.0 μM and 400.0 μM) (Figure 11A,B).
The intensity of peak current showed good linearity with the target concentration change,
highlighting the possibility of detecting sumatriptan and naproxen in the blended solution.

Figure 11. DPVs of Ni-Co LDH/SPE in 0.1 M PBS (pH 7.0) with various concentrations of sumatriptan
(a–l: 1.0, 7.5, 15.0, 45.0, 75.0, 100.0, 150.0, 200.0, 250.0, 300.0, 350.0, and 400.0 μM) and naproxen
(a–l: 1.0, 10.0, 20.0, 45.0, 75.0, 100.0, 125.0, 175.0, 225.0, 325.0, 350.0, and 400.0 μM). Insets: (A) The
plot of peak current versus sumatriptan concentration, (B) the plot of peak current versus naproxen
concentration.

3.7. Repeatability, Reproducibility, and Stability

The Ni-Co LDH/SPE was examined for repeatability through the measurement of the
response of 40.0 μM sumatriptan on the surface of the same electrode 15 times. The relative
standard deviation (RSD) of 3.9% for the current response of sumatriptan demonstrated
the good repeatability of the proposed electrode.

To test the reproducibility, five Ni-Co LDH/SPE produced using the same procedures
were applied to measure 40.0 μM sumatriptan under identical circumstances; the obtained
RSD of 3.5% demonstrated commendable reproducibility.

To test the Ni-Co LDH/SPE stability, the current responses of sumatriptan were
measured following 14 day storage of the sensor at ambient temperature. The decrease
in peak current of sumatriptan to 4.2% of its original response demonstrated appreciable
stability.
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3.8. Selectivity Studies

The effects of some organic and inorganic species which commonly existed in pharma-
ceuticals and biological samples were examined on the analytical response of the proposed
sensor (Ni-Co LDH/SPE). Therefore, a 50.0 μM solution of sumatriptan in the supporting
electrolyte (PBS) was prepared. Various amounts of the interfering species were added to
the sumatriptan solution. The voltammogram (DPV) of the sample was recorded in the
presence of interfering species. The tolerance limit was defined as the maximum concentra-
tion of the interfering substance that caused an approximately ±5% relative error in the
determination. The results revealed that 500-fold concentrations of Na+, Mg2+, Ca2+, NH4

+,
and SO4

2-, 300-fold concentrations of fructose, glucose, and lactose, 100-fold concentrations
of histidine, phenyl alanine, methionine, and cysteine, and 20-fold concentrations of lev-
odopa and uric acid did not show interference in determination (Table S1, Supplementary
Materials). These results confirmed the suitable selectivity of the proposed sensor for
determination.

3.9. Analysis of Real Specimens

The practical applicability of Ni-Co LDH/SPE was tested by sensing sumatriptan and
naproxen in sumatriptan tablets, naproxen tablets, and urine specimens using the DPV
procedure and a standard addition method, the results of which can be seen in Table 2. The
recovery rate was between 96.4% and 102.5%, and all RSD values were ≤3.6%. According
to the experimental results, the Ni-Co LDH/SPE sensor possesses a high potential for
practical applicability.

Table 2. Voltammetric sensing of sumatriptan and naproxen in real specimens using Ni-Co LDH/SPE.
All concentrations are in μA (n = 3).

Sample
Spiked (μM) Found (μM) Recovery (%) RSD (%)

Sumatriptan Naproxen Sumatriptan Naproxen Sumatriptan Naproxen Sumatriptan Naproxen

Sumatriptan
Tablet

0 0 4.0 - - - 3.3 -

1.0 4.0 4.9 4.1 98.0 102.5 1.9 2.3

3.0 6.0 7.1 5.8 101.4 96.7 2.8 3.0

Naproxen
Tablet

0 0 - 5.0 - - - 2.9

5.0 1.0 5.1 5.9 102.0 98.3 3.0 2.2

7.0 3.0 6.9 8.3 98.6 103.7 1.8 3.6

Urine

0 0 - - - - - -

4.5 5.5 4.6 5.3 102.2 96.4 2.5 2.8

6.5 7.5 6.3 7.6 96.9 101.3 3.1 1.9

4. Conclusions

In this work, we reported the sensing application of Ni-Co LDH hollow nanostructures
for electrochemical determination of sumatriptan. The sensing platform was fabricated
via drop casting of a Ni-Co LDH hollow nanostructures dispersion on bare SPE. The
electrochemical studies demonstrated efficient electrocatalytic activity of Ni-Co LDH hol-
low nanostructure-modified SPE for sensitive detection of sumatriptan. DPV findings
showed an increase in the anodic peak currents with elevating sumatriptan contents
(0.01–435.0 μM), with an LOD of 0.002 ± 0.0001 μM. Furthermore, for sensing sumatriptan
in the presence of naproxen, the obtained voltammograms exhibited a desirable peak
separation of about 300 mV potential differences. Moreover, the prepared sensor (Ni-Co
LDH/SPE) was efficiently applied to detect sumatriptan and naproxen in in pharmaceutical
and biological samples.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios12100872/s1, Table S1: Selectivity results for 50.0 μM suma-
triptan in the presence of other interferences.
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Abstract: Three novel two-dimensional metalloporphyrin COFs (MPor−COF−366, M = Fe, Mn, Cu)
were fabricated by changing the metal atoms in the center of the porphyrin framework. The physico-
chemical characteristics of MPor−COF−366 (M = Fe, Mn, Cu) composites were fully analyzed by di-
verse electron microscopy and spectroscopy. Under optimal conditions, experiments on determining
butylated hydroxy anisole (BHA) at FePor−COF−366/GCE were conducted using differential pulse
voltammetry (DPV). It is noted that the FePor−COF−366/GCE sensor showed excellent electrocat-
alytic performance in the electrochemical detection of BHA, compared with MnPor−COF−366/GCE
and CuPor−COF−366/GCE. A linear relationship was obtained for 0.04–1000 μM concentration of
BHA, with a low detection limit of 0.015 μM. Additionally, the designed sensor was successfully
employed to detect BHA in practical samples, expanding the development of COF-based composites
in electrochemical applications.

Keywords: electrochemical biosensor; covalent organic frameworks; metalloporphyrin; BHA

1. Introduction

As a synthetic phenolic antioxidant, butylated hydroxy anisole (BHA) is frequently
employed in food packaging, biofuels, and pharmaceutical formulations [1]. It has the
effect of preventing or delaying the oxidative deterioration of food, thereby improving
food stability and prolonging the shelf life of food [2,3]. If the content of BHA exceeds the
specified level, it can cause serious health problems in humans, including nutrient loss and
even toxic effects [4,5]. Hence, the negative impacts of BHA on human health restrict its
application in food goods, and a quick, sensitive, and accurate method to quantify BHA
is required.

Several techniques have been developed for determining BHA, including micellar
electrokinetic capillary chromatography, gas chromatography, high-performance liquid
chromatography, and spectrophotometry [6–10]. However, these methods often encounter
difficulties associated with cumbersome or time-consuming procedures. Electrochemical
technology has been utilized for the quantitative analysis of BHA owing to its advantages
of simple operation, high sensitivity, and rapid response [11–14]. However, develop-
ing advanced materials to achieve high electrochemical performance remains a major
research goal.

Covalent organic frameworks (COFs) are formed by powerful covalent links between
light elements with a reticular network of molecular building blocks, and exhibit an excep-
tionally high surface area and high stability, displaying a wide range of applications [15–18].
Porphyrins are widely used as building blocks for the assembly of covalent organic frame-
works because of their high stability, easy chelation with metal ions, and ease of modifica-
tion [19]. Several porphyrin-based COFs (Por-COFs) have been constructed for use in elec-
tro chemiluminescence, heterogeneous catalysis, and photooxidization reactivity [20–22].
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In addition, metalloporphyrin COFs (MPor-COFs) possess a unique N-C framework, which
offers a novel platform for the preparation of self-supporting M-N-C sites with intrinsic
metal coordination for use as porous electrocatalysts [23]. However, to our knowledge, the
usage of MPor-COFs as electrode materials to improve electrochemical performance has
rarely been investigated.

In this work, we synthesized a series of two-dimensional nanomaterials based on
MPor−COF−366. Firstly, Por−COF−366 was produced by the condensation reaction of
5,10,5,20-tetra(4-aminophenyl)porphyrin (TAPP) and 1,3,5-benztriformaldehyde (BDA)
under acidic conditions. Strong covalent bonds were constructed by using porphyrin
macrocycle molecules as building blocks. Then, Por−COF−366 was impregnated with
FeSO4·6H2O, MnSO4·4H2O and CuCl2·6H2O, respectively, to obtain the final composites
MPor−COF−366 (M = Fe, Mn, Cu). Subsequently, to fabricate an electrochemical sensor,
the obtained nanocomposites were fixed on the glass carbon electrode (GCE) surface.
The sensor exhibited remarkable catalytic activity and selectivity towards BHA, as the
synergistic effect of Por-COFs and metal atoms endowed the sensor with unique properties.

2. Materials and Methods

2.1. Materials

Chemicals were used exactly as bought and all were of analytical grade. The following
substances were obtained from Shanghai Tansoole: 5,10,5,20-tetra(4-aminophenyl)porphyrin
(TAPP), 1,3,5-benztriformaldehyde (BDA), 1,4-dioxane, ethanol, tetrahydrofuran, and ace-
tone. Other chemicals were bought from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China), including CuCl2·6H2O, FeSO4·6H2O, MnSO4·4H2O, CH2Cl2, methanol, acetic acid,
and 1,3,5-trimethylbenzene. As a supporting electrolyte, phosphate buffer solution was
prepared using 0.1 M NaH2PO4/Na2HPO4.

2.2. Synthesis of Por−COF−366, MPor−COF−366 (M = Fe, Mn, Cu)

Por−COF−366 was synthesized according to a previously reported method with some
modifications [24]. TAPP (18 mg, 0.025 mM), BDA (10 mg, 0.075 mM), 1.0 mL ethanol,
1.0 mL mesitylene, and 0.25 mL acetic acid (6 M) were added into a 5 mL glass bottle.
The mixed solution was ultrasonically dispersed for 5 min, followed by stirring at room
temperature for 15 min, then transferred to a Teflon-sealed reactor and heated to 120 °C
(72 h). Following the reaction, the product was filtered and collected, then washed with 1,
4-dioxane, THF, and acetone, respectively, and finally dried under vacuum at 40 °C for 12 h
to obtain Por−COF−366.

Por−COF−366 (20.0 mg) and FeSO4·7H2O (25 mg, 0.1 mM) were dissolved in a
mixture of 12 mL dichloromethane and methanol. The mixture was stirred continuously
for 24 h. After centrifugation, the composites were washed with CH2Cl2 and were dried
under vacuum at 60 ◦C for 12 h to obtain the product FePor−COF−366. After replacing the
metal salts with MnCl2·6H2O and CuCl2·6H2O, MnPor−COF−366 and CuPor−COF−366
were obtained by the same synthesis process.

2.3. Preparation of MPor−COF−366 (M = Fe, Mn, Cu) Modified Electrode

GCE was meticulously polished with α-Al2O3 before being sequentially rinsed in
water and ethanol and then dried under N2. The GCE surface was coated with 5.0 μL
of FePor−COF−366 (1 mg/mL) suspension, and dried using infrared light. After that,
2.0 μL 5 % chitosan solution was selected as binder. MnPor−COF−366/GCE, CuPor−COF
−366/GCE, and Por−COF−366/GCE were all modified using the same method.

2.4. Preparation of Samples

Rapeseed, corn, and peanut oils were bought at a nearby grocery. Then, 1.0 g of the
material was dissolved in 10 mL of ethanol. The product was centrifuged after being
oscillated for 10 min. The supernatant was collected, and filtered through a Millipore nylon
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filter with a 0.22 μm pore size. A 1.0 mL aliquot of the final product was put into 9.0 mL of
pH 4.0 PBS for further analysis.

2.5. Characterizations

The morphology of the composites was examined using transmission electron mi-
croscopy (TEM, Tecnai 12, 120 KV, Amsterdam, Netherlands) and scanning electron mi-
croscopy (SEM, S-4800II, Tokyo, Japan). A Cary 610/670 infrared microspectrometer
(Varian, Palo Alto, Santa Clara, CA, USA) was employed to obtain the FTIR spectra. Uti-
lizing a D8 Advance X-ray diffractometer (Bruker Co., Karlsruhe, Germany), the X-ray
diffraction (XRD) patterns were gathered from 1.5◦ to 80◦ at ambient temperature. XPS
testing was carried out using an ESCALAB 250Xi XPS spectrometer from Thermo Scientific,
Massachusetts, USA with an aluminum Kα X-ray source.

2.6. Electrochemical Analysis

A CHI852C electrochemical analyzer (Shanghai Chenhua Co., Shanghai, China) was
applied for all electrochemical tests. A standard three-electrode system was employed to
perform cyclic voltammetry (CV) and differential pulse voltammetry (DPV).

3. Results and Discussions

3.1. Characterizations of Synthesized Composites

The morphologies of Por−COF−366 and MPor−COF−366 composites were character-
ized using SEM and TEM measurements. In Figure 1A, it is shown that Por−COF−366 is a
generally spherical nanomaterial with a size of 180 nm on average. After coordination with
metal ions, the surfaces of MPor−COF−366 composites became rough, but the morphology
did not change significantly.

 

Figure 1. SEM and TEM (inset) images of (A) Por−COF−366, (B) FePor−COF−366, (C) MnPor
−COF−366, and (D) CuPor−COF−366.

To further confirm the structure and crystallinity of the produced Por−COF−366 and
MPor−COF−366, spectral PXRD analysis was performed. As displayed in Figure 2A, the
obvious characteristic diffraction peak at 2θ = 3.5◦ was attributed to the (100) plane. Other
weaker peaks appeared at 2θ = 6.1◦ and 7.9◦, corresponding to the (110) and (200) planes,
respectively, which were consistent with the reported data [25]. In addition, Por−COF−366
and MPor−COF−366 composites exhibited sharp pyrrole ring vibration at 797 cm−1, and
the characteristic stretching vibrations of C=N at 1623 cm−1 were seen in FTIR spectrum
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(Figure 2B). There were also absorbance peaks at 1691 cm−1 and 3325 cm−1, which were
attributed, respectively, to the residual C=O and stretching N-H vibration of residual -NH2
groups [26].

 
Figure 2. (A) XRD patterns and (B) FTIR spectra of Por−COF−366 and MPor−COF−366 (M = Fe,
Mn, Cu).

Furthermore, Figure 3 shows the XPS measurements to evaluate the chemical state of
the as-synthesized Por−COF−366 and MPor−COF−366 composites. The survey spectrum
is shown in Figure 3A, revealing that the composites were composed of Fe, Mn, Cu, N,
O, and C species. Figure 3B shows the spectrum of Fe 2p. The FePor−COF−366 was
successfully synthesized, as evidenced by the four main peaks at 711.4, 715.9, 724.5, and
728.5 eV, which were consistent with the Fe2+ 2p3/2, Fe3+ 2p3/2, Fe2+ 2p1/2, and Fe3+

2p1/2, respectively [27,28]. Additionally, Mn 2p in the XPS spectra shown in Figure 3C
contained peaks at around 642.3 and 654.6 eV that were attributed to Mn 2p2/3 and Mn
2p1/2, respectively. Manganese ions were found to exist as Mn4+ with spin-orbital splitting
of 12.3 eV [29]. Another peak at 646.7 eV was assigned to Mn3+, indicating that the
process may have created Mn in a lower oxidation state [30]. Additionally, as depicted
in Figure 3D, the typical peaks at 954.2 and 934.4 eV corresponded to Cu 2p1/2 and Cu
2p3/2, respectively [31]. Typical peaks of the Cu(II) state were observed as two satellite
peaks at about 963.12 and 943.46 eV [32]. These findings agreed with those of the XRD and
FTIR analyses.

3.2. Electrochemical Properties

The changes between the electrode interface and the solution were investigated using
electrochemical impedance spectroscopy (EIS) in 5.0 mM [Fe(CN)6]3−/4− electrolyte [33].
The characteristic EIS plots of the different electrodes are shown, and an equivalent circuit
(Randles model) is provided in the inset of Figure 4A. The Randles equivalent electrical
circuit model consists of the electrode surface resistance (Rs), the element of interfacial
electron transfer resistance (Rct), Warburg impedance (Zw), and the constant phase an-
gle element (CPE). In the Nyquist impedance plot, a straight line at low frequencies was
associated with a diffusion-limited process, and a small semicircle at high frequencies
was associated with an electron-transfer-limited process. The semicircle is equal to the
value of Rct, and the GCE revealed the largest Rct value (166.5 Ω). After immobiliz-
ing the Por−COF−366, the Rct value decreased to 77.2 Ω, indicating that the presence of
Por−COF−366 lowered the charge transfer barrier, which may have been caused by the π-π
stacking interaction between Por−COF−366. Because electrons were delocalized on all con-
jugated nanocomposites, the mobility of electrons was effectively enhanced. The Rct values
of the MPor−COF−366 modified electrodes followed the orderFePor−COF−366 (88.6 Ω) <
MnPor−COF−366 (96.7 Ω) < CuPor−COF−366 (104.1 Ω), indicating that MPor−COF−366
can effectively improve electron transfer and electrochemical activity.
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Figure 3. (A) Full spectrum diagram of (a) Por−COF−366, (b) MnPor−COF−366, (c) CuPor
−COF−366, and (d) FePor−COF−366. XPS analysis of (B) Fe 2p, (C) Mn 2p, and (D) Cu 2p.

 
Figure 4. (A) EIS of bare GCE, Por−COF−366, and MPor−COF−366 (M = Fe, Mn, Cu). (Inset is the
Randle circuit model). (B) CV values of bare GCE, Por−COF−366, and MPor−COF−366 (M = Fe,
Mn, Cu) in 0.1 M PBS (pH 4.0) with the presence of 50 μM BHA at a scan rate of 100 mV s−1.

The electrochemical behaviours of GCE, Por−COF−366/GCE, and MPor−COF−366/
GCE were investigated through CV. As exhibited in Figure 4B, the redox peaks in the
modified electrodes were well-defined and the electrochemical activity was significantly
improved compared with the weak redox peaks on GCE. The anodic peaks located at 0.106
and 0.247 V belonged to butylated hydroquinone and BHA, respectively. The cathodic peak
at 0.014 was assigned to tert-butylquinone (TBQ). Compared with CuPor−COF−366/GCE
and MnPor−COF−366/GCE, a narrowed redox peak potential separation (ΔEp) and en-
hanced peak current value were observed after modification with FePor−COF−366/GCE.
The ΔEp value in a cyclic voltammogram is one of the important factors for estimating
the electron charge-transfer rate at the electrode–electrolyte interface. Generally, the ΔEp
value is inversely proportional to the charge-transfer rate constant. Here, the ΔEp values
decreased in the sequence CuPor−COF−366/GCE (263.5 mV) > MnPor−COF−366/GCE
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(232.5 mV) > FePor−COF−366/GCE (229.5 mV). The results indicated that the engineered
FePor−COF−366 largely minimized the electron-transfer barrier between the redox species
and the electrode. The peak currents of the various modified electrodes followed the order
FePor−COF−366 > MnPor−COF−366 > CuPor−COF−366 > Por−COF−366 > bare GCE,
indicating that the introduction of Por−COF−366 and MPor−COF−366 can effectively
improve the electrochemical activity of the electrode. Among all the investigated samples,
the FePor−COF−366 exhibited the best electrochemical response. This phenomenon may
be due to the fact that atomically dispersed Fe in the porphyrin macrocycle was coordinated
as the catalytically active centre, which was fully exposed to the interaction with BHA,
providing a greater specific surface area, increasing the quantity of open active sites, and
improving the speed of electron transfer in the composite.

3.3. Optimization of the Experimental Parameters

Figure 5A depicts the results of investigation into the effect of pH values on the DPV
response of BHA, for FePor−COF−366/GCE over a potential range of 0.1 to 0.8 V at various
pH ranges from 2.0 to 6.0. With the increase of solution pH, the oxidation peak current of
BHA showed first an increasing trend and then a decrease. The maximum current of BHA
was reached at pH 4.0. At pH values between 4.0 and 6.0, a decrease was observed in the
oxidation peak current value. Hence, PBS with pH value of 4.0 was selected for the analysis
that followed. Furthermore, as the electrolyte pH increased, the anodic peak potential (Epa)
of BHA oxidation exhibited markedly negative movement, showing that protons were
implicated in the electro-oxidation of BHA. The linear formula for the relationship between
pH and the oxidation peak potential of BHA is: Epa(V) = −0.0572 pH + 0.6832 (R2 = 0.9949).
The peak potential and pH are related by:

dEp

dpH
=

2.303mRT
nF

Figure 5. (A) Effect of pH on the peak currents of BHA, the inset is the linear relationship between
pH values and electric potential; (B) CV values of the FePor−COF−366/GCE in 0.1 M PBS (pH
4.0) containing 50 μM BHA at different scan rates, the insets are (a) the linear relationship between
currents and sweep-speed square root, and (b) the linear relationship between redox peak potentials
(Ep) and lnν.

Substituting the equivalency of the slope values of the Ep versus pH plot resulted
in an m/n ratio of 1, showing that the process involved an equal number of protons and
electrons [34].
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CV experiments at various scan speeds were carried out to investigate the electro-
chemical redox reaction kinetics of BHA on FePor−COF−366/GCE surfaces. Figure 5B
indicates how the peak current grew progressively as the scan rate increased between 25
and 350 mV s−1. The anodic and cathodic peak currents and the square root of the scan
rates were linearly related, and followed the equations: Ipa (μA) = −0.3314 + 0.3415 ν1/2,
(R2 = 0.9986); Ipc (μA) =−0.1525− 0.0737 ν1/2, (R2 = 0.9834) (Inset a in Figure 5B). Diffusion
was therefore primarily in charge of controlling the redox reaction process. The reduction
peak potential (Epc) shifted in a more negative direction as the scan rate increased, while
the oxidation peak potential (Epa) steadily moved in a more positive direction. The peak
potentials and lnν can be represented by the linear equations: Epa (V) = 0.4346 + 0.0163 lnν,
(R2 = 0.9967); Epc (V) = 0.0812 − 0.0216 lnν, (R2 = 0.9833) (Inset b in Figure 5B). The Laviron
equation states:

Epa = Eθ +

(
RT
αnF

)
ln v (1)

Epc = Eθ −
[

RT
(1− α)nF

]
ln v (2)

The linear slopes of Epa and Epc relative to lnν are RT/αnF and RT/((1 − α)nF),
respectively. n can be calculated as 2.1. Because the oxidation of BHA is a two-electron
transfer process, two electrons and two protons are included in the redox reaction [35]. The
reaction mechanism is shown in Figure 6.

Figure 6. Electrochemical oxidation mechanism of BHA.

Furthermore, the accumulation step can be considered an effective method for improv-
ing the assay sensitivity. As shown in Figure 7A, the influence of accumulated potential
on the peak current of BHA was tested from −0.3 to 0.2 V. The peak current reached
its maximum value at −0.1 V, indicating that −0.1 V was favourable for the detection
of BHA. As indicated in Figure 7B, considering the accumulation time, the peak current
rose and reached its highest value at 60 s. As the amount of time increased, saturation of
the BHA molecules occurred on the modified electrode. Therefore, 60 s was selected for
subsequent studies.

 

Figure 7. Influence of (A) accumulation potential and (B) time on the peak currents of BHA.
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3.4. Analytical Performance

DPV was applied under optimal conditions to study the relationship between peak
current and BHA concentration (Figure 8A). According to the linear regressions illustrated
in Figure 8B, the peak currents of BHA were proportional to its concentrations between
0.04–100 and 100–1000 μM, with the linear regressions: Ipa (μA) = 0.3415 C − 0.3314
(C: 0.04–100 μM, R2 = 0.998) and Ipa (μA) = 0.1525 C − 0.0737 (C: 100–1000 μM, R2 = 0.997).
The two linear regions in Figure 8B can be explained as follows: when the concentration of
BHA was low, BHA was deposited on the electrode surface; at this time, the electrochemical
oxidation process was mainly controlled by the adsorption process, and BHA molecules on
the electrode surface were rapidly transformed. With the increase of BHA concentration,
more BHA molecules were deposited on the surface of the modified electrode, and the
mass transfer resistance increased, leading to the decrease of sensitivity. The detection limit
was calculated as 0.015 μM, using a signal-to-noise ratio of 3 (S/N).

 

Figure 8. (A) DPV values for FePor−COF−366/GCE detection of BHA with different concentrations
(from a to t: 0.04, 0.07, 0.1, 0.4, 0.7, 1.0, 4.0, 7.0, 10, 40, 70, 100, 150, 200, 300, 400, 500, 600, 700, 1000 μM)
in 0.1 M pH 4.0 PBS. (B) Calibration plot of peak current versus BHA concentrations. Inset: trend of
current intensity at low BHA concentrations.

According to the data in Table 1, comparing the performance of FePor−COF−366/GCE
with other BHA sensors, FePor−COF−366/GCE had the lowest detection limit and the
widest linear region. Several factors could account for its high analytical performance:
(1) The metal porphyrins exist in a monomolecular state through the connection of metal
ions, so that the metal ions are separated from each other and avoid aggregation, thereby
increasing the catalytic active site and improving the catalytic activity; (2) the rigid and
conjugated structure of Por-COFs at the molecular level endows them with inherent porous
properties, enabling them to adsorb more BHA molecules; (3) Por-COFs have abundant π
electron conjugated macrocycles, which can enhance affinity for BHA by π–π stacking and
hydrogen bonding.
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Table 1. Comparison of this work with other electrochemical materials for BHA detection.

Electrode Materials Line Range (μM) Detection Limit (μM) Ref.

Poly carminic acid/MWCNT 1 0.25–75 0.23 [36]
AuNPs 2/GCE 0.55–8.3 0.22 [37]
SPE–MWCNT 3 0.5–10 0.18 [38]
GCE/IrOxNPs 4 1–280 0.60 [39]

ZnO TPHS 5@GO 6 hybrid/GCE 0.3–60 0.04 [40]
Au-NP/Graphite 3.3–400 0.5 [41]
Surfactant/CPE 7 1.1–10.2 0.07 [42]

Core-shell MIP 8/GCE 0.6–300 1.62 [43]
FePor−COF−366/GCE 0.04–1000 0.015 This Work

1 MWCNT: multiwalled carbon nanotube, 2 AuNPs: gold nanoparticles, 3 SPE-MWCNT: multi-walled carbon
nanotube modified screen-printed electrodes, 4 IrOxNPs: iridium oxide nanoparticles, 5 TPHS: hierarchical
triple-shelled porous hollow spheres, 6 GO: graphene oxide, 7 CPE: carbon paste electrode, 8 MIP: molecularly
imprinted polymer.

3.5. Interference, Stability, and BHA Detection

A number of potential coexisting substances were evaluated by DPV in 50 μM BHA,
to examine the selectivity of the sensor. These experiments showed that many inorganic
ions, including Zn2+, Mn2+, Mg2+, Cl−, and SO4

2−, did not obstruct the measurement
of BHA. Furthermore, the BHA measurement was unaffected by ascorbic acid, glucose,
and L-cysteine concentrations that were 20-fold greater. Butylated hydroxytoluene (BHT)
is another phenolic antioxidant which shares the same hydroxyl group as BHA and can
be oxidized close to the potential of BHA. It was found that BHT had no impact on the
detection of BHA, even at a 20-fold concentration. Together, these findings demonstrate
the great selectivity of the electrochemical sensor for BHA detection. Storage stability was
assessed by storing a batch of freshly manufactured electrodes in a refrigerator at 4 ◦C and
taking measurements every three days. After a lengthy storage period of 21 days, it was
discovered that approximately 91.2% of the initial value was maintained. The outcomes
amply demonstrated the sensor’s ideal stability. Moreover, there was no evident decrease
of current response observed after 35 cycles, and 95% of its original value was maintained.
Three parallel measurements were taken for each sample, using the standard addition
method, to assess the usefulness of the constructed electrochemical sensor. Table 2 showed
that the recoveries ranged from 98.4 to 102.2%, and the RSD values ranged from 1.5% to
3.4%, indicating that the electrochemical sensor was capable of detecting the presence of
BHA in actual samples.

Table 2. Determination of BHA in real samples by FePor−COF−366/GCE.

Samples Added (μM) Obtained (μM) RSD (%) Recovery (%)

Peanut oil
0 Not detected - -

5.0 4.98 2.8 99.6
50.0 50.6 3.4 101.2

Rapeseed oil
0 Not detected - -

5.0 4.92 1.5 98.4
50.0 49.4 2.3 100.4

Corn oil
0 Not detected - -

5.0 5.11 3.0 102.2
50.0 49.4 2.1 98.8

4. Conclusions

In conclusion, the pre-designed Por-COFs were successfully used as metallization
modification matrixes, and the metal atoms were regulated in the form of coordinated metal-
N4 as special functional modulators. The resulting FePor-COFs demonstrated distinctly
higher electrocatalytic response for BHA in terms of wide linear range, low detection limit,
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high sensitivity, superior selectivity, and good reproducibility. This study not only describes
an attractive and efficient catalyst electrode for BHA determination, but also opens a new
avenue for the design and development of two-dimensional porphyrin COFs as sensors for
electrochemical detection of small molecules.

Author Contributions: Conceptualization, methodology, data curation and writing—original draft,
H.C.; methodology, data curation, X.S.; methodology, data curation, X.Z.; writing—review and
editing, S.U.K.; funding acquisition, Y.W. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (22174124),
and a project funded by the Priority Academic Program Development of Jiangsu Higher Education
Institutions (PAPD).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not available.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wang, P.; Han, C.Y.; Zhou, F.Y.; Lu, J.S.; Han, X.G.; Wang, Z.W. Electrochemical determination of tert-butylhydroquinone and
butylated hydroxyanisole at choline functionalized film supported graphene interface. Sens. Actuators B Chem. 2016, 224, 885–891.
[CrossRef]

2. Wang, L.; Yang, R.; Wang, H.; Li, J.J.; Qu, L.B.; Harrington, P.B. High-selective and sensitive voltammetric sensor for butylated
hydroxyanisole based on AuNPs-PVP-graphene nanocomposites. Talanta 2015, 138, 169–175. [CrossRef] [PubMed]

3. Yue, X.Y.; Song, W.S.; Zhu, W.X.; Wang, J.L.; Wang, Y.R. In situ surface electrochemical co-reduction route towards controllable
construction of AuNPs/ERGO electrochemical sensing platform for simultaneous determination of BHA and TBHQ. Electrochim.
Acta 2015, 182, 847–855. [CrossRef]

4. Freitas, K.H.; Fatibello-Filho, O. Simultaneous determination of butylated hydroxyanisole (BHA) and butylated hydroxytoluene
(BHT) in food samples using a carbon composite electrode modified with Cu3(PO4)2 immobilized in polyester resin. Talanta 2010,
81, 1102–1108. [CrossRef] [PubMed]

5. Manoranjitham, J.J.; Narayanan, S.S. Electrochemical sensor for determination of butylated hydroxyanisole (BHA) in food
products using poly O-cresolphthalein complexone coated multiwalledcarbon nanotubes electrode. Food Chem. 2021, 342, 128246.
[CrossRef] [PubMed]

6. Delgado-Zamarreño, M.M.; González-Maza, I.; Sánchez-Pérez, A.; Carabias Martínez, R. Analysis of synthetic phenolic antioxi-
dants in edible oils by micellar electrokinetic capillary chromatography. Food Chem. 2007, 100, 1722–1727. [CrossRef]

7. Akkbik, M.; Assim, Z.B.; Ahmad, F.B. Optimization and Validation of RP-HPLC-UV/Vis Method for Determination Phenolic
Compounds in Several Personal Care Products. Int. J. Anal. Chem. 2011, 2011, 858153. [CrossRef]

8. Chen, M.; Hu, X.J.; Tai, Z.G.; Qin, H.; Tang, H.N.; Liu, M.S.; Yang, Y.L. Determination of Four Synthetic Phenolic Antioxidants in
Edible Oils by High-Performance Liquid Chromatography with Cloud Point Extraction Using Tergitol TMN-6. Food Anal Methods
2012, 6, 28–35. [CrossRef]

9. Davoli, E.; Bastone, A.; Bianchi, G.; Salmona, M.; Diomede, L. A simple headspace gas chromatography/mass spectrometry
method for the quantitative determination of the release of the antioxidants butylated hydroxyanisole and butylated hydroxy-
toluene from chewing gum. Rapid Commun. Mass Spectrom. 2017, 31, 859–864. [CrossRef]

10. Capitan-Vallvey, L.F.; Valencia, M.C.; Nicolas, E.A. Monoparameter sensors for the determination of the antioxidants butylated
hydroxyanisole and n-propyl gallate in foods and cosmetics by flow injection spectrophotometry. Analyst 2001, 126, 897–902.
[CrossRef]

11. Shu, Y.; Li, B.; Xu, Q.; Gu, P.; Xiao, X.; Liu, F.P.; Yu, L.Y.; Pang, H.; Hu, X.Y. Cube-like CoSn(OH)6 nanostructure for sensitive
electrochemical detection of H2O2 in human serum sample. Sens. Actuators B Chem. 2017, 241, 528–533. [CrossRef]

12. Wang, J.; Li, N.; Xu, Y.X.; Pang, H. Two-Dimensional MOF and COF Nanosheets: Synthesis and Applications in Electrochemistry.
Chem. Eur. J. 2020, 26, 6402–6422. [CrossRef] [PubMed]

13. Chen, Y.L.; Xie, Y.; Sun, X.; Wang, Y.; Wang, Y. Tunable construction of crystalline and shape-tailored Co3O4@TAPB-DMTP-COF
composites for the enhancement of tert-butylhydroquinone electrocatalysis. Sens. Actuators B Chem. 2021, 331, 129438. [CrossRef]

14. Wang, J.; Xu, Q.; Xia, W.W.; Shu, Y.; Jin, D.Q.; Zang, Y.; Hu, X.Y. High sensitive visible light photoelectrochemical sensor based on
in-situ prepared flexible Sn3O4 nanosheets and molecularly imprinted polymers. Sens. Actuators B Chem. 2018, 271, 215–224.
[CrossRef]

15. Zhu, R.M.; Ding, J.W.; Jin, L.; Pang, H. Interpenetrated structures appeared in supramolecular cages, MOFs, COFs. Coord. Chem.
Rev. 2019, 389, 119–140. [CrossRef]

162



Biosensors 2022, 12, 975

16. Huang, Z.L.; Xu, Q.; Hu, X.Y. Covalent organic frameworks functionalized carbon fiber paper for the capture and detection of
hydroxyl radical in the atmosphere. Chin. Chem. Lett 2020, 31, 2495–2498. [CrossRef]

17. Zhang, T.; Chen, Y.L.; Huang, W.; Wang, Y.; Hu, X.Y. A novel AuNPs-doped COFs composite as electrochemical probe for
chlorogenic acid detection with enhanced sensitivity and stability. Sens. Actuators B Chem. 2018, 276, 362–369. [CrossRef]

18. Xie, Y.; Zhang, T.; Chen, Y.L.; Wang, Y.; Wang, L. Fabrication of core-shell magnetic covalent organic frameworks composites and
their application for highly sensitive detection of luteolin. Talanta 2020, 213, 120843. [CrossRef]

19. Sun, Y.; Chen, C.Y.; Liu, J.B.; Liu, L.Z.; Tuo, W.; Zhu, H.T.Z.; Lu, S.; Li, X.P.; Stang, P.J. Self-Assembly of Porphyrin-Based
Metallacages into Octahedra. J. Am. Chem. Soc. 2020, 142, 17903–17907. [CrossRef]

20. Cai, W.R.; Zeng, H.B.; Xue, H.G.; Marks, R.S.; Cosnier, S.; Zhang, X.J.; Shan, D. Enhanced Electrochemiluminescence of Porphyrin-
Based Metal-Organic Frameworks Controlled via Coordination Modulation. Anal. Chem. 2020, 92, 1916–1924. [CrossRef]

21. Liu, M.J.; Cao, S.M.; Feng, B.Q.; Dong, B.X.; Ding, Y.X.; Zheng, Q.H.; Teng, Y.L.; Li, Z.W.; Liu, W.L.; Feng, L.G. Revealing the
structure-activity relationship of two Cu-porphyrin-based metal-organic frameworks for the electrochemical CO2-to-HCOOH
transformation. Dalton Trans. 2020, 49, 14995–15001. [CrossRef] [PubMed]

22. Wu, L.T.; Han, C.; Wang, Z.J.; Wu, X.; Su, F.; Li, M.Y.; Zhang, Q.Y.; Jing, X.B. Porphyrin-Based Organoplatinum(II) Metallacycles
With Enhanced Photooxidization Reactivity. Front Chem. 2020, 8, 262. [CrossRef] [PubMed]

23. Chen, R.F.; Wang, Y.; Ma, Y.; Mal, A.; Gao, X.Y.; Gao, L.; Qiao, L.J.; Li, X.B.; Wu, L.Z.; Wang, C. Rational design of isostructural
2D porphyrin-based covalent organic frameworks for tunable photocatalytic hydrogen evolution. Nat. Commun. 2021, 12, 1354.
[CrossRef] [PubMed]

24. Wan, S.; Gándara, F.; Asano, A.; Furukawa, H.; Saeki, A.; Dey, S.K.; Liao, L.; Ambrogio, M.W.; Botros, Y.Y.; Duan, X.F.; et al.
Covalent Organic Frameworks with High Charge Carrier Mobility. Chem. Mater. 2011, 23, 4094–4097. [CrossRef]

25. Wang, D.W.; Zhang, Z.; Lin, L.; Liu, F.; Wang, Y.B.; Guo, Z.P.; Li, Y.H.; Tian, H.Y.; Chen, X.S. Porphyrin-based covalent organic
framework nanoparticles for photoacoustic imaging-guided photodynamic and photothermal combination cancer therapy.
Biomaterials 2019, 223, 119459. [CrossRef]

26. Meng, F.L.; Qian, H.L.; Yan, X.P. Conjugation-regulating synthesis of high photosensitizing activity porphyrin-based covalent
organic frameworks for photodynamic inactivation of bacteria. Talanta 2021, 233, 122536. [CrossRef]

27. Xu, Q.T.; Xue, H.G.; Guo, S.P. FeS2 walnut-like microspheres wrapped with rGO as anode material for high-capacity and
long-cycle lithium-ion batteries. Electrochim. Acta 2018, 292, 1–9. [CrossRef]

28. Dai, L.X.; Li, W.L.; Zhou, K.H.; Tang, D.M.; Han, Y.; Wu, X.Y.; Wu, H.Y.; Diao, G.W.; Chen, M. Interfacial anchoring effect for
enhanced lithium storage performance of sesame balls-like Fe3O4/C hollow nanospheres. J. Electroanal. Chem. 2019, 855, 113626.
[CrossRef]

29. Shu, Y.; Xu, J.; Chen, J.Y.; Xu, Q.; Xiao, X.; Jin, D.Q.; Pang, H.; Hu, X.Y. Ultrasensitive electrochemical detection of H2O2 in living
cells based on ultrathin MnO2 nanosheets. Sens. Actuators B Chem. 2017, 252, 72–78. [CrossRef]

30. Wei, C.Z.; Cheng, C.; Ma, L.; Liu, M.N.; Kong, D.C.; Du, W.M.; Pang, H. Mesoporous hybrid NiOx-MnOx nanoprisms for flexible
solid-state asymmetric supercapacitors. Dalton Trans. 2016, 45, 10789–10797. [CrossRef]

31. Gao, Y.J.; Yang, F.Y.; Yu, Q.H.; Fan, R.; Yang, M.; Rao, S.Q.; Lan, Q.C.; Yang, Z.J.; Yang, Z.Q. Three-dimensional porous Cu@Cu2O
aerogels for direct voltammetric sensing of glucose. Mikrochim Acta 2019, 186, 192. [CrossRef] [PubMed]

32. He, H.; Dong, J.; Li, K.; Zhou, M.; Xia, W.W.; Shen, X.S.; Han, J.R.; Zeng, X.H.; Cai, W.P. Quantum dot-assembled mesoporous
CuO nanospheres based on laser ablation in water. RSC Adv. 2015, 5, 19479–19483. [CrossRef]

33. Jiang, J.J.; Ding, D.; Wang, J.; Lin, X.Y.; Diao, G.W. Three-dimensional nitrogen-doped graphene-based metal-free electrochemical
sensors for simultaneous determination of ascorbic acid, dopamine, uric acid, and acetaminophen. Analyst 2021, 146, 964–970.
[CrossRef] [PubMed]

34. Mao, A.R.; Li, H.B.; Yu, L.Y.; Hu, X.Y. Electrochemical sensor based on multi-walled carbon nanotubes and chitosan-nickel
complex for sensitive determination of metronidazole. J. Electroanal. Chem. 2017, 799, 257–262. [CrossRef]

35. Yang, C.; Liu, M.M.; Bai, F.Q.; Guo, Z.Z.; Liu, H.; Zhong, G.X.; Peng, H.P.; Chen, W.; Lin, X.H.; Lei, Y.; et al. An electrochemical
biosensor for sensitive detection of nicotine-induced dopamine secreted by PC12 cells. J. Electroanal. Chem. 2019, 832, 217–224.
[CrossRef]

36. Ziyatdinova, G.; Guss, E.; Budnikov, H. Amperometric sensor based on MWNT and electropolymerized carminic acid for the
simultaneous quantification of TBHQ and BHA. J. Electroanal. Chem. 2020, 859, 113885. [CrossRef]

37. Lin, X.Y.; Ni, Y.N.; Kokot, S. Glassy carbon electrodes modified with gold nanoparticles for the simultaneous determination of
three food antioxidants. Anal. Chim. Acta 2013, 765, 54–62. [CrossRef] [PubMed]

38. Caramit, R.P.; de Freitas Andrade, A.G.; Gomes de Souza, J.B.; de Araujo, T.A.; Viana, L.H.; Trindade, M.A.G.; Ferreira, V.S. A new
voltammetric method for the simultaneous determination of the antioxidants TBHQ and BHA in biodiesel using multi-walled
carbon nanotube screen-printed electrodes. Fuel 2013, 105, 306–313. [CrossRef]

39. Roushani, M.; Sarabaegi, M. Electrochemical detection of butylated hydroxyanisole based on glassy carbon electrode modified by
iridium oxide nanoparticles. J. Electroanal. Chem. 2014, 717, 147–152. [CrossRef]

40. Gan, T.; Zhao, A.X.; Wang, S.H.; Lv, Z.; Sun, J.Y. Hierarchical triple-shelled porous hollow zinc oxide spheres wrapped in graphene
oxide as efficient sensor material for simultaneous electrochemical determination of synthetic antioxidants in vegetable oil. Sens.
Actuators B Chem. 2016, 235, 707–716. [CrossRef]

163



Biosensors 2022, 12, 975

41. Ng, K.L.; Tan, G.H.; Khor, S.M. Graphite nanocomposites sensor for multiplex detection of antioxidants in food. Food Chem. 2017,
237, 912–920. [CrossRef] [PubMed]

42. De Araujo, T.A.; Barbosa, A.M.; Viana, L.H.; Ferreira, V.S. Voltammetric determination of tert-butylhydroquinone in biodiesel
using a carbon paste electrode in the presence of surfactant. Colloids Surf. B 2010, 79, 409–414. [CrossRef] [PubMed]

43. Zhao, P.N.; Hao, J.C. Tert-butylhydroquinone recognition of molecular imprinting electrochemical sensor based on core-shell
nanoparticles. Food Chem. 2013, 139, 1001–1007. [CrossRef] [PubMed]

164



Citation: Abbasi, A.D.; Hussain, Z.;

Yang, K.-L. Aptamer-Based Gold

Nanoparticles–PDMS Composite

Stamps as a Platform for

Micro-Contact Printing. Biosensors

2022, 12, 1067. https://doi.org/

10.3390/bios12121067

Received: 28 October 2022

Accepted: 16 November 2022

Published: 23 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biosensors

Article

Aptamer-Based Gold Nanoparticles–PDMS Composite Stamps
as a Platform for Micro-Contact Printing

Amna Didar Abbasi 1, Zakir Hussain 1,* and Kun-Lin Yang 2

1 Department of Materials Engineering, School of Chemical and Materials Engineering (SCME),
National University of Sciences and Technology (NUST), Islamabad 44000, Pakistan

2 Department of Chemical and Biomolecular Engineering, National University of Singapore,
Engineering Drive 4, Singapore 117576, Singapore

* Correspondence: zakir.hussain@scme.nust.edu.pk

Abstract: In the present study, a functional template made up of in situ synthesised gold nanoparticles
(AuNPs) is prepared on polydimethylsiloxane (PDMS) for patterning of target protein onto the desired
solid substrates. Unlike previous studies in which bioreceptor probes are randomly attached to the
PDMS stamp through electrostatic interactions, herein, we propose an AuNPs–PDMS stamp, which
provides a surface for the attachment of thiol-modified biorecognition probes to link to the stamp
surface through a dative bond with a single anchoring point based on thiol chemistry. By using this
platform, we have developed the ability for microcontact printing (μCP) to selectively capture and
transfer target protein onto solid surfaces for detection purposes. After μCP, we also investigated
whether liquid crystals (LCs) could be used as a label-free approach for identifying transfer protein.
Our reported approach provides promise for biosensing of various analytes.

Keywords: liquid crystals; DMOAP; AuNPs–PDMS composite; micro-contact printing

1. Introduction

Patterning of biomolecules finds many applications in biomedical research, including
biosensing, diagnostic immunoassays, DNA hybridisation and many others [1–4]. In
biosensing, the most crucial step of sensor construction is the active placement of the
biorecognition element on to the substrate. For active placement of biorecognition elements
on surfaces, many procedures such as inkjet printing, micro arraying, electrospray and
patterning through AFM tip demonstrate great promise. However, these procedures result
in unclear patterns, protein aggregation and loss of biological activity [5]. In contrast, μCP
is an efficient and simple procedure for direct patterning biorecognition elements (proteins,
antibodies and oligos) on solid substrates without the need for photolithographic tools and
a clean room facility [6,7].

Moreover, proteins cannot be synthesised on solid substrates but can be patterned.
However, some proteins may not survive adsorption processes on surfaces. For these
sensitive proteins, μCP is an ideal patterning option. In addition, μCP combines well
with many biomedical procedures such as enzyme-linked immunosorbent assay (ELISA),
microfluidic networks and fluorescence labelling [6].

The excellent properties exhibited by PDMS, including biocompatibility, bio- and
oxidative stability, non-toxicity, optical transparency, flexibility, simple fabrication and
good mechanical properties, make PDMS an ideal candidate for use as a stamp in μCP [8,9].
Despite these remarkable properties, the hydrophobicity of PDMS (water contact angle
~108◦ ± 7◦) often limits its application in sensor construction where the active placement of
biomolecules is concerned. The undesired non-specific adsorption of proteins due to the hy-
drophobic nature of the PDMS surface results in compromised detection sensitivity [8–10].

Recently, in order to introduce biomolecules on the inert surface of PDMS, metal
nanoparticle incorporation, especially AuNPs in a polymer matrix, has gained much in-

Biosensors 2022, 12, 1067. https://doi.org/10.3390/bios12121067 https://www.mdpi.com/journal/biosensors165



Biosensors 2022, 12, 1067

terest in various fields, including in biosensing and optical devices [10–17]. As reported
in earlier studies, thiol-containing molecules may directly interact with metal surfaces to
form dative bonds [18]. Zhang et al. have proposed a simple in situ fabrication method to
prepare an AuNPs–PDMS composite without the need for additional reducing or stabil-
ising agents [12]. Since the inclusion of AuNPs on the PDMS surface makes it a suitable
platform for attachment of biorecognition probes (aptamer, proteins or antibodies) with
thiol modification [11,14,19], we propose this composite as a stamp material for attachment
of a thiol-modified aptamer based on gold-thiol chemistry, which selectively binds with
its target protein, and then transferring of target protein on the desired substrate through
μCP. At the same time, aptamers are synthetic single-stranded oligonucleotides (RNA or
DNA) that have been exploited as biorecognition probes in various bioassays due to their
high specificity and selectivity [20–23]. In this study, we chose the B40t77 RNA aptamer as
a biorecognition probe for HIV-1 surface glycoprotein gp-120. Initially, it was created for
HIV-1 therapeutics [24]. We have recently used the B40t77 aptamer to develop bioassays
for gp-120 [21,23]. The key steps involved in μCP are: (1) fabrication of PDMS stamps;
(2) in situ synthesis of gold nanoparticles on the surface of an as-prepared PDMS stamp;
(3) linking the stamp with a thiol-modified aptamer and incubating these stamps with the
target protein before μCP; and (4) conformal contact of aptamer-conjugated AuNPs–PDMS
stamps with the UV treated DMOAP-coated glass slide. In addition, liquid crystals (LCs)
have recently drawn much attention due to their distinct optical characteristics and long
range orientational order. Many researchers have exploited LCs as a signal transducer
for label-free detection of biomolecules [25–30]. To analyse the fate of transferred pro-
tein, after μCP we utilized the LCs orientational response towards patterned protein on a
DMOAP-coated slide, which yields optical readouts that are visible to the naked eye under
crossed polarizers.

In the present study, we demonstrated a AuNPs–PDMS stamp as a stable platform for
the attachment of a thiol-modified biorecognition probe based on thiol chemistry. We used
a thiol-modified RNA aptamer (B40t77 aptamer) as a probe to check the interaction between
probe oligos and stamp. Furthermore, the gp-120 protein was used as a target protein.
Before conformal contact with the desired substrate, the aptamer bound AuNPs–PDMS
stamp was incubated with a solution containing gp-120 protein. Then the PDMS stamp with
the B40t77aptamer-gp-120 complex was conformally contacted with a UV exposed DMOAP-
coated glass slide to transfer gp-120 to the DMOAP-coated glass substrate. This glass
substrate with transferred protein was then used to fabricate LCs optical cells and analysed
under the polarised optical microscope for results. Furthermore, by using 3′ 6 FAM-
conjugated thiolated Apt 8 aptamer, we further confirmed that AuNPs–PDMS stamps are
ideal stamp material for attachment of thiol-modified biorecognition probes.

2. Materials and Methods

2.1. Materials

PDMS monomer and curing agent (Sylgard 184) was purchased from Dow Corning
(Midland, MI, USA). Glycoprotein-120 was obtained from Abcam (Cambridge, UK). FITC-
hIgG was procured from Sigma Aldrich (Singapore). 2-fluoro pyrimidine substituted 77 nu-
cleotides long B40t77 RNA aptamer was custom synthesised by Gene Link (Hawthorne,
NY, USA). 2-fluoro pyrimidine substituted 23 nucleotides long Apt 8 RNA aptamer with
3′ 6-FAM and 5′ thiol modification was custom synthesised by IDT (Singapore). Tris EDTA
(1× T.E., pH-8) and PBS buffer (10×, pH-7.4) were obtained from 1st BASE (Singapore).
Decon-90 was purchased from VWR (Singapore). Microscopic glass slides were purchased
from Merienfield (Berlin, Germany). N,N-dimethyl-n-octadecyl-3aminopropyltrimethoxy-
silyl chloride (DMOAP), RNase-free water and magnesium chloride were purchased from
Sigma Aldrich (Singapore). Liquid crystals 4-cyano-4-pentylbiphenyl (5CB) were obtained
from Merck (Tokyo, Japan). Mylar transparent film was procured from Infinite Graphics
(Singapore). Gp-120 stock and working solutions were prepared in 0.01 M phosphate-
buffered saline (PBS, pH-7.4). Aptamer stock solutions were prepared by dissolving B40t77
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and Apt 8. The stock solutions were prepared in RNase-free water at room temperature
and further dilutions were prepared in T.E. buffer with 100 mM of magnesium chloride.
To ensure correct spatial folding, the aptamer solution was first heated to 95 ◦C for 3 min,
followed by cooling at room temperature for 5 min, and lastly, the solution was cooled
on ice. 0.2 μm filtered Milli-Q water (Milli-Q system, Billerica, MA, USA) was utilized to
prepare all buffer solutions.

2.2. Glass Slides Cleaning and Surface Modification with DMOAP

Glass slides were twice cleaned with deionized water followed by overnight soaking
in a solution containing 5 percent (v/v) Decon-90. Next, the glass slides were ultrasonically
cleaned for 15 min with deionized water before being thoroughly rinsed with deionized
water. For surface modification of glass slides with DMOAP, the cleaned glass slides were
immersed for 5 min in a solution containing 0.1 percent (v/v) DMOAP. The glass slides
were then rinsed with deionized water 5 times to eliminate remaining unreacted DMOAP
from the surface and afterwards dried under a compressed stream of nitrogen gas. Lastly,
to crosslink the immobilised DMOAP, these glass slides were heated to 100 ◦C in a vacuum
oven for 15 min.

2.3. Preparation of PDMS Stamps

To prepare the PDMS stamp, the prepolymer mixture (silicon elastomer and curing
agent) was first mixed thoroughly in a weight ratio of 10:1. After mixing, the air bubbles
were removed by degassing the mixture in a vacuum desiccator for 1.5 h after pouring
it on a cleaned Petri plate. After that, the prepolymer mixture was cured at 65 ◦C for
6–7 h. Finally, the cured PDMS was carefully peeled off the Petri plate and cut into the
appropriate size. To clean the PDMS, it was soaked in absolute ethanol overnight, washed
with deionised water and dried under a stream of nitrogen. Finally, the cleaned PDMS
stamp was baked at 65 ◦C for 60 min to vaporise any ethanol trapped inside it.

2.4. U.V. Treatment of PDMS Stamp and DMOAP-Coated Slide

Before modification, the surface of the prepared PDMS stamp and DMOAP-coated
glass slide was placed under a UV pen lamp (254 nm, model 11SC-1, Sigma-Aldrich,
St. Louis, MO, USA) for durations of 5 and 1 min, respectively. The distance between the
surface of the PDMS stamp and DMOAP-coated glass slide, and the UV pen lamp was kept
constant at 1.5 cm throughout all experiments.

2.5. Preparation of AuNPs–PDMS Composite Stamp

PDMS–AuNPs composite film was prepared according to the procedure in the lit-
erature [12,19]. Briefly, prepared PDMS pieces were incubated with drops of 15 μL of
0.5% HAuCl4·3H2O solution in the form of the array at 37 ◦C in a self-made humidified
chamber for 48 h. The PDMS pieces were then thoroughly rinsed with 0.22 μm filtered
milli-Q water, followed by drying under a stream of nitrogen gas. They were then stored at
4 ◦C in the refrigerator for further use.

2.6. Immobilisation of B40t77 Aptamer on AuNPs–PDMS Stamp

Drops of 15 μL pretreated aptamer solution were dispensed on the cleaned and dried
piece of PDMS–AuNPs composite stamp in the form of a small array with the help of a
micropipette and then kept in a self-made humidified chamber at 4 ◦C for 12 h. It was
reported previously that the kinetics of modification of AuNPs surfaces with thiols could
take more than one hour to complete [18]. After incubation, they were thoroughly rinsed
with RNAase-free water to remove any unbound or physically bound aptamer from the
surface and then dried under a nitrogen gas stream. They were then stored at 4 ◦C until
further use.
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2.7. Characterisation of Prepared Solid Stamp Materials

The surface morphology of bare PDMS and AuNPs–PDMS stamps was analysed using
a field emission scanning electron microscope (FE-SEM, J.S.M. 6700F) manufactured by
JEOL. Samples for FE-SEM were kept in the dry box before sample preparation for analysis.
These samples were attached to a sample holder using carbon tape and then coated with
platinum for 90 s using a sputtering coater (JEOL LFC-1300) before the examination. To
confirm the presence of AuNPs on the surface of the PDMS stamps, XRD analysis was
performed using a Bruker D8 Advance Powder X-ray diffractometer. All solid samples of
bare PDMS stamps (Section 2.3), AuNPs–PDMS stamps (Section 2.4) and AuNPs–PDMS
stamps with aptamer immobilised on the surface (Section 2.6) were analysed by UV-Vis
spectrometer (UV–Vis-NIR, Carry 5000, Varian New South Whales, Australia) in the spectral
range of 200 nm–800 nm.

2.8. Patterning of Target Protein through Micro-Contact Printing

The areas of the PDMS stamp with immobilised aptamer were covered with the target
gp-120 protein solution, followed by incubation at 37 ◦C for 1 h in a self-made humidified
chamber. After incubation, the PDMS stamp was rinsed with RNase-free water and dried
under a nitrogen gas stream. The aptamer and gp-120 protein complex immobilised PDMS
stamp surface was brought into conformal contact with a UV treated DMOAP-coated slide.
To ensure perfect contact weight, three glass slides were placed on top of this assembly
during conformal contact. After 10 min of contact in a self-made humidified chamber, the
stamp was peeled off from the DMOAP-coated glass slide surface. Then this glass slide
surface was dried under a stream of nitrogen gas before LCs analysis.

2.9. Fabrication of LCs Optical Cell

An LCs optical cell was constructed by putting together a sample glass slide and a
DMOAP-coated glass slide. At both ends of the two glass slides, mylar films of thickness
6 mm were employed to separate the two glass slides. Then these glass slides were secured
with binder clips at both ends. Capillary force was used to fill the area between the two
glass slides with around 10 μL of LCs. After 15 min, the constructed LCs optical cell was
examined with a 1× objective lens using a transmission mode polarised optical microscope
(Nikon ECLIPSE LV100POL, Tokyo, Japan).

2.10. Stability Check of the Prepared AuNPs–PDMS Stamp

To check the stability of the prepared PDMS–gold nanoparticles stamp, we used
3′ 6-FAM-conjugated thiolated aptamer (Apt 8). First, a drop of the aptamer solution was
dispensed on the surface of the PDMS stamps with and without gold nanoparticles with
the help of a micropipette and kept in a self-made humidified chamber at 4 ◦C for 12 h.
After incubation, the stamps were thoroughly rinsed with RNAase-free water to remove
any unbound or physically adsorbed aptamer. They were then dried under a nitrogen gas
stream. Both PDMS stamps were brought into conformal contact with a DMOAP-coated
glass slide separately. After 10 min of contact, the stamp was peeled off from the DMOAP-
coated glass slide surface. Then this glass slide surface was dried under a stream of nitrogen
gas in preparation for florescence analysis. The fluorescence signals were observed under a
fluorescence microscope (Eclipse E200, Nikon, Tokyo, Japan) using a 6 s exposure time.

3. Results and Discussion

3.1. Proposed Scheme of μCP of Gp-120 Protein Based on AuNPs–PDMS Composite Stamp

In the proposed study, based on gold-thiol chemistry, an appropriate amount of thiol-
modified B40t77 aptamer was allowed to immobilize onto the AuNPs–PDMS stamp. After
immobilization, the B40t77 aptamer immobilized spot areas were incubated with gp-120
solution before performing μCP. Next, the AuNPs–PDMS stamp with complex was further
used for gp-120 protein patterning on the glass slide surface. This patterning step was
carried out in a Petri plate by creating handmade humid environment inside the Petri
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plate; we observed that the humid environment aids in μCP by allowing the protein to
fall off from the stamp surface onto the glass slide surface. Finally, a glass slide patterned
with target protein was used to fabricate LCs optical cells for imaging protein patterning
results in the form of final optical responses of LCs due to their orientational transition.
The LCs final optical images analysis showed that the presence of the target protein gp-120
transferred onto the surface of UV-treated DMOAP-coated glass slide leads to disruption
of the LCs homeotropic alignment, which resulted in the bright image area. In contrast, the
dark image areas were produced due to LCs homeotropic alignment induced by DMOAP
(the orientational agent), which is coated on the glass slides surfaces (Figure 1).

Figure 1. Schematic illustration of the fabrication of AuNPs–PDMS stamp and biorecognition process,
including inking with probe aptamer, stamping and patterning target protein gp-120 on DMOAP-
coated glass slide through μCP.

3.2. Characterisation of AuNPs–PDMS Composite Stamp

There was a visible difference in colour between the prepared bare PDMS stamps and
the AuNPs–PDMS stamps. The bare PDMS stamps were transparent, but after surface
modification, they turned red, which indicates the presence of AuNPs on the surface of the
PDMS. Further, the AuNPs–PDMS stamps were characterized by UV-Vis spectroscopy, X-
ray Diffraction (XRD) and Field emission Scanning Electron Microscope (FeSEM). Figure 2a
shows UV-Vis spectra of bare PDMS with no absorbance peak, whereas AuNPs–PDMS
exhibited an absorbance peak at 527 nm showing the characteristic peak of AuNPs, and
the result was consistent with previous studies [12,19]. Figure 2c shows the scanning
electron micrograph of bare PDMS and surface modified PDMS with AuNPs, which clearly
indicates the presence of AuNPs on the surface of PDMS, as presented in Figure 2d. As can
be observed in Figure 2b, the presence of AuNPs on the PDMS stamp surface was confirmed
by XRD analysis. The obtained data was also corroborated with the UV-Vis spectroscopy
analysis results. The XRD analysis of the AuNPs–PDMS stamp and obtained profiles were
confirmed from the JCPDS (04-0784) with a face-centered cubic (F.C.C.) crystal system.
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XRD peaks at 38.65, 44.86, 64.92 and 77.96, corresponding to 111, 200, 220 and 311 planes,
respectively, confirmed the structure. The calculated interplanar spacing distances were
2.3331, 2.0199, 1.4339 and 1.225, respectively, which also corroborated previously reported
results [15]. Furthermore, the prepared AuNPs–PDMS stamp also has long-term stability.
After six months of storage in a refrigerator, the stamps still exhibited similar visible colour
with little performance loss.

 

Figure 2. UV-vis absorption spectra. (a) UV-Vis spectra of bare PDMS and AuNPs–PDMS, (b) XRD
of AuNPs–PDMS, (c) FeSEM image of bare PDMS and, (d) AuNPs–PDMS composite.

3.3. Characterisation of Aptamer Immobilised on PDMS–AuNPs Composite Stamps

Unlike the many previous studies in which bioreceptor probes are randomly attached
to the PDMS stamps through electrostatic interactions, we proposed AuNPs–PDMS as a
μCP stamp which provides the surface for attachment of thiol-modified biorecognition
probes linked to the stamp surface through a dative bond with a single anchoring point
based on thiol chemistry. To investigate whether the aptamers were successfully loaded
on the surface of the AuNPs–PDMS stamps, UV-Vis absorption spectroscopy analysis was
employed (Figure 3). After the attachment of aptamer on the surface of the AuNPs–PDMS
stamp, the absorption value increased to 276 nm, indicating the presence of the aptamer,
which has a characteristic peak at 260 nm. Hence, these results confirmed the success-
ful attachment of aptamer at the stamp surface. The formation of aptamer bound on
AuNPs–PDMS was further confirmed by the red shift in the absorption peak from 527 nm
(AuNPs) to 537 nm, along with its increasing absorption intensity.
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Figure 3. UV-Vis absorption spectra of AuNPs–PDMS with immobilized biorecognition ap-
tamer probe.

Moreover, we also investigated the effect of AuNPs on the surface of the PDMS stamp
on the immobilization of 3′ 6-FAM labelled Apt 8. In this case, we dispensed an Apt
8 solution drop on the AuNPs–PDMS stamp to attach a biorecognition probe on the stamp
surface. Afterwards, this stamp was analyzed under a fluorescence microscope. As shown
in Figure 4a, a green circular fluorescence signal could be observed, indicating successful
attachment of the biorecognition probe (Apt 8) on the AuNPs–PDMS stamp. When μCP was
carried out with this stamp, no fluorescence signal was observed, indicating no transfer of
biorecognition probe onto the glass slide during μCP (Figure 4). Hence, the biorecognition
probe is stable and not transferred from the stamp to the DMOAP-coated glass slide
during μCP. These results indicated that AuNPs on the surface of the PDMS stamp play an
important role in immobilizing the biorecognition probe on the stamp surface.

Figure 4. Fluorescence images showing (a) AuNPs–PDMS stamp surface with a circular region of
immobilised RNA probe (3’ 6-FAM-conjugated Apt 8), and (b) DMOAP-coated glass slide surface
after μCP. The RNA probe is stable and not transferred from the stamp to the DMOAP-coated glass
slide during μCP.

3.4. Detection of Gp-120 Target Protein through μCP by Using LCs

After protein patterning by the AuNPs–PDMS stamp with the immobilized B40t77
aptamer, POM images of the LCs supported on DMOAP-coated slides were obtained and
are shown in Figure 5. Before performing μCP, the stamps with attached aptamer were
incubated with gp-120 solution. A droplet of a solution containing nonfluorescent gp-120
in different concentrations (8, 4, 2, 1, and 0.5 μg/mL) was placed on the already attached
circular area on AuNPs–PDMS with attached B40t77 aptamer. The substrate was kept in
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a hand-made humid environment in a Petri plate for 1 h at room temperature. A humid
environment provides enough time for the probe to interact with its target protein and avoid
immediate drying of the solution. After rinsing and drying under a nitrogen stream, the
AuNPs–PDMS stamp with the attached B40t77 aptamer and target protein gp-120 complex
on its surface was used to print the target protein. Following the procedure, the DMOAP-
coated glass slide was exposed to UV to study the transfer of target protein gp-120 during
μCP. As previously reported, the UV treatment can strengthen the interactions between
the target proteins and glass slides, and protein transfer efficiency strongly depends on
interactions between the protein and the surface [7]. This DMOAP-coated glass slide with
gp-120 protein printed on its surface was employed for the fabrication of the LCs optical
cell for μCP. Bright LCs optical images in Figure 5 show the presence of transferred protein
on the slide surface, which disrupt the LCs orientation, indicating successful transfer of
the target protein gp-120 from the stamp surface to the DMOAP-coated glass slide. In
contrast, the dark areas are due to the absence of the target protein or an insufficient
amount of transferred protein which is unable to disrupt the LCs orientation, as in the
case of 0 (just 1× PBS), 0.5 and 1 μg/mL concentrations of target protein gp-120 when
dispensed on stamps containing the probe aptamer for biorecognition process followed by
transferring to slide surface. Previously, John et al., reported an electrochemical aptasensor
for HIV-1 gp-120 in which they proposed a dendrimer/streptavidin platform for B40
aptamer attachment and used this aptamer to electrochemically detect gp-120 with a limit
of detection of 0.2 nM [31]. Despite of the fact that our proposed limit of detection (LoD)
is higher than previously reported, the present biosensing technique is easy to operate,
simple and allows detection of gp-120 from the protein mixture. Moreover, compared with
our previously reported aptasensors for gp-120 detection [21,23], our present proposed
sensing technique not only detects gp-120 from the protein mixture but also transfers the
detected gp-120 protein onto a glass substrate for further qualitative analysis.

Figure 5. Polarized optical images of LCs supported on DMOAP-coated glass slide printed by
AuNPs–PDMS stamp with immobilized probe (B40t77 aptamer) incubated with (a) 8 (μg/mL),
(b) 6 (μg/mL), (c) 4 (μg/mL), (d) (2 μg/mL), (e) 1 (μg/mL), (f) 0.5 (μg/mL) and (g) (0 μg/mL) of
target protein gp-120.

3.5. Capturing Desired Target Protein (Gp-120) in a Protein Mixture Solution

To test the selectivity of the proposed μCP setup, we further investigated the ability
of this μCP stamp with aptamer (B40t77) fixed on its surface to capture the desired target
protein gp-120 (nonfluorescent) from a solution containing a mixture of two proteins (target
protein + one other protein labelled with a fluorophore). For this test, two solutions of
gp-120 with a concentration of 8μg/mL were prepared. The solutions were mixed with
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FITC labelled IgG with concentrations of 8 and 16 μg/mL. Then these two solutions were
incubated with immobilized B40t77 aptamer on the surfaces of two different AuNPs–
PDMS stamps. After incubation, the μCP results were analyzed under a polarized optical
microscope and a fluorescence microscope. The LCs optical and fluorescence signal images
captured are shown in Figure 6. Considering Figure 6a,b, the black fluorescence images
with no signal indicates that FITC labelled IgG was not captured and transferred onto the
glass slide by the AuNPs–PDMS stamp with B40t77 aptamer immobilized on its surface.
For analyzing the transfer of gp-120, the LCs orientational response was exploited to predict
the results (Figure 6c,d). These results show that the gp-120 target protein can be captured
by the AuNPs–PDMS stamp with attached B40t77 aptamer, even if the gp-120 target protein
solution is mixed with FITC labelled IgG solution.

Figure 6. Specificity of the AuNPs–PDMS stamp with immobilized B40t77 aptamer probe after
incubation with a solution of the mixture of two proteins (FITC-IgG + gp-120) is demonstrated by
fluorescence images with no signals show no binding and transfer of FITC-IgG, (a) when 8 μg/mL
quantity of gp-120 and FITC-IgG were mixed, and (b) when 8 μg/mL of gp-120 and 16 μg/mL of
FITC-IgG were mixed. Bright optical images of LCs showing selective binding and transfer of gp-120
onto DMOAP-coated glass slide, (c) when 8 μg/mL quantity of gp-120 and FITC-IgG were mixed,
and (d) when 8 μg/mL of gp-120 and 16 μg/mL of FITC-IgG were mixed.

4. Conclusions

A simple and cost-effective method of patterning desired protein for detection pur-
poses is proposed in the present investigation. This patterning method captures a specific
target protein, even from a mixture containing more than one protein, by a biorecogni-
tion probe attached to the stamp surface and then transferred to a desired solid substrate.
AuNPs–PDMS stamps were exploited as a suitable stamp surface for attachment of the
biorecognition probe. Furthermore, the AuNPs–PDMS stamps were fabricated by the
already reported method for in situ modification of PDMS stamps with gold nanoparticles.
Using this stamp material, it was found that protein patterning became much more effective
by avoiding the possibility of protein degradation and aggregation, which usually occurs
in the case of the direct adsorption of proteins on a solid substrate.

Furthermore, it could be seen that the dative bond (Au-SH) between AuNPs from
the AuNPS–PDMS stamp surface and the thiol group of the biorecognition probe was
strong enough to hold the probe with the stamp surface during μCP. The target protein
can be separated from the probe during μCP and successfully transferred to a UV treated
DMOAP-coated glass slide. The B40t77 aptamer was used as a biorecognition probe that
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has specificity for HIV-1 surface glycoprotein gp-120. Therefore, this patterning method
allowed detection of gp-120 as the probe selectively binds to gp-120 from the solution
and transfers it onto a glass slide. For analyzing the results of μCP, the LC’s orientational
response was exploited as a label-free approach for identifying transferred protein. The
reported results demonstrate the significant potential of the developed procedure for the
fabrication of bio-sensing systems for various analytes.
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Abstract: A flexible electrochemical sensor based on the carbon felt (CF) functionalized with Bisphe-
nol A (BPA) synthetic receptors was developed. The artificial Bisphenol A receptors were grafted on
the CF by a simple thermal polymerization molecular imprinting process. Fourier-transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM) and electrochemical characterizations were
used to analyze the receptors. Characterization results demonstrated that the Bisphenol A synthetic
receptors successfully formed on the CFs surface. Because the synthetic receptor and the porous CFs
were successfully combined, the sensor displayed a better current response once Bisphenol A was
identified. The sensor’s linear range was determined to be from 0.5 to 8.0 nM and 10.0 to 300.0 nM,
with a detection limit of 0.36 nM. Even after being bent and stretched repeatedly, the electrode’s
performance was unaffected, demonstrating the robustness, adaptability and viability of installing
the sensor on flat or curved surfaces for on-site detection. The designed electrochemical sensor has
been used successfully to identify Bisphenol A in milk samples with satisfactory results. This work
provided a promising platform for the design of implantable, portable and miniaturized sensors.

Keywords: molecular imprinting; electrochemical; flexible; Bisphenol A

1. Introduction

Endocrine disruptors (EDC) are exogenous chemicals that disrupt the human en-
docrine system and increase the risk of diabetes, obesity, cardiovascular disease and prostate
cancer [1]. Bisphenol A (2,2-bis (4-hydroxyphenyl) propane, BPA) has been functionalized
as a kind of EDC to disturb the human endocrine system due to its structural resemblance
to estrogen. However, Bisphenol A is a precursor material for the synthesis of epoxy resins,
polycarbonate and polysulfone resins [2]. It is frequently present in plastic products, the
inner coating of canned food and food packaging bags. Long-term storage and heat treat-
ment can lead to the penetration of Bisphenol A into food from packaging materials [3,4].
This has raised concerns about food safety [5]. Therefore, the analysis and detection of
Bisphenol A are particularly important.

Several analytical methods have been reported for the detection of Bisphenol A,
including high-performance liquid chromatography (HPLC) [6], liquid chromatography-
mass spectrometry (LC-MS) [7], gas chromatography-mass spectrometry (GC-MS) [8],
spectrophotometry [9] and enzyme-linked immunosorbent assay (ELISA) [10]. However,
the chromatography and mass spectrometry-based methods are expensive, time-consuming
and require complex sample pretreatment. ELISA method is readily available from many
manufacturers, but the preparation of antibodies is labor-intensive and expensive. ELISA
method also suffers from the instability of biomolecules and short signal stability [11].
Therefore, the development of new methods with simplicity, stability and sensitivity that
can detect trace amounts of Bisphenol A residue has become a major research challenge.
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Electrochemical analysis technology with low cost, fast response speed and high
sensitivity is a promising option for the development of inexpensive, simple and convenient
Bisphenol A sensors [12–14]. Bisphenol A has two phenolic hydroxyl groups, which can be
oxidized easily on the electrode surface [15]. This character makes it possible to identify
Bisphenol A using straightforward electrochemical techniques. It is crucial to choose a
material to enhance the performance of the electrochemical sensor when an electrochemical
approach is put into practice. Currently, several materials, such as carbon nanomaterials
and transition metal oxides, have been utilized as electrode modifiers to improve the
electrochemical sensitivity for Bisphenol A detection [16–18]. However, the oxidation
products of Bisphenol A would produce non-conductive polymers on the electrode surface,
deactivating the electrode surface and preventing further reactions [19]. When Bisphenol A
was first recognized and accumulated on the electrode surface, the selectivity and sensitivity
of the electrochemical sensor could be improved [20].

In recent years, synthetic receptors have been widely used in sensing platforms for
recognition and accumulation. Molecularly imprinted polymers (MIPs) have become a
research hotspot due to their superior selectivity over natural receptors, increased physico-
chemical stability and better selectivity [21,22]. Hamed E M et al. have summarized the
different production methods and the varied types of sensors that employed MIPs for
Bisphenol A detection [23]. Nanomaterials with large surface areas are always modified on
the rigid electrodes to construct the electrochemical sensors [24]. However, the growing
demand for portable and wearable electronics demands is beyond the capacity of rigid
electrodes. It is important and necessary to build flexible sensors with good sensitivity
and selectivity. CFs have received a lot of interest as a flexible electrode material due to
their rich porosity structure and effective adsorption. Compared with conventional rigid
electrodes, CF electrodes can be simply regenerated by ultrasonic cleaning [25]. The CF
electrode can further be modified to offer a larger specific surface area, more active sites
and better recognition ability [26]. In this work, a molecularly imprinted polymer layer
was deliberately modified on the surface of a CF electrode by a simple in situ thermal
polymerization process to fabricate a novel and sensitive electrochemical sensor for the de-
tection of Bisphenol A [27]. Figure 1 depicts the preparation and application of the MIP@CF
sensor for the detection of Bisphenol A. The molecularly imprinted precursor solution was
created using the ideal molar ratio of Bisphenol A to methacrylic acid (MAA) and then was
thermally polymerized on the surface of the CF. After the release of the template molecule
Bisphenol A, the imprinted cavity of Bisphenol A remained on the MIP@CF electrode as
the layer with selectivity. The imprinted cavity reidentified the Bisphenol A and provided
an electrochemical response signal during the detecting procedure. Cyclic voltammetry
(CV) was utilized to evaluate the electro-oxidation behaviors of the identified Bisphenol
A, and differential pulse voltammetry (DPV) was employed to quantify Bisphenol A in
real samples.
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Figure 1. Schematic illustration of the preparation and application of MIP@CF sensor for the detection
of BPA.

2. Experimental

2.1. Reagents and Apparatus

Graphite CFs, 2 mm thick, were purchased from Tianjin Carbon Factory (Tianjin, China).
Acetonitrile (MW:41.05), ethanol (MW:46.07), methacrylic acid (MAA, MW: 86.09), Bisphenol
A (MW:228.29), protocatechuic acid (PCA, MW:154.1), ascorbic acid (AA, MW:176.12), catechol
(CC, MW:110.11) and hydroquinone (HQ, MW:110.11) with analytically purity were all
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Ethylene glycol
dimethacrylate (EGDMA, MW:198.22) was bought from Aladdin Industrial Corporation
(Shanghai, China). Azobisisobutyronitrile (AIBN, MW:164.21) was obtained from Shanghai
Shisi Hewei Chemical Co., Ltd. (Shanghai, China). All the reagents were of analytical grade
and were used as received without further purification.

GeminiSEM 300 (German Carl Zeiss Co., Carl, Germany) was used to characterize
the morphologies of the materials. The molecular structures of CF, Bisphenol A, Bisphenol
A–MIP@CF and MIP@CF were checked and compared using a Cary 610/670 FTIR micro-
scope (Varian, Palo Alto, CA, USA). The pH of solutions was adjusted using PHS-25 pH
meter (Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China). A traditional
three-electrode system was used for all the electrochemical experiments on a CHI-1040C
workstation (Chenhua, Shanghai, China), using CF, MIP@CF and NIP@CF as working elec-
trodes (working area = 1 cm2), a platinum wire as the counter electrode and an Ag/AgCl
electrode as the reference electrode, respectively.

2.2. Preparation of MIP or NIP Modified Electrodes

The CFs were cut into 1.0 cm × 1.5 cm before they were ultrasonically cleaned with
ethanol and deionized water for 15 min, respectively, then they were dried in a vacuum
oven at 60 ◦C for 2 h for further use.

The MIP precursor solution was prepared by dissolving template Bisphenol A (0.5 mmol)
and functional monomer MAA (2.5 mmol) in 12.5 mL of acetonitrile solution, stirring at
room temperature for 3 h to make a homogeneous mixture. Then, 10 mmol of crosslinking
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agent EGDMA and 40 mg of initiator AIBN were added in turn, and the mixture was further
stirred for 10 min, followed by bubbling with nitrogen for 20 min. Finally, the mixture was
heated in a water bath at 60 ◦C for 30 min to form a pre-polymerized solution [28,29].

To prepare MIP–modified electrodes, the CFs were saturated with a pre-polymerized
solution (400 μL) before being put on an electric heating table at 60 ◦C for in situ ther-
mal polymerizations for 4 h. The obtained electrodes were named Bisphenol A–MIP@CF
before the elution operation. Lastly, the BPA–MIP@CF electrode was immersed in acetic
acid/methanol (1:9, V:V) eluent until the template molecule was fully removed. The result-
ing electrode was named MIP@CF. For comparison, NIP@CF electrodes were fabricated by
the same procedure, except that the template molecule Bisphenol A was not added to the
precursor solution during the polymerization process.

2.3. Bisphenol A Electrochemical Measurement

The incubation solution was a mixture of acetonitrile and PBS with a volume ratio
of 1:9 and Bisphenol A with various concentrations. The MIP@CF was incubated at room
temperature for a period of time in the incubation solution. Then the obtained electrode
was taken out, thoroughly washed with PBS three times, and then immersed in a blank
PBS solution for electrochemical analysis. The difference of current in MIP@CF electrode
before and after capturing Bisphenol A reflects the concentrations of Bisphenol A.

2.4. Real Sample Analysis

Pure milk samples were purchased from a local supermarket. 2 mL of milk was diluted
with 10 mL of PBS and centrifuged at 12,000 rpm for 15 min. The supernatant was collected
and centrifuged again. Then, a certain amount of supernatant was mixed with PBS for
electrochemical analysis. A certain amount of Bisphenol A standard solutions were added
to the milk samples to determine the recovery rates of the assay.

3. Results and Discussions

3.1. Characterization of CF, Bisphenol A–MIP@CF, MIP@CF

The surface morphologies of CF, Bisphenol A–MIP@CF and MIP@CF were analyzed
and characterized by SEM. It was observed that the CF was composed of cross-linked net-
works (Figure 2A). The huge voids between carbon fibers were conductive to the transport
of the incubation solution during the recognition process, while the cross-linked fibers were
beneficial to the electron transfer to promote the electrocatalytic oxidation of Bisphenol A
on the electrode [30–32]. In addition, there were abundant parallel cracks on the surface of
carbon fiber (Figure 2B), and this roughness was beneficial for surface modification [33].
After the CF was modified by molecular imprinting technology, the diameter of the fiber
was increased from 9.42 μm to 9.81 μm. The fiber surface became rough, and some bulk
substances were loaded (Figure 2C,D), which may be the synthesized Bisphenol A molecu-
larly imprinted polymers. For the MIP@CF electrode, as shown in Figure 2E,F, it could be
clearly observed that the surface blocks were reduced, and the diameter of the fiber was
slightly decreased to 9.76 μm. The elution process removed the template from the polymers.
During this process, the loosely adhered polymer agglomerates were removed from the
surface [34,35].
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Figure 2. SEM images of bare CF (A,B), BPA–MIP@CF (C,D) and MIP@CF (E,F).

FTIR spectra of bare CF, Bisphenol A, BPA–MIP@CF and MIP@CF were studied and
compared in Figure 3. The differences in these spectra confirmed the integration of new
functional groups on the surface of the CF after imprinting. Compared with the bare CF
(curve a) and Bisphenol A (curve b), the stretching vibration peak of the methylene group
in the CF after Bisphenol A imprinting appeared at 2968 cm−1, and the characteristic peak
of the benzene ring appeared at 1500 cm−1–1300 cm−1, which proved that the Bisphenol A
molecule was successfully imprinted on the surface of the CF (curve c). No peak in the range
of 1500 cm−1–1300 cm−1 was observed in this position of CF after elution of Bisphenol A,
indicating that Bisphenol A has been successfully eluted from the electrode surface [36].
In addition, the characteristic absorption peaks at 1703 cm−1, 1292 cm−1 and 1136 cm−1

were observed from curves c and d, which were attributed to the C=O vibration peaks of
carboxyl group in MAA and the symmetric and asymmetric stretching vibration peaks
of C-O of ester group in EGDMA. The methylene peak, which was attributed to the C-H
stretching of the methylene group of EGDMA and AIBN, also appears at 2998 cm−1 [37–39].
These results indicated that Bisphenol A had been successfully imprinted on the surface of
CF, and a molecular imprint cavity was formed after elution.

Figure 3. FTIR spectra of the CF (a), BPA (b), BPA–MIP@CF (c) and MIP@CF (d).
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3.2. Flexibility Tests of MIP@CF

The MIP@CF electrodes express superior flexibility. CV images under different bend-
ing angles and twist times were studied. Figure 4A showed that the shapes of the CV
curves were basically unchanged after the electrode bending angle was from 0 to 180◦.
In addition, CV curves remain almost unchanged after twisting 50 times (Figure 4B), in-
dicating that bending and twisting did not affect the electrochemical performance of the
electrode [40–42]. The insets of Figure 4A,B also confirmed the flexibility of the electrodes.
Almost no change was observed in the oxidation and reduction peak current after bending
and twisting (Figure 4C,D). The results showed that the electrode has good application
potential in flexible electronics.

Figure 4. CVs of MIP@CF electrode with different bending angle (A) and twist time (B) in
5.0 mmol·L−1 K4[Fe(CN)6] with 0.1 mol·L−1 KCl at the scan rate of 50 mV·s−1; Relationship between
the anodic (Ipa) and cathodic peak (Ipc) currents vs. bending angle (C) and twist time (D).

3.3. Electrochemical Behaviors of Different Modified Electrodes

The electrochemical behaviors of different electrodes were compared using the CV
technique. Figure 5A showed the CV of the CF, BPA–MIP@CF, MIP@CF and NIP@CF in KCl
solution containing 5 mM [Fe(CN)6]3−/4−. It can be seen from the figure that the bare CF
electrode, without any modification, exhibits an obvious pair of well-separated redox peaks
(curve a), indicating the good electron transfer ability of CF. Compared with the unmodified
CF, the BPA–MIP@CF only showed an oxidation peak current at Epa of 605 mV. The redox
peaks of [Fe(CN)6]3−/4− disappeared (curve b). The polymer film on the CF inhibited the
transfer of the [Fe(CN)6]3−/4− to the electrode, so the redox peaks of [Fe(CN)6]3−/4− were
diminished. However, Bisphenol A imprinted in the polymer film could be oxidized at Epa
of 605 mV [43]. The CV of NIP@CF supported this conclusion (curve d). No oxidation or
reduction peak was observed on the NIP@CF. The formed non-conductive polymer layer
on the CF hindered the electron transfer of [Fe(CN)6]3−/4−. The lack of the oxidation peak
at around 605 mV also supported the fact that the peak was attributed to the oxidation of
Bisphenol A [39]. The curve c in Figure 5A was the CV response of MIP@CF, which left
the cavity on the polymer after the removal of Bisphenol A template. The redox peak of
[Fe(CN)6]3−/4− appeared again. After the elution of the template from the polymer, some
cavities were left on the polymer. [Fe(CN)6]3−/4− could diffuse through these cavities to
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the conductive CF surface, and electron transfer process was performed on the CF. The
redox current on MIP@CF was slightly larger than that on the bared CF. This means that the
extraction of template resulted in plenty of transport channels that were favorable to the
redox reactions of [Fe(CN)6]3−/4−. The sensing performance of the MIP@CF for Bisphenol
A detection was evaluated by comparing the oxidation current and oxidation potential
of Bisphenol A on CF and MIP@CF. It can be seen from Figure 5B that Bisphenol A has
obvious oxidation peak on both electrodes, and no corresponding reduction peak was
found in the reverse scanning. This result indicates that the oxidation reaction of Bisphenol
A on both electrodes was irreversible. Furthermore, the MIP@CF electrode (a) exhibited
a significantly strong oxidation peak for Bisphenol A compared with bare CF (b). This
was due to the specific recognition and accumulation of Bisphenol A by the imprinted
sites [44]. The scan rate study is possible to understand whether the oxidation/reduction
reaction mechanism of the analyte is controlled by adsorption or diffusion process. The
CV responses of 1.0 μM of Bisphenol A on a MIP@CF were recorded at different scan
rates (Figure S1). The oxidation peak current increased gradually with the increase in scan
rate with a linear relationship in the range of 10–100 mVs−1. The corresponding linear
regression equation was: Ip (mA) = 0.00065 + 0.0227 υ (mVs−1). This indicated that the
oxidation of Bisphenol A on the MIP@CF was a typical adsorption-controlled process [45].
These results indicated that the MIP@CF can be used as an electrochemical tool for sensitive
detection of Bisphenol A.

Figure 5. (A) CV responses of bare CF (a), BPA–MIP@CF (b), MIP@CF (c) and NIP@CF (d) in
5.0 mmol·L−1 K4[Fe(CN)6] with 0.1 mol·L−1 KCl at the scan rate of 50 mV·s−1; (B) CV curves of bare
CF (b), MIP@CF (a) after recognizing 1.0 μM BPA; (C) CV responses of MIP@CF electrode at different
pH (5.0, 6.0, 7.0, 8.0 and 9.0) after recognizing 1.0 μM BPA at the scan rate of 50 mV·s−1; (D) The
relationship between the peak potentials and pH values.

The pH value of the solution was an important parameter because it affected the oxi-
dation potential of Bisphenol A. As shown in Figure 5C,D, the peak potential of Bisphenol
A shifted negatively when the pH value increased from 5.0 to 9.0. The linear relationship
between the oxidation peak potential (Ep) and pH was: Ep(V) = −0.0659·pH + 1.10822
(R2 = 0.994). The slope of 66 mV/pH is close to the theoretical value of 59 mV/pH unit. The
results showed that the oxidation reaction of Bisphenol A on the MIP@CF was accompanied
by an equal amount of proton and electron transfer processes [46].
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3.4. Parameters Optimization for Sensor Preparation

In order to obtain the optimal sensing performance of the MIP@CF sensor for Bisphenol
A detection, various experimental parameters were studied and optimized. Since the molar
ratio of the template molecule and the functional monomer played an important role in
the structure and rebinding affinity of the polymer, the molar ratio of Bisphenol A and
MAA was adjusted from 1:3 to 1:8, and the corresponding oxidation peak currents were
measured respectively. As shown in Figure 6A, the oxidation current value was the largest
when the Bisphenol A: MAA ratio was 1:5. On the one hand, when the molar ratio of MAA
continued to increase, excessive MAA monomer hindered the recognition site of Bisphenol
A and resulted in a decrease in oxidation current. On the other hand, when the proportion
of template molecule Bisphenol A was too high, insufficient number of monomers led to
insufficient polymerization, and it was difficult to form effective imprinting binding sites.
The obtained MIP film would have lower imprinting efficiency [47]. Therefore, the optimal
molar ratio of template molecule to functional monomer was set as 1:5 in the preparation
of the MIP@CF sensor.

Figure 6. Plots of the oxidation currents of BPA versus (A) template/monomer ratio; (B) thermal poly-
merization time; (C) pH value of the detection solution and (D) elution time after the accumulation
of 1.0 μM BPA.

The thermal polymerization time would influence the formation of the MIP layer
on the CF surface and thus affect the performance of the MIP@CF sensor. It can be seen
from Figure 6B that the oxidation current value gradually increases as the polymerization
time increases and reaches the maximum current value at 4 h. However, the current
value decreases as time continues to increase. This showed that the imprinted site had
reached saturation after 4 h of thermal polymerization. Therefore, 4 h served as the optimal
polymerization time for subsequent experiments.

Figure 6C shows that the current value of the oxidation peak is influenced by the pH
of the detection solution. The peak current is the largest when pH 7.0 PBS is used. At higher
pH, the decrease in peak current may be due to the electrostatic repulsion of the negatively
charged anionic Bisphenol A to the sensor surface [48]. Therefore, a pH of 7.0 PBS was
subsequently selected for the detection of Bisphenol A.

Figure 6D shows the effect of incubation time on the oxidative current after the
MIP@CF sensor was incubated in the recognition solution, which contained Bisphenol A at
different times. The oxidation current value gradually increased with the prolongation of
incubation time and reached the maximum value after 20 min. So 20 min was selected as
the optimum recognition time for Bisphenol A detection.
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3.5. Sensing-Performance of MIP@CF in Bisphenol A Detection

The analytical performance of MIP@CF for Bisphenol A detection was evaluated by
differential voltammetry pulse method (DPV). Figure 7A shows the response of different
concentrations of Bisphenol A on the MIP@CF. It was observed that the peak currents
increased linearly with the concentration of Bisphenol A. Figure 7B showed the linear
relationship between DPV peak currents and Bisphenol A concentrations. Two calibration
curves could be seen in the figure. In 0.5 nM to 8.0 nM range, the regression equation
was: IP(μA) = 13.28·C (nM) + 14.18. Bisphenol A was easily converted into its oxidation
products on the electrode surface in this lower concentration range and had a high detection
sensitivity. In 10.0 nM to 300.0 nM range, the regression equation was: IP(μA) = 0.843·C
(μM) + 173.47. The identification of the target and the diffusion of reaction products at high
concentrations require more oxidation reaction time than when the concentration is low.
Moreover, the surface of the MIP@CF electrode will be contaminated by high concentration
of oxidation products. These facts result in relatively low detection sensitivity. The limit

of detection (LOD) was as low as 0.36 nM based on
3sy/x

b , where sy/x was the standard
deviation of y-intercepts of the regression line and b was the slope of the calibration curve
in the low concentration range of Bisphenol A [49].

Figure 7. (A) DPV responses of BPA in blank pH 7.0 PBS after the recognition of different concen-
trations of BPA; (B) Calibration curves for BPA in the concentration ranges of 0.5 nM to 8.0 nM and
10.0 nM to 300.0 nM. The inset plot represented the calibration curve in the concentration ranges of
0.5 nM to 8.0 nM.

Compared with other methods shown in Table 1, this work exhibits better sensing
performance in terms of wider linear range and lower detection limit.

Table 1. Performance comparison of the prepared sensor for Bisphenol A detection with other sensors.

Electrode Method Linear Range (μM) LOD (nM) Reference

MWCNTs-βCD/SPCE LSV 0.125–2/2–30 13.7 [50]
CTAB/MIL-101(Cr) DPV 0.02–0.35 10 [51]

NiFe2O4/SPCE DPV 0.02–12.5 6 [52]
AgNPs-EG SWV 5–100 230 [19]

AuNDs@CNFs/SPE DPV 0.01–50 5 [53]
GO-MWCNT-βCD/SPE LSV 0.05–5/5–30 6 [43]

BZPY/MCPE DPV 2–18 29 [54]
MIP@CF DPV 0.0005–0.008/0.01–0.3 0.36 This work

3.6. Selectivity

The selectivity of the method was evaluated by measuring the DPV responses of
different interfering substances on the MIP@CF sensors. The electrodes were incubated
in 0.5 μM of Bisphenol A or 5.0 μM of the interferences, including protocatechuic acid
(PCA), ascorbic acid (AA), catechol (CC) and hydroquinone (HQ). The DPV responses of
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these compounds are shown in Figure S2. There was almost no oxidation peak of these
interfering substances near the specific oxidation peak potential of Bisphenol A, and the
high response signal to Bisphenol A verified the high selectivity of the sensor. Figure 8A
shows the current responses of Bisphenol A and the interfering substances at about 0.6 V. It
was shown that the presence of 10 times interferences does not have significant effects on
the oxidation peak of Bisphenol A. The presence of the special binding site regions in MIP
polymers ensures the specific recognition of Bisphenol A at the imprinted site through the
hydrogen bonds and Van der Waals force and makes the sensor have good selectivity. The
special oxidation peak potential also contributed to the good selectivity of the sensor for
Bisphenol A detection.

Figure 8. Investigating the selectivity of the MIP@CF sensor for 0.5 μM of Bisphenol A or 5.0 μM of
the interferences (A), reproducibility (B) and stability (C) of MIP@CF electrodes for 5.0 μM of BPA.

3.7. Reproducibility and Stability of the Sensor

The reproducibility of the MIP@CF sensor for 0.5 μM of Bisphenol A was measured by
measuring the current responses of five different modified electrodes to Bisphenol A under
the optimal conditions. Figure 8B,C showed the result that the relative standard deviation
(RSD) of the five electrodes was 3.7%, indicating the excellent reproducibility of the sensor.
The prepared electrodes were stored in a refrigerator at 4 ◦C for 12 days, and the response
of the electrodes to the same concentration of Bisphenol A was measured every 2 days to
determine its stability. The results showed that the relative standard deviation (RSD) of the
method was 4.1%, indicating the acceptable stability of the sensor.

3.8. Real Samples Analysis

To verify the analytical potential of the sensor in the detection of real samples, the
sensor was applied to detect Bisphenol A in pure milk samples. Bisphenol A was not
detected in pure milk samples. Therefore, the recovery experiments were performed. A
certain amount of Bisphenol A was added to the pure milk samples, and the recoveries
were tested (Figure S3). The analysis results are shown in Table 2. It could be seen that the
recovery of Bisphenol A is between 91.26–112%. The results showed that MIP@CF can be
used as a novel electrochemical sensor for the detection of Bisphenol A in real samples.

Table 2. Determination of BPA in real samples.

Sample Original (nM) Added (nM) Found (nM) Recovery (%) RSD (%)

Milk
0.00 1.00 1.12 112 3.96
0.00 50.00 51.28 102.5 4.16
0.00 200.00 182.50 91.26 3.54

4. Conclusions

In this work, a Bisphenol A synthetic receptor was deliberately modified on a flexible
CF by a simple thermal polymerization process to construct a Bisphenol A electrochemical
sensor. The receptor and the flexible CF work together to give the sensor excellent sensitivity,
stability, selectivity and flexibility. This sensor showed linear DPV current responses to

185



Biosensors 2022, 12, 1076

Bisphenol A from 0.5 to 8.0 nM and 10.0 to 300.0 nM. A good recovery result was obtained
when this sensor was applied for the detection of Bisphenol A in milk samples. This
work provides an effective way for the development of versatile electrochemical sensing
platforms for the diagnosis of EDCs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios12121076/s1. Figure S1. (A) CVs of 1.0 μmol·L−1 BPA at
MIP@CF electrode at different scan rates; (B) The oxi-dation peak currents of 1.0 μmol·L−1 BPA
against scan rates; Figure S2. DPV responses of the MIP@CF electrode in pH 7.0 PBS solution after
the recognition of 0.5 μM of Bisphenol A or 5.0 μM of protocatechuic acid (PCA), ascorbic acid (AA),
catechol (CC), and hydroquinone (HQ); Figure S3. Electrochemical response of MIP@CF for milk
sample analysis.
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Abstract: The demand for glucose uptake and the accompanying enhanced glycolytic energy metabolism
is one of the most important features of cancer cells. Unlike the aerobic metabolic pathway in normal
cells, the large amount of pyruvate produced by the dramatic increase of glycolysis in cancer cells
needs to be converted to lactate in the cytoplasm, which cannot be done without a large amount of
lactate dehydrogenase (LDH). This explains why elevated serum LDH concentrations are usually seen in
cancer patient populations. LDH not only correlates with clinical prognostic survival indicators, but also
guides subsequent drug therapy. Besides their role in cancers, LDH is also a biomarker for malaria and
other diseases. Therefore, it is urgent to develop methods for sensitive and convenient LDH detection.
Here, this review systematically summarizes the clinical impact of lactate dehydrogenase detection and
principles for LDH detection. The advantages as well as limitations of different detection methods and
the future trends for LDH detection were also discussed.

Keywords: lactate dehydrogenase; quantum dots; fluorescence; nicotinamide adenine dinucleotide; tumor

1. Introduction

Lactate dehydrogenase (LDH) is one of the most common enzymes in nature with an
Enzyme Commission Number (EC)C of 1. 1. 1. 27 [1,2]. Structurally, LDH is a tetrameric
enzyme which mainly consists of two subunits, LDHA and LDHB. The two subunits are
encoded by two independent genes, LDHA and LDHB, respectively [1,3]. LDHA and LDHB
are expressed in skeletal muscle and cardiac muscle, respectively [4]. These two subunits
can also be combined into five different forms to form homomers or heterotetramers in
the human body, including: LDH−1, LDH−2, LDH−3, LDH−4 and LDH−5 [5]. The
most critical reaction in which LDH is involved in the body is the conversion of lactic
acid and oxidized nicotinamide adenine dinucleotide (NAD) to pyruvate and reduced
nicotinamide adenine dinucleotide (NADH), respectively [6–8]. It is worth noting that
LDHA has a higher affinity for pyruvate, which preferentially converts pyruvate to lactate
while oxidizing NADH to NAD. Conversely, LDHB has a higher affinity for lactate, which
preferentially convert lactate to pyruvate while reducing NAD to NADH [6,9–11]. This
reversible reaction is sensitive to different conditions and was also applied in our previous
LDH assay experiments [12].

It is known that the pyruvate produced in normal cells is mainly delivered to the
inner mitochondrial membrane, where it is oxidized by pyruvate dehydrogenase complex
to acetyl coenzyme A (CoA). Then CoA then enters the tricarboxylic acid cycle, where it
is oxidatively phosphorylated (OXPHOS) for the efficient production of ATP for energy
supply [11,13–15]. However, tumor cells are out of the ordinary. In the early 20th century,
the German biochemist Otto Warburg explained the phenomenon that tumor cells produce
large amounts of lactic acid even in the presence of sufficient oxygen. This is now known as
the Warburg effect [11,13,16–20]. The lactate produced here is due to the dramatic increase
of glycolysis rate in tumor cells, which occurs as the produced pyruvate is converted
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to lactate by the action of LDH without entering the mitochondria to be metabolized by
oxidation [1,6,11,21]. This explains why LDH is usually elevated in cancer patients. Figure 1
illustrates the difference between the metabolism of normal cells and tumor cells in vivo.
According to recent reports, dual inhibition of OXPHOS and glycolysis can disrupt the
plasticity of tumor cells, curbing their energy supply and generating effective therapeutic
options [22,23]. For example, Jennifer R. Molina et al. discovered IACS−010759, a substance
that strongly inhibits tumor growth and induces apoptosis, which can be used to treat acute
myeloid leukemia and brain cancer by inhibiting OXPHOS [24]. Other researchers also
have found that by inhibiting OXPHOS in this pathway can be used to treat cancers such
as pancreatic cancer and triple negative breast cancer [25,26]. In addition, Daan F. Boreel
et al. found that targeting OXPHOS could be used to improve the efficacy of radiation and
immunotherapy treatments, which may be a new approach for future tumor treatment [27].

Figure 1. Difference of glucose metabolism between normal and tumor cells in vivo.

In healthy human serum, LDH concentration should not be higher than 200 U/L. This
figure is the standard in routine clinical blood sampling for LDH testing. When elevated LDH
levels are found, we are alerted to the possible presence of a tumor or residual tumor remaining
after a tumor resection surgery. This is because LDH levels will drop significantly within one
to two weeks after complete tumor removal [28]. At the same time, low levels of LDH are
associated with good prognosis and complete tumor resection [29–31]. Currently, LDH has
become a consensus as a biomarker for tumors, and plays a very important role as a prognostic
survival indicator and guides drug treatment for cancer patients. For instance, numerous
studies have reported LDH as a prognostic biomarker for colorectal cancer [32,33], lung
cancer [34,35], melanoma [36,37], renal cell cancer [38,39] and hepatocellular carcinoma [40,41].
Many studies have also shown that LDH is also a biomarker for malaria [42–44]. Moreover,
LDH activity is an important clinical guide to the choice of chemotherapy and helps to identify
whether a pleural effusion is benign or malignant [45,46]. In addition, Sander Kelderman’s
team found that ipilimumab was less effective when serum LDH levels were higher than twice
the normal value, and S. Diem et al. elucidated that LDH is predictive for melanoma patients
receiving PD−1 therapy [47,48]. Since the outbreak of the novel coronavirus pneumonia in
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2019 (COVID-19), it seriously endangers the survival and health of human beings. Some
researchers have even discovered that elevated LDH is associated with an increased risk of
severe COVID-19, which can be used as a survival indicator of poor prognosis [49–59].

In summary, LDH plays an important role in the medical field, especially as a
biomarker for tumors. Figure 2 illustrates the applications of LDH in medicine. For
these reasons, it is urgent to develop sensitive and convenient methods for LDH detection.

Figure 2. Lactate dehydrogenase applications in medical sectors.

Many methods have been reported for the quantitative detection of LDH, including
colorimetry [60–69], spectrophotometry [70–74], electrochemistry [75–82] and fluorome-
try [12,61,74,83–87]. This article reviews the various methods for LDH detection, discusses
their advantages as well as limitations and looks forward to future trends.

2. Various Substances Involved in LDH Testing

The most important reaction in which LDH involved is the conversion of lactate and
NAD to pyruvate and NADH. The reaction equation is as follows:

Lactate + NAD+ LDH←−→ Pyruvate + NADH + H+

Unlike other methods that directly detect the analyte, the detection of LDH is usu-
ally achieved through the indirect measurement of the substances involved in the redox
reactions in which LDH participates. The two most critical substances in this reaction are
NADH and its oxidized form NAD. Both play a crucial role in biological systems [88–90].
NADH is an essential oxidation reducer and is primarily responsible for bringing electrons
from the tricarboxylic acid cycle into the electron transport chain to generate energy in the
form of ATP [91]. Its oxidized form, NAD, is the best receptor for the reducing equiva-
lents generated by the oxidation of various substrates in the cell. NAD receives reducing
equivalents from the citric acid cycle and glycolytic processes, which also play a key role in
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cellular energy metabolism [92,93]. An imbalance in the ratio of NADH to NAD leads to a
disruption of energy production by these pathways, which in turn leads to dysregulation
of cellular metabolism [94,95].

3. LDH Detection Methods

3.1. Colorimetric Method

A colorimeter is a laboratory instrument that details the concentration represented
by a color and is widely used for the routine measurement of substance concentrations
because of advantages such as affordability, portability and direct visual observation of
the results [64,96,97]. As shown in Figure 3, Kannan et al. developed a highly stable and
mass-produced colorimetric biosensor for LDH detection, which can be operated in less
than 5 min and has a detection limit as low as 13 U/L. The sensor was based on the principle
of fixing Pullulan on paper. The serum containing LDH on the Pullulan-fixed paper is then
added for colorimetric analysis. The sensor can be printed onto paper holes in a highly
reproducible manner using an automated printing system, allowing the production of
sensors in line with high-speed automated manufacturing. The color development after the
addition of LDH can be seen with the naked eye and quantified with a digital camera and
image processing software. The sensor uses an aggressively low volume of reagents, signif-
icantly reducing the costs associated with the assay. The paper wells can also be stored at
room temperature for short periods of time (2–3 weeks) and in a refrigerator for at least five
weeks. This eliminates the need for complex laboratory facilities, expensive reagent trans-
port and storage and complicated sample handling. Therefore, the sensor can be used for
rapid, inexpensive screening of large numbers of samples in resource-limited settings [98].
Moreover, Arias et al. reported a similar paper-based sensor which is based on a single-step
magnetic immunoassay and can be performed in less than 20 min on an inexpensive and
simple paper-based disposable device. The assay consists of a single incubation of the
lysed whole blood sample with the reagent mixture for 5 min. The mixture is then pipetted
directly into a single piece of paper-based equipment, manufactured using a low-cost
process cuter. A detection limit of 0.39 U/L can be achieved by visual colorimetry [99]. In
addition, Papaneophytou et al. indirectly detected LDH through the LDH-catalyzed pro-
duction of NADH by reacting it with nitro blue tetrazolium (NBT) and phenazine methyl
sulfate (PMS), resulting in a change in the color of the mixture followed by the formation of
blue–purple beetles [69]. Furthermore, Halvorsen et al. reported an early prototype of a
manually manufactured rapid paper-based point-of-care (POC) assay that required minute
amounts of whole blood and used a smartphone camera to provide colorimetric LDH
concentration measurements in less than 4 min. The POC analysis device involved lateral
separation of whole blood into plasma on a set of filter papers, a colorimetric membrane
using a dry chemical reaction on a filter membrane and analysis of the concentration using
software on a smartphone. The ease of operation and smartphone-based readings make
this POC platform particularly suitable for resource-limited environments. The smartphone
provides real-time output of a colorimetric test that is completely self-contained, with a
mobile application performing the data analysis. The smartphone can also be connected
directly to an external computer. Mobile communication technology facilitates information
management. Finally, POC systems are relatively inexpensive to manufacture and can
be used as disposable device. These methods eliminate the need for complex laboratory
facilities and complicated sample analyses, allowing for rapid, low-cost screening of large
numbers of samples in resource-constrained medical settings [98,100]. However, the col-
orimetric method can only be applied to samples with relatively simple composition that
are less susceptible to interference. Moreover, its relatively low sensitivity is obstacle to its
wide application [60,96].
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Figure 3. (A) Preparation of paper-based LDH sensors. (B) Assay for serum LDH [98]. Copyright
2015 American Chemical Society.

3.2. Spectrophotometric Method

The most commonly used spectrophotometry method is UV-spectrophotometry, which
is easy to implement and often used for the detection of various substances [2,101]. NADH
has one absorption peak at 260 nm and one at 340 nm, while NAD has only one absorption
peak at 260 nm. This important property distinguishes the two, and is also the physical basis
for measuring the metabolic rate in many metabolic tests [102]. Damaris et al. developed
a facile spectroscopic assay for detection of LDH in saliva, where the assay is based on
the interconversion of catalytic pyruvate and lactate in the presence of LDH, and the
decrease in absorbance at 340 nm caused by NADH is proportional to the LDH activity
in the sample [103]. In addition, Lee’s team reported a microfluidic microplate-based
immunoassay, which requires only a small amount of antibody for faster detection of
LDH compared to traditional ELISA. The entire body of this microplate consists of a
96-well plate that has an inlet for pipette injection, an outlet open towards the absorbent
pad and a microfluidic channel between them. The microfluidic microplate is a spiral
microfluidic channel with 1.5 times larger surface area and 50 times larger surface area-
to-volume ratio compared to conventional ELISA plates. The detection limit is as low as
6.25× 10−3 U/L [43]. However, the UV spectrum also will be easily affected by the external
environment, such as the color of the sample [70].

3.3. Electrochemical Measurement

Electrochemical detection is based on changes of the electrical signal due to the sub-
stance to be measured. This method is popular because of its low cost, fast response and ease
of miniaturization. There are a wide variety of electrochemical biosensors based on different
electrochemical techniques, such as cyclic voltammetry (CV), differential pulse voltamme-
try (DPV), stripping voltammetry, alternating current voltammetry (ACV), polarimetry,
square wave voltammetry (SWV) and linear scanning voltammetry (LSV) [104,105].
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As shown in Figure 4, Hong et al. fabricated an electrochemical sensor based on screen-
printed electrodes for LDH detection. The reaction layer of the printed ink used for the
working electrode consisted of graphite, electrodeposited 3,4−DHB, NAD and l−lactate,
which were bound in a composite polymer binder. LDH, the target analyte, diffused
from the supporting electrolyte into the reaction layer and reduced NAD to NADH. The
generated NADH was then oxidized on the electrode surface, generating electrochemical
current that is proportional to LDH activity. This method can detect LDH in the range of
50–500 U/L with a detection limit of 50 U/L, which is sufficient to meet the basic needs
of the test [106]. In addition, Zhu et al. developed a novel detection platform combining
microfluidics and electrochemical sensors arrays, which contains three parts: sample pro-
cessing, detection and signal output. The processing analysis starts when the sample flows
into the chip, uses lactic acid as the substrate. LDH catalyzes the reduction of NAD to
NADH. Then, the concentration of LDH is assessed by electrochemical detection of NADH.
It establishes a linear relationship in the range of 60–700 U/L with a detection limit of
25 U/L, which is much lower than the serum LDH concentration at the time of tumori-
genesis [107]. Furthermore, researchers have tested a zwitterionic phenazine compound:
3−(1−methoxyphenazin−5−ium−5−yl)propane−1−sulfonate(mPPS), which acts as an
electron mediator for the electrochemical oxidation of NADH. LDH was detected by the
redox reaction of NAD to NADH with a detection limit as low as 0.5 U/L [108]. Gisela’s
team developed a point-of-care (POC) device that includes a single-use microfluidic paper,
double-sided, screen-printed carbon electrode (MP-dsSPCE). The POC requires an opti-
mized single-step immunoassay performed using magnetic beads and an immunomodified
signal amplifier that is carried primarily in MP-dsSPCE. The system is capable of perform-
ing LDH assays in less than 20 min with minimal user intervention, and can provide a
detection limit of 50 U/L [109]. In addition, Xu et al. developed an immunosensor for
electrochemical detection of LDH. Firstly, multi-walled carbon nanotubes are assembled
with gold nanoparticles onto electrode surface, which increases the surface area of the
electrode and improves the conductivity of the electrode. LDH antibodies are then modified
onto the electrode surface for capturing LDH. When LDH is immobilized on the electrode
surface, it catalyzes the formation of pyruvate and NADH in the substrate solution, which
enhances the current signal. Conversely, when the LDH concentration is low, the signal is
weakened so that a linear relationship between LDH concentration and current intensity is
established. The detection range of this method is 0.55–275 U/L, and the detection limit is
0.21 U/L [110–113].

Figure 4. Response scheme for thick film LDH biosensors [106]. Copyright 2002 Elsevier.
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Immunoassays have been widely used for the detection of LDH [114]. Figure 5 shows
the work of Hemben et al., who developed an immunosensor using gold nanoparticles to
enhance sensitivity. When humans are infected with malaria by mosquito bites, LDH rises
rapidly in the blood. LDH is then detected by a gold nanoparticle-modified immunosensor
during the active phase. In comparison with commercial kits, the sensor showed higher
sensitivity and better reproducibility, allowing for immediate detection at low cost. The
sensor is capable of detecting LDH in the range of 0–0.17 U/L with a detection limit as low
as 0.45 U/L and can be used with a networked mobile device, which can greatly facilitate
the detection process [115].

Figure 5. Schematic diagram of the process of LDH detection by immunosensor [115]. Copyright
2018 Elsevier.

3.4. Fluorometric Measurement

When a fluorescent substance is irradiated by incident light of a certain wavelength
(usually UV light), the substances absorb light energy, enters the excited state, and immedi-
ately de-excites and emits light longer than the wavelength of the incident light (usually
in the visible wavelength). Many fluorescent substances cease to emit light once the inci-
dent light stops, and the luminescence disappears immediately [116]. Compared with the
previous detection methods, fluorescence analysis has advantages of high sensitivity, high
throughput, wide linearity range, making it a good choice for LDH detection [117,118].

Back in 2010, Ren et al. reported the detection of LDH activity based on CdTe/CdS
quantum dots. As shown in Figure 6, in this approach, the fluorescence of QDs was first
quenched by NAD, caused by chemisorption or electrostatic diffusion of NAD onto the
surface of QDs, which affecting the chemical bonds on QD surface. Then the fluorescence
was gradually recovered with the addition of LDH, which was ascribed to the reduction of
NAD to NADH catalyzed by LDH, thus consuming NAD and weakening the quenching
effect of NAD on the fluorescence of QDs. The detection limit of this method was 75 U/L,
and it has a good linearity in the range of 150–1500 U/L with a correlation coefficient of
0.996 [86]. One year later, they developed a CdTe QDs-based assay for LDH detection
and successfully applied it to detect LDH in human serum samples, making up for the
shortcomings of the previous work. The linear range of the assay is 250–6000 U/L, and
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the assay can be completed in 15 min [84]. Our team also developed silicon quantum dots
(SiQDs) and sulfur quantum dots (SQDs) based assays for LDH detection, which have
wide linear range for LDH detection. As shown in Figure 7, in the work on SiQDs, at an
excitation wavelength of 350 nm, the synthesized SiQDs possess an emission peak at 450 nm.
We found that no significant quenching effect was achieved when we mixed SiQDs with
NAD. On the contrary, NADH has a significant quenching effect on SiQDs. The principle
of fluorescence quenching is due to the diffusion of NADH onto the surface of SiQDs,
leading to the electron transfer (ET) process on SiQDs. The detection limit is 970 U/L. To
verify the feasibility of LDH detection by SiQDs, we conducted several control experiments.
When NADH was added to the SiQDs solution, the fluorescence intensity of SiQDs was
significantly reduced, indicating that NADH has a strong quenching effect on SiQDs. Then,
the fluorescence intensity was restored after continuing to add LDH together with pyruvate
to the mixed solution described above. However, when SiQDs were reacted with LDH alone,
the fluorescence intensity did not change significantly. In addition, we also investigated
the quenching of fluorescence intensity of SiQDs by NAD and the recovery of fluorescence
with the addition of LDH. Although NAD can also quench the fluorescence of SiQDs, the
quenching effect was not as significant as that of NADH. The fluorescence intensity was not
recovered when LDH and pyruvate were added, indicating that LDH could not catalyze the
conversion of NAD to NADH. Since LDH-catalyzed enzymatic reactions are reversible, we
believe that the above phenomenon is attributed to the fact that it is much easier for LDH
to catalyze pyruvate to lactate, while it is relatively difficult for LDH to catalyze lactate to
pyruvate. Due to the presence of many interfering substances in human serum samples,
the effect of various substances on the assay was also investigated to study the selectivity
of the assay. The sensitivity of the method for LDH was much higher than that for other
substances, indicating that the method has a high selectivity for the detection of LDH. As
shown in Figure 8, in the experiments on SQDs, it was shown that NAD can increase the
fluorescence intensity of SQDs, and its fluorescence intensity increased by about 30 times
when 1 M of NAD was added. This is due to the fact that the emission wavelength of NAD is
close to the excitation wavelength of SQDs, and the energy transfer between them enhances
the fluorescence intensity of SQDs. A detection limit of 262.41 U/L can be achieved in the
linear range of 0.5–40 × 103 U/L [119]. Compared to CdTe and CdTe/CdS QDs, SiQDs
and SQDs have unique advantages such as good biocompatibility, low toxicity, good water
solubility and photostability [12,119].

Wu’s team used super-bright adenosine monophosphate (AMP)-covered gold nanoclus-
ters (AuNCs@AMP) as a fluorescent probe to detect LDH. In contrast to the previous use of
NAD or NADH as a quencher, they found that LDH could be used as a quencher for this probe.
The mechanism of this quenching is due to the formation of Au-thiol complex by the free
sulfhydryl groups in LDH in the microenvironment on the protein surface. When excited at
328 nm, AuNCs@AMP exhibited an intense fluorescence peak at 480 nm and their fluorescence
emission was gradually quenched with time in the presence of 2.0 μM LDH. This resulted
in an intensity loss of nearly 70% with a slight blue shift. The method was able to detect
LDH linearly in the concentration range of 8–400 U/L with a detection limit of 0.8 U/L [120].
Building on their previous work, their team developed a quantitative assay for LDH based on
Au−AgNCs@AMP. This time, LDH was instead used to enhance the fluorescence intensity
of the probe, which could reach up to 5 times the initial intensity in the presence of 1.0 μM
LDH. The mechanism suggests that the probe interacts with the structural domain of LDH
near the active site and is driven by electrostatic interactions towards the free thiol group. The
fluorescence enhancement was attributed to assembly-induced emission enhancement (AIEE)
and hydrophobic transfer. Interestingly, they also introduced Al3+ in order to target specific
LDH for detection. Al3+ can bind to CuNCs@GSH and AgNCs@GSH, forming aggregates
through electrostatic interactions and producing strong emission enhancement effects. These
results suggest that Al3+ are suitable promoters for improving the emission of nanoclusters
and extending their application. Al3+ plays an important role in the specific detection of
PvLDH by shielding the fluorescence response of Au−AgNCs@AMP to RLDH, PfLDH and
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HLDH, but maintains the response to PvLDH. Therefore, specific LDH species can be detected
more specifically [83].

Figure 6. Schematic diagram of the principle of LDH determination, with the lower left panel showing
the fluorescence image of the QDs in the absence (a) or presence (b) of NAD, and in the presence of
LDH, NAD and LL (c) [86]. Copyright 2010 Elsevier.

Figure 7. (A) The synthesis principle of SiQDs. (B) NADH quenches fluorescence of SiQDs.
(C) Principle of LDH activity detection [12]. Copyright 2022 Elsevier.
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Figure 8. Schematic diagram of LDH detection by SQDs. Copyright 2022 Elsevier.

In addition, He et al. reported a fluorescence sensor based on CdSe quantum dots/
polycaprolactone (PCL) composite electrospun fluorescent porous fiber membranes, where
CdSe QDs were uniformly distributed within the PCL fiber as fluorescent probes, resulting
in fluorescence quenching due to electron transfer (ET) between NAD and CdSe QDs. In
order to accelerate the diffusion of analytes inside the fiber and to improve sensitivity,
a porogenic agent was introduced to produce a secondary porous structure in the fiber.
Compared with the fluorescence quenching sensor, this luciferase sensor can effectively
reduce the background signal, avoiding the false signal interference caused by other
quenching agents in the actual sample, which improves the sensitivity and selectivity of
the sensor. Each assay takes only 10 min and is linear in the range of 200–2400 U/L [121].
Moreover, Kenry et al. reported a new application of monolayer MoS2 nanosheets in the
development of “catch-release” aptamer biomolecular sensors. Unlike chemisorption and
electron transfer, the mechanism is as follows: the MoS2 nanosheets first quench the LDH
aptamer solution with fluorescent properties, and then the target LDH protein induces the
release of the aptamer from the nanosheet surface to restore fluorescence. The linearity
range is 0–578.13 U/L and detection limit is 5.09 U/L [122].

Unlike conventional quantum dots, Jenie developed a Resazurin based fluorescent
probe to detect LDH. Resazurin, known as Alamar Blue, has weak fluorescent properties.
With the transfer of electrons, the heterocyclic N−oxide group in Resazurin loses oxygen
upon reduction and forms the strongly fluorescent product—resorufin. The porous silicon
with microcavity structure enhanced the fluorescence signal. This is because the microcavi-
ties are multilayers consisting of intervening spacer layers and alternating porosity. The
microcavities are capable of enhancing the emission of fluorophores confined in the porous
structure according to the Purcell effect. The fluorescence intensity measured when LDH
was present on porous silicon microcavities was ten and fives times higher than that of
monolayers and detuned microcavities, respectively. The linear range of the assay system
is 0.16–6.5 × 103 U/L and the detection limit is 80 U/L [123]. Dr. Minopoli presented
a detection system based on plasma-enhanced fluorescence assay combining the plasma
characteristics of AuNPs and a unique photochemical functionalization technique. The
photochemical immobilization technique provides a fast and simple strategy to covalently
tether antibodies to a gold surface, exposing fragment antigen binding sites to the surround-
ing environment. The assay is performed in a sandwich configuration where antibodies
act as a capture bioreceptor and a fluorescently labeled aptamer binds to LDH from the
top. AuNPs are used as fluorescent enhancers to improve the sensitivity of the assay [124].
Furthermore, Dr. Alpizar reported a paper-based fluorescent magnetic immunoassay that
begins with a 5 min immunocapture in a test tube. The mixture is then transferred to the
distal end of the paper device wash pad. When it is absorbed, 500 μL of PBS–T is added to
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the wash bath. This pushes the mixture into the magnetic particles’ concentration fraction,
where the magnet retains the magnetic particles while the unbound reagents flow toward
the end absorbent pad. Finally, 50 μL of QuantaRed is added to the bottom of the wash
pad and the device is incubated in the dark for 5 min. Fluorescence detection was achieved
using a homemade portable fluorometer. The assay platform is capable of providing a
detection limit of 0.225 U/L over a linear range of 0.2–3.13 U/L [99].

According to relevant studies, the normal range of LDH in human serum is 100–300 U/L.
When the LDH level exceeds 1000 U/L, it suggests the possibility of related diseases or tumors.
This indicates that the linear range of these current test are sufficient. Table 1 summaries the
performance of recently reported assays for LDH.

Table 1. Performance of recently reported LDH detection methods.

Analytical
Method

Materials
Detection

Limit
(U L−1)

Linear Range
(U L−1)

Sensor
Response

Time (min)

Correlation
Coefficient

Reference
Real

Sample
Test

Fluorescence CdTe QDs / 250–6000 15 0.996 [84] Serum

Fluorescence CdTe/CdS QDs 75 150–1500 20 0.996 [86] /

Fluorescence AuNCs@AMP 0.8 8.0–400 30 0.996 [120] Serum

Fluorescence Au−AgNCs@AMP 0.93 92.5–925 10 0.997 [83] /

Fluorescence SiQDs 970 0.77–385 × 103 20 0.997 [12] Serum

Fluorescence SQDs 262.41 0.5–40 × 103 60 0.991 [119] Serum

Fluorescence pSi 80 0.16–6.5 × 103 10 0.984 [123] /

Fluorescence AuNPs 9.25 × 10−2 7.5 × 10−2–7.5 × 104 120 / [124] Blood

Fluorescence CdSe QDs/PCL / 200–2400 10 0.998 [121] /

Fluorescence Paper−based Sensor 0.225 0.2–3.13 <20 0.997 [99] Blood

Fluorescence Aptamer-Coated
Magnetic Beads 1.51 × 10−2 9.25 × 10−3–9.25 × 102 60 0.990 [125] /

Fluorescence MoS2 nanosheets 5.09 0–578.13 10 0.990 [122] /

Fluorescence Magnetic Beads 2.75 × 10−2 0.025–6.25 15 / [126] Blood

Electrochemistry Glassy Carbon
Electrode 0.21 0.55–275 60 0.991 [110] /

Electrochemistry Screen-printed Electrode 50 50–500 10 0.998 [106] /

Electrochemistry N−Mo2C/SPE 25 60–700 / 0.991 [107] Plasma

Electrochemistry MP−dsSPCE 50 3.13–25 <20 0.990 [109] Blood

Electrochemistry rGO−2DBioFET 7.22 × 10−5 7.22 × 10−4–9.25 × 103 / 0.990 [127] Serum

Electrochemistry mPPS 0.5 / / / [108] Serum

Colorimetry Pullulan-Based Inks 13 0–225 5 / [98] Serum

Colorimetry LFA 2.5 1.25–125 15 0.960 [128] Serum

Colorimetry mAb−functionalized
Magnetic Beads 2.41 × 10−2 6.48 × 10−2–46.25 15 / [129] Blood

Colorimetry Magnetic Beads 0.24 / 30 / [130] /

Colorimetry Paper-based Sensor 0.39 / <20 / [99] Blood

Colorimetry Aptamer-Coated
Magnetic Beads 0.57 9.25 × 10−3–9.25 × 102 60 0.990 [125] /

Colorimetry Magnetic Beads 0.03 0.1–6.25 20 / [126] Blood

Chemiluminescence Magnetic Beads 5 × 10−3 0.01–6.25 1 / [126] Blood

Immunoassay TiO 12.8 1–100 30 0.996 [131] /

Immunoassay Microfluidic Microplate 6.25 × 10−3 / <90 / [43] Serum

Immunoassay SPGE 0.45 0–0.17 120 0.991 [115] Serum
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4. Future Prospects

LDH plays an important role as a biomarker for different diseases such as cancers
and malaria. In this review, we summarized various assays for LDH and discussed their
advantages and limitations. Although different methods have been reported for LDH
analysis, which generally meet most basic detection needs, further efforts are still needed
to improve the performance for LDH detection for early screening of diseases. In the
future, the main challenges we need to overcome are improvement of sensitivity, reduction
of the cost and development of point-of-care testing (POCT). For example, by utilizing
properties of nanomaterials, we can synthetize probes with dual fluorescence emissions to
develop ratiometric assays for LDH. By using one emission peak as a built-in correction
and the other emission as a signal, ratiometric probes can eliminate variability arising
from environmental interference, leading to improved sensitivity and accuracy. Near-
infrared fluorescence probes can also be developed for in vivo study and cellular imaging
of LDH activity. Near-infrared fluorescence probes have been extensively used in biological
detection and imaging due to their attractive properties, including large anti-Stokes shifts,
good photostability, minimized autofluorescence and especially deep tissue penetration
in biological samples. Based on electrochemistry, similar to a glucose testing strip, POCT
for LDH can also be developed so that people can monitor LDH activity routine at home.
Moreover, although many methods have been recently reported for LDH detection, the
commercialization of these methods still needs further efforts, such as improving the
reproducibility, selectivity as well as precision of the methods. More clinical samples need
to be tested by the methods. More clinical data revealing the relationship of LDH with
other diseases are required to find wider applications of LDH as clinical biomarkers for
diseases diagnosis and therapeutic treatment.
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Abstract: Glutathione peroxidase 4 (GPX4) plays an important effect on ferroptosis. Down-regulating
the expression of GPX4 mRNA can decrease the content of GPX4. In this work, a gold nanoflare
(AuNF) probe loaded with anti-sense sequences targeting for GPX4 mRNA was designed to monitor
and down-regulate intracellular GPX4 mRNA using fluorescence imaging in situ and using anti-sense
technology. The results revealed that there was a marked difference for the expression of GPX4
mRNA in different cell lines, and the survival rate of cancer cells was not significantly effected
when the relative mRNA and protein expression levels of GPX4 was down-regulated by AuNF
probes. However, when co-treated with AuNF probes, the low expression of GPX4 strengthened
erastin-induced ferroptosis, and this synergy showed a better effect on inhibiting the proliferation of
cancer cells.

Keywords: ferroptosis; GPX4 mRNA; AuNF probe

1. Introduction

In the foreseeable future, cancer may replace cardiovascular disease as the disease that
is causing the most deaths worldwide. As a result, researchers have conducted a lot of
research work for the anti-cancer field. The present progress of anti-cancer drugs, treatment
strategies, surgical technology, and imaging technology has significantly improved the
survival rate of cancer patients, and many treatment methods aside from chemotherapy,
radiotherapy, and surgery have gradually emerged, such as immunotherapy and gene
therapy [1,2]. However, there is still no effective treatment to cure most cancers. Thus, it is
quite urgent to develop new and effective cancer treatment methods.

With the development of modern technology, people have a deeper understanding
of cell death. In addition to apoptosis, researchers have also found some other abnormal
forms of cell death, such as autophagy, necrosis, pyroptosis, ferroptosis, etc. Among
them, ferroptosis, a regulatory and iron-dependent programmed cell death form, has
received extensive attention in recent years. Studies revealed that ferroptosis has some
unique characteristics, such as shrinking mitochondria, increasing membrane density of
mitochondria, and aggregation of iron and a series of destructive reactive oxygen species
(ROS, including hydroxyl free radicals, lipid free radicals, and lipid hydrogen peroxide
free radicals) [3,4]. ROS can oxidize intracellular nucleic acids, proteins, lipids, and other
macromolecules. Especially, they will cause the oxidation of cell membrane lipids, which
will eventually promote ferroptosis [3,5]. An effective ferroptosis inducer such as erastin
can inhibit the cysteine/glutamate transporter system Xc-, leading to the depletion of
cysteine (Cys) and glutathione (GSH) [6–8], further disrupting cellular redox homeostasis,
inducing ROS accumulation, and then leading to the occurrence of ferroptosis.
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In addition to inducing ferroptosis in cancer cells by elevating intracellular ROS levels,
numerous studies have demonstrated the effectiveness of cancer-killing by inducing fer-
roptosis through the inactivation of glutathione peroxidase 4 (GPX4). GPX4 is a membrane
lipid repair enzyme that can reduce lipid peroxide in the process of transforming GSH into
GSSG, so it is a key factor to protect cells from ferroptosis [9,10]. Therefore, the inhibition
of GPX4 is a key step in the process of exploring the role that contributes to the ferroptosis
of cancer cells. Many inhibitors of GPX4 have been widely reported, such as RSL3 [11],
ML162 [12], and FINO2 [13]. However, these inhibitors have some obvious disadvantages,
such as poor selectivity and poor pharmacokinetic properties. Thus, there is an urgent need
to find a method with good biocompatibility, easy metabolism, and effective inhibition of
GPX4 activity. Protein synthesis is all translated from mRNA. If gene regulation methods
such as anti-sense oligonucleotide technology are used to silence and down-regulate the
expression of intracellular GPX4 mRNA, the activity of GPX4 can be indirectly suppressed.

In light of the above description, in this study we designed an anti-sense oligonu-
cleotide sequence that can silence GPX4 mRNA. The anti-sense sequence was loaded on
gold nanoflare probes (AuNF probes), which was firstly developed by Mirkin’s group [14].
After the endocytosis of AuNF probes, the fluorescent molecule Cy5-modified anti-sense
sequence will directly hybridize with GPX4 mRNA and further down-regulate the expres-
sion of GPX4. Moreover, the inhibition of cancer cell proliferation was studied through
down-regulation of GPX4 alone with AuNF probes or through the synergistic effect of
erastin and AuNF probes. Based on this probe, we sought to achieve the purpose of visually
down-regulating and in situ monitoring GPX4 mRNA. Meanwhile, in order to overcome
the disadvantages of erastin’s poor water solubility and avoiding its obvious toxic and
side effects, we hope to explore a synergistic strategy that can more effectively induce
ferroptosis in cancer cells under the effect of a low concentration of erastin.

2. Materials and Methods

2.1. Materials

Chloroauric acid (HAuCl4·4H2O), potassium dihydrogen phosphate (KH2PO4), dis-
odium hydrogen phosphate (Na2HPO4), sodium citrate (C6H5Na3O7), sodium chloride
(NaCl), and potassium chloride (KCl) were purchased from Shanghai Chemical Reagent
Company (Shanghai, China). Phosphate buffer (PBS) was freshly prepared (pH 7.4,
136.7 mM of NaCl, 2.7 mM of KCl, 8.72 mM of Na2HPO4, 1.41 mM of KH2PO4). Magnesium
chloride solution (1 M), RNase inhibitor (DEPC), 3-(4,5-dimethylthiazole-2)-2,5- diphenyl-
tetrazolium bromide (MTT), and Tween-20 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Other reagents are commercially available. The DNA sequences used (Table 1)
were synthesized and purchased from Sangon Biotechnology Co., Ltd. (Shanghai, China). A
glutathione peroxide detection kit (NADPH method), BCA protein concentration assay
kit, immunostaining reagents (including fixed solution, washing solution, and blocking
solution), GPX4 primary antibody (GPX4 rabbit polyclonal antibody), and GPX4 secondary
antibody [Cy3 labeled Goat anti rabbit IgG (H + L)], were all purchased from Shanghai
Beyotime Biotechnology Co., Ltd. (Shanghai, China).

Table 1. DNA sequence list.

Names Sequences

HS-DNA 5′-TCA GCG TAT CAA AAA AAA AA-SH-3′
HS-DNA’ 5′-GAT CTA AGC TAA AAA AAA AA-SH-3′
Flare-DNA 5′-GAT ACG CTG AGT GTG GTT T-Cy5-3′
Flare-DNA’ 5′-AGC TTA GAT CGC TAT GTA C-Cy5-3′
Flare-DNA-N 5′-GAT ACG CTG AGT GTG GTT T-3′
Target-DNA 5′-AAA CCA CAC TCA GCG TAT C-3′
Random-DNA 5′-GGC CGA TTG TGA ACA TGG A -3′
GPX4-F-primer 5′-AGA GAT CAA AGA GTT CGC CGC-3′
GPX4-R-primer 5′-TCT TCA TCC ACT TCC ACA GCG-3′
GAPDH-F-primer 5′-CTC AGA CAC CAT GGG GAA GGT GA-3′
GAPDH-R-primer 5′-ATG ATC TTG AGG CTG TTG TCA TA-3′
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2.2. Instrumentation

Fluorescence spectra and intensities were obtained on an F-7000 spectrophotometer
(Hitachi, Tokyo, Japan). Absorption spectral measurements were carried out on a UV-750
ultraviolet spectrophotometer (Perkin-Elmer, Waltham, MA, USA). Transmission electron
microscope (TEM) images were taken using a JEM 2100 electron microscope (JEOL Ltd.,
Tokyo, Japan). The TEM was operated at an acceleration voltage of 200 kV, and a micro grid
was used for sample suspension. Confocal laser scanning microscopic analysis (CLSM)
was carried out on a ZEISS LSM 880 microscope. Reverse transcription fluorescence
quantitative PCR (qTR-PCR) was performed on the Quantstudio 5 Applied Biosystems
instrument (Waltham, MA, USA). An MTT assay was performed on a ELX808 microplate
reader (BioTek, Winooski, VT, USA).

2.3. Experimental Sections
2.3.1. Preparation of Gold Nanoparticles and Gold Nanoflare Probes

Synthesis of gold nanoparticles (AuNPs) was conducted according to the literature [15].
We heated 50 mL of HAuCl4 (1 mM) solution to 100 ◦C, and after full boiling, 10 mL of
trisodium citrate (38.8 mM) solution was rapidly added. After that, the color of the solution
will gradually turn dark red. After stirring for 15 min, the reaction was stopped, and the
mixture was naturally dropped to room temperature and was stored at 4 ◦C for standby.

Gold nanoflare probes (AuNF probes) were synthesized according to the following
steps. Add 100 μL of DEPC water to HS-DNA and Flare-DNA (or Flare-DNA-N) at 1 OD,
respectively, and vortex to mix thoroughly. Then, add 1.5 μL (100 mM) of TCEP to the
SH-DNA to activate the sulfhydryl groups, and let it stand for 1 h at room temperature
in the dark. Mix HS-DNA and Flare-DNA (or Flare-DNA-N) at a ratio of 1:1.2 to form a
nucleic acid hybridization solution. Then, the mixture was heated at 90 ◦C for 5 min and
further cooled slowly. After the formation of the HS-DNA/Flare-DNA (or Flare-DNA-N)
duplex, the solution was divided into 2 equal parts, and 1.2 mL of AuNPs solution was
added to each part. After mixing at room temperature for 24 h in the dark, 10 μL of Tween
diluent was firstly added, followed by adding 33 μL of PBS buffer solution containing
2 M of NaCl. Next, the passivation reaction was carried out by adding 33 μL of PBS
buffer solution containing 2 M of NaCl three times every 2 h, and we continued to mix
for 48 h. All operations were performed under dark conditions. Then, we centrifuged
(13,500 rpm/30 min) the solution to remove the free DNA and continue to wash twice with
PBS buffer solution. Finally, 1 mL of PBS buffer solution was used to dissolve the precipitate
to form the AuNF probe solution, which was stored at 4 ◦C and should be used up in one
month. The concentration of AuNF probe solution was calculated by the Lambert–Beer law
(ε = 2.7 × 108 L·mol−1·cm−1).

Gold nanoflare probe analogs (AuNF probe analogs) were also prepared using the
same process mentioned above. However, the sequences of DNA duplexes (HS-DNA’/Flare-
DNA’) that was bound with AuNPs was different from those of HS-DNA/Flare-DNA but
with the same amount of bases.

2.3.2. Incubation of AuNF Probes with Target-DNA or Cell Lysis Solution

AuNF probes (1.5 nM) and Target-DNA of different concentrations (0, 2.5, 5, 10, 50,
100, 200, and 300 nM) were mixed in PBS buffer solution to obtain 200 μL of solution, which
was incubated at 37 ◦C for 4 h in the dark; we then measured the fluorescence intensity of
each sample.

The cell lysis solution was prepared by using an RNA extraction kit to extract RNA
from 2 × 106 HeLa cells and dissolve RNA in 100 μL of DEPC water. Then, take 20 μL cell
lysis solution to mix with AuNF probes (1.5 nM) and produce up to 200 μL with DEPC
water. Our mixture was incubated at 37 ◦C for 4 h in the dark and we then measured the
fluorescence intensity.
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2.3.3. Cell Culture, Confocal Imaging, and Flow Cytometric Analysis

The medium (DMEM, GIBCO), fetal bovine serum, and double antibody [penicillin
(100 μg·mL−1) and streptomycin (100 μg·mL−1)] were prepared according to the ratio of
9:1:0.1 to prepare the cell culture medium. The cells were cultured in a sterile environment
at 37 ◦C humidified with 5% CO2.

Confocal laser scanning microscopy (CLSM) was used to detect the content of intra-
cellular GPX4 mRNA through in situ fluorescence imaging after incubating AuNF probes
(1.5 nM) for 4 h in 6 different cancer cell lines, including the human cervical cancer cell
line (HeLa), human lung cancer cell line (A549), human hepatoellular carcinomas (HepG2),
human breast cancer cell lines (MCF-7 and MDA-MB-231), human osteosarcoma cell line
(U2OS); two normal cell lines were also used, including human normal liver cell line
(HL-7702) and human normal breast cell line (HBL-100). We thoroughly mixed 200 μL
of cell suspension (1 × 106 mL−1) and 2 mL of cell culture medium and then inoculated
them in a confocal dish. After culturing for 24 h, the AuNF probes (1.5 nM) were added.
After incubating the cell samples in the incubator for 4 h, CLSM fluorescence imaging
was determined using a 633 nm excitation. Then, the medium was removed, and the
cells were trypsinized, collected, and washed twice with pre-chilled PBS. Apoptotic cells
were detected by a Guava easyCyte flow cytometer. For each experiment, 5000 cells were
recorded per sample.

2.3.4. qRT-PCR Analysis

HeLa cells were seeded in 6-well plates, and three groups were set as the PBS group,
control group (AuNF probe analogs), and AuNF probe group, which were prepared with
Flare-DNA-N. The probes were added at different time points. After reaching the treatment
time (12, 24, 36, 48 h), the culture medium was removed and thoroughly washed with
PBS. Then, the cell samples were trypsinized and counted for extracting RNA according
to the instruction of RNA extraction kit. After reverse transcription, they were stored in a
−80 ◦C refrigerator for qRT-PCR detection. The contents of GPX4 mRNA were determined
by qRT-PCR analysis using the SYBR Green Master Mix method. All primers used here are
shown in Table 1.

2.3.5. Immunofluorescence Labeling

HeLa cells were seeded in laser confocal dishes for 24 h; AuNF probes or PBS were
added for 48 h. Then, the control and the AuNF probe groups were individually fixed,
blocked, and incubated with primary antibody and Cy3-labeled secondary antibody ac-
cording to the instruction of the assay kit. Finally, two groups were washed and observed
under a confocal laser scanning microscope. To avoid the disturbance of Cy5 labeled on the
Flare-DNA, AuNF probes used here were prepared with Flare-DNA-N.

2.3.6. Determining the Content of Glutathione Peroxidases

HeLa cells were seeded in cell culture dishes for 24 h and then treated with AuNF
probes at different concentrations (0, 0.5, 0.8, 1.2, and 1.5 nM) for 48 h. With the same
method, AuNF probes (1.5 nM) were added into HeLa cell samples and incubated for 0, 12,
24, 36, or 48 h. After washing the cells with PBS, the cells were digested on a small dish
with 0.02% EDTA, then lyzed with a glass homogenizer. The protein concentrations of the
cell lysis were determined with a BCA protein concentration assay kit and then detected
according to the instruction of the glutathione peroxidase assay kit.

2.3.7. Inhibiting the Proliferation of Cancer Cells through Erastin or the Synergistic Effect
of Erastin and AuNF Probes

Five human cancer cell lines, including HeLa, A549, HepG2, MCF-7, and MDA-MB-231,
were individually inoculated in 96-well plates (1 × 105 cells/well). After incubating for
24 h, different volumes of erastin dissolved in DMSO were added into cell samples with
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the final erastin concentrations of 0.1, 0.5, 1, 2, 5, 10, and 15 μM. The cell viability of each
sample was determined using the MTT method after interacting with erastin for 48 h.

Similarly, five human cancer cell lines mentioned above were re-prepared in 96-well
plates (1 × 105 cells/well). Each cell sample was prepared in triplicate. A different cell
sample was treated with AuNF probes (1.5 nM), erastin dissolved in DMSO (2 μM), or
AuNF probes (1.5 nM) + erastin (2 μM), respectively. The cell viabilities of the cell samples
were determined using the MTT method after being treated with different systems for 12,
24, or 48 h.

2.3.8. Determining the Content Change of Intracellular ROS Caused by Erastin and
AuNF Probes

Three HeLa cell samples cultured in confocal dishes were individually prepared by
adding HeLa cell suspension (200 μL, 1 × 106 mL−1) and 2 mL of cell culture medium.
After culturing for 24 h, AuNF probes were added into two cell samples with the final
concentration of 1.5 nM. After 6 h, the medium containing AuNF probes was removed, and
2 mL of new cell culture medium with or without erastin (2 μM) were added. These two
cell samples were set as the “AuNF probes” or “AuNF probes + erastin” group, respectively.
After culturing for 48 h, two cell samples were stained with 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA, 50 mM) in the medium for 30 min and then washed for three times
with PBS solution and observed under a CLSM. The DCF was excited with a 488 nm laser
and the fluorescence intensity at 525 nm shows the amount of DCF, which was correlated
with the content of ROS.

The CLSM imaging of intracellular ROS for the only erastin-treated cell group was
also dealt with in a similar process as the “AuNF probes + erastin” group, but without the
treatment of AuNF probes.

2.3.9. Statistical Analysis

All data were reported as the means ± standard deviation from at least three inde-
pendent experiments. Statistical analyses were performed using the IBM SPSS Statistics
25 software package, and we assumed significance at p < 0.05 (*) and high significance at
p < 0.01 (**).

3. Results and Discussion

3.1. Design of AuNF Probes and Mechanism of Enhancing Erastin-Induced Ferroptosis

Here, AuNF probes were prepared by the combination of HS-DNA/Flare-DNA du-
plexes and AuNPs through Au-S bonds. Flare-DNA was designed as the anti-sense se-
quences targeting for GPX4 mRNA and modified by the Cy5 fluorophore molecules at the
5′ end. Firstly, HS-DNA and Flare-DNA were co-incubated to form the HS-DNA/Flare-
DNA duplexes, and the fluorescence signal of Cy5 was not effected. Once in the presence
of AuNPs, AuNF probes were formed and the signal of Cy5 would be bleached due to the
effect of the fluorescence resonance energy transfer (FRET). As shown in Figure 1, when
the AuNF probes were endocytosed into the cell, intracellular GPX4 mRNA could competi-
tively hybridize with Flare-DNA to form Flare-DNA/GPX4 mRNA hybridization systems,
which will silence or degrade GPX4 mRNA and further down-regulate the expression
of GPX4. At the same time, and the fluorescence signal of Cy5 is recovered due to the
detachment of Flare-DNA from the surface of AuNPs. So, the above process of detecting
and regulating GPX4 mRNA can be monitored by the fluorescence signal changes. In
addition, the down-regulation of GPX4 was used to enhance erastin-induced ferroptosis
for cancer cells.

3.2. Characterization of AuNPs and AuNF Probes

The size of AuNPs (~13 nm) was characterized by using TEM imaging (Figure 2A).
The UV-vis spectra showed the characteristic absorption of AuNPs (~520 nm) and the DNA
signal (~260 nm) for AuNF probes (Figure 2B). In addition, DLS was used to verify changes
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in the hydrodynamic size of AuNPs after binding with HS-DNA/Flare-DNA duplexes. As
shown in Figure 2C,D, the hydrodynamic size of AuNF probes is 36 ± 0.3 nm, which is
bigger than that of bare AuNPs (13.4 ± 0.4 nm). These results was basically consistent with
relevant works [14,16].

 

Figure 1. Schematic illustration of designation of AuNF probes, mechanism of down-regulating
GPX4, and enhancement of erastin-induced ferroptosis for cancer cells.

 
Figure 2. TEM images of AuNPs (A), UV-vis characterization of AuNPs and AuNF probes (B),
hydrodynamic sizes of AuNPs (C) and AuNF probes (D) determined by DLS.
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3.3. Fluorescence Response of AuNF Probes to Target-DNA and Cell Lysis Solution

According to the designation, the distance (-A10-, ~3.4 nm) of Cy5 and AuNPs in the
AuNF probes is in the range of FRET [17]. So, there is weak fluorescence signals of Cy5 in
the solution of AuNF probes (Figure 3). When the AuNF probes were treated with different
concentrations of Target-DNA that were designed to completely hybridize with the Flare-
DNA, the fluorescence signals of Cy5 were recovered. With the increase in Target-DNA
concentrations, the fluorescence intensity increased accordingly, and there was a plateau
when the concentration of the Target-DNA was above 100 nM (Figure 3A). These results
show that the competitive hybridization between the Target-DNA and the Flare-DNA
would induce a Flare-DNA detach from AuNF probes and recover the Cy5 fluorescence. A
similar fluorescence recovery also occurred to the experimental system of AuNF probes and
HeLa cell lysis solution (Figure 3B). Furthermore, to determine the specificity of the AuNF
probes to the Target-DNA, Random-DNAs with arbitrary sequences were used to test the
fluorescence response of AuNF probes. Studies show that the fluorescence intensity is quite
small when AuNF probes incubate with high concentrations of Random-DNA (Figure S2).
In addition, AuNF probe analogs have also been prepared by binding arbitrary sequence
HS-DNA’/Flare-DNA’ hybridization duplexes on AuNPs. However, there was no obvious
fluorescence response for the AuNF probe analogs to the Target-DNA (Figure S3A). All
these results demonstrate the good specificity of the AuNF probes to GPX4 mRNA.

 

Figure 3. Fluorescence spectra of AuNF probes incubated with different concentrations of Target-
DNA (0, 2.5, 5, 10, 50, 100, 200, and 300 nM) (A) or HeLa cell lysis solution (B).

3.4. Evaluation the Number of HS-DNA/Flare-DNA Duplexes Bound on AuNF Probes

According to the previous reports, the small molecule mercaptoethanol can compete
with the nucleic acid hybridization duplexes and be bound to AuNPs by Au-S bonds. As
AuNF probes (1.5 nM) were incubated with different concentrations of mercaptoethanol,
and a sequentially enhanced fluorescence signal was observed with increasing mercap-
toethanol concentration (Figure S1). This reveals that different amounts of HS-DNA/Flare-
DNA duplexes were dissociated from the surface of the AuNPs. Based on the standard
curve of HS-DNA/Flare-DNA duplexes, the amount of duplexes (~47) bound on each
AuNF probe were evaluated by the fluorescence intensity of suspension solution of AuNF
probes (1.5 nM) after being adequately treated with mercaptoethanol (50 μM) (Figure S1).
Here, there are only 10 fully hybridized bases in the HS-DNA/Flare-DNA duplexes. Com-
pared with previous similar gold nanoflare probes with 12 bases in the part of hybridiza-
tion [16], the lower number of bound nucleic acid duplexes on the AuNF probe designed
here should be due to the worse rigidity of the HS-DNA/Flare-DNA nucleic acid sequence
caused by the lower number of hybridization bases.
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3.5. Fluorescence Imaging of Intracellular GPX4 mRNA by CLSM

Next, the response of the AuNF probes to intracellular GPX4 mRNA was examined
by confocal laser scanning microscopy (CLSM). Six types of cancer cell lines were tested,
including A549, HeLa, HepG2, MCF-7, MDA-MB-231, and U2OS. As shown in Figure 4A,
there were great differences in the expression of GPX4 mRNA in the different cancer cell
lines. A549, HeLa, and HepG-2 presented high expression. Both of the two types of breast
cancer cell lines showed low expression. Similarly, there were slight fluorescence signals
for U2OS, showing the low expression of GPX4 mRNA. At the same time, the expression of
GPX4 mRNA in two normal cell lines were also determined. Compared with the HepG2
cells, the human normal liver cell line (HL-7702) presented a low expression of GPX4
mRNA, but normal breast cells (HBL-100) had higher levels of expression than their breast
cancer cell counterparts (MCF-7 and MDA-MB-231) (Figure 4B). In addition, to further
verify this phenomena, parts of the cell samples were collected for flow cytometric analysis.
The general fluorescence signals were in accordance with the results determined by CLSM
(Figure 4C). The content of GPX4 mRNA in HeLa, A549, MCF-7, and HBL-100 have also
been tested by qRT-PCR. The data show similar results to those determined by the CLSM
and flow cytometric analyses (Figure S4).

 

Figure 4. Fluorescence images of different cancer cell lines (A) and normal cell lines (B) that were
treated with AuNF probes (1.5 nM) for 4 h. Flow cytometric analysis of different cell lines (C) collected
after the CLSM determination.

Moreover, the intracellular non-specific response of AuNF probes can be excluded by
CLSM imaging for HeLa cells that were treated with AuNF probe analogs (Figure S3B,C).
Compared with the stronger fluorescence intensity of the AuNF probe treatment group,
the AuNF probe analog group only showed slight background signals.

3.6. Expression Analysis of Intracellular GPX4 mRNA, GPX4 and Total GPX

Recently, Hangauer et al. reported that drug-resistant persistent cancer cells are
sensitive to GPX4. Ferroptosis of resistant cancer cells can be induced by inhibiting GPX4
with a direct GPX4 inhibitor (RSL3) [18]. In addition, Ni et al. used siRNA to down-regulate
GPX4 mRNA to synergistically enhance ferroptosis of cancer cells when reacted with iron
oxide and platinum nanocomposite systems [19].
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To further corroborate the critical role of GPX4, we down-regulated GPX4 mRNA
expression in HeLa cells using anti-sense technology. The Flare-DNA sequences of AuNF
probes were designed to completely hybridize with GPX4 mRNA. Once the AuNF probes
enter the cells, Flare-DNA will hybridize with GPX4 mRNA to form a partial double-
stranded structure. This hybridization will activate intracellular RNase H to hydrolyze
GPX4 mRNA and reduce the content of intracellular GPX4 mRNA or to silence GPX4
mRNA to prevent its further translation into GPX4 protein [20]. To verify this effect, a
qRT-PCR test was used to examine the content change of intracellular GPX4 mRNA when
the AuNF probes reacted with HeLa cells for different times. With the increase in time, the
GPX4 mRNA content showed a significant down-regulation trend, and it dropped to 61%
at 48 h (Figure 5A). With a similar experimental operation, there was no obvious decrease
for the expression of GPX4 mRNA in HeLa cells that were treated with the AuNF probe
analogs. This result showed that AuNF probes could down-regulate the expression of
intracellular GPX4 mRNA based on anti-sense technology.

 

Figure 5. (A) qRT-PCR analysis of GPX4 mRNA in HeLa cells after being treated with AuNF
probes (1.5 nM) or AuNF probe analogs (1.5 nM) for different times (12, 24, 36, and 48 h).
(B) Immunofluorescence confocal imaging of GPX4 expression (purple) in HeLa cells after being
treated with AuNF probes (1.5 nM) or PBS (Blank) for 48 h. (C) The activity of Se-GPX in HeLa cells
after being treated with different concentrations of AuNF probes (0, 0.5, 0.8, 1.2, and 1.5 nM) for 48 h.
(D) The activity of Se-GPX in HeLa cells after being treated with AuNF probes (1.5 nM) for different
times (0, 12, 24, 36, and 48 h).

The protein level of GPX4 was observed using the immunofluorescence labeling
method with CLSM. According to the Cy3 fluorescence signals labeled on secondary
antibody (Figure 5B), it can be seen that the GPX4 content in the AuNF probe group is
significantly lower than that of the PBS group. These results indicate that AuNF probes
can effectively down-regulate the expression of GPX4 protein after regulating intracellular
GPX4 mRNA.
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Furthermore, the activity of total GPX containing selenium (Se-GPX) were deter-
mined using a glutathione peroxidase assay kit with the NADPH method. As shown
in Figure 5C,D, with the increase in AuNF probe concentration and the prolongation of
reaction time, the activity of Se-GPX showed a downward trend, which was consistent with
the results of the down-regulation of the expression of GPX4.

3.7. Enhancing Erastin-Induced Ferroptosis Using the Synergistic Effect of AuNF Probes

Ferroptosis inducers can be divided into two types. The first type, such as erastin and
sulfasalazine, acts by targeting cystinoglutamate anti-transporters (system Xc-). The second
type, such as RSL3 and DP17, can directly inhibit GPX4 activity [21,22]. Both of these types
of inducers can mediate intracellular ROS accumulation and inhibit the proliferation of
cancer cells with the form of ferroptosis.

Here, we plan to study the inhibition of the proliferation of cancer cells while simulta-
neously using these two kinds of ferroptosis inducers. Erastin is a low molecular weight
chemotherapy drug that can induce ferroptosis for different types of cancer cells [23–25].
Our experiments show that erastin exhibits obvious in vitro cytotoxicity against the five
cancer cell lines, including HeLa, A549, HepG2, MCF-7, and MDA-MB-231 (Figure 6A).
Especially for A549, the IC50 value is low, measuring at 2.32 μM. Overall, the inhibition
rates of cell proliferation are dependent on the concentration of erastin. However, poor
water solubility and renal toxicity have limited its clinical application. It was reported that
the expression of GPX4 appeared to strongly correlate with the sensitivity to ferroptosis
induction by erastin [12]. Compared with the above measured expression levels of GPX4
mRNA, we noticed that erastin showed significant cytotoxic activity at the lower concentra-
tion range (<5 μM) for HeLa, A549, and HepG2 cells, which presents a higher expression of
GPX4 mRNA. The semi-inhibitory concentrations (IC50) are shown in Table S1. For MCF-7
and MDA-MB-231, both of their half-inhibitory concentrations were greater than 10 μM.
All these results show the correlation of erastin-mediated ferroptosis with the expression
of GPX4.

Considering the low water solubility of erastin, the authors aimed to explore some
new strategies to conjugate with other ferroptosis promoters to maximize the anti-cancer
effect of erastin at low concentrations. The inactivation of GPX4 is believed to lead to
increased levels of uncontrolled lipid peroxidation culminating in cell death in vitro and
in vivo [12,18]. To further test the possibility and the correlation between the expression of
GPX4 and erastin, we treated five cancer cell lines with AuNF probes for different times.
We found that the AuNF probes show a weaker inhibition for the proliferation of the five
cancer cell lines by only down-regulating GPX4 (Figure 6B–F). Of course, the cytotoxicity
of AuNPs itself can be excluded by determining the cell viability of HeLa cells that were
treated with different concentrations of AuNF probe analogs for 48 h (Figure S3D).

Compared with the cell viability of different cancer cells treated with erastin (2 μM)
alone for different times, the co-treatment with AuNF probes and erastin has better inhi-
bition rates for the proliferation of all cancer cell lines except for A549 cells under these
unoptimized conditions. According to the inhibition rate of different systems on the prolif-
eration of different cancer cells at 48 h (shown in Table S2), we can see that there exists a
drug synergism of “1 + 1 > 2”. Thus, targeting system Xc- and directly inhibiting GPX4
activity can achieve a synergistic inhibition of cancer cell proliferation.

3.8. ROS Generation Caused by AuNF Probes and Erastin

To further demonstrate the relationship of cytotoxicity of AuNF probes or erastin and
their ability to generate ROS, the content change of intracellular ROS was evaluated by the
CLSM analysis using DCFH-DA as the fluorescence molecular probe.

A large number of studies have shown that ROS is the key point of ferroptosis in
cells [3–5], and GPX4 shows the ability to clear intracellular ROS [9,10]. Therefore, the
down-regulation of GPX4 should lead to intracellular ROS accumulation, which induces
cell death. Figure 7 shows the confocal images of HeLa cells when the cells were treated by
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the AuNF probes. Unexpectedly, there is only a slight fluorescence signal of DCA, which
demonstrates a lower content of intracellular ROS. Compared with the inhibition of GPX4
activity shown in Figure 5, we speculated that the above results should be due to the poor
inhibition rate (40% at 48 h) of GPX4 activity by the AuNF probes, so that the remaining
GPX4 could still clear most of the intracellular ROS. This may also explain why AuNF
probes had less effect on the survival of the cancer cells tested (Figure 6B–F).

 

Figure 6. (A) Cell viabilities of different cancer cell lines when treated with different concentrations of
erastin (0.1, 0.5, 1.0, 2.0, 5.0, 10.0, and 15.0 μM) for 48 h. Cell viability of HeLa (B), A549 (C), HepG2 (D),
MCF-7 (E), and MDA-MB-231 cells (F) when treated with AuNF probes (1.5 nM), erastin (2.0 μM), and
AuNF probes (1.5 nM) + erastin (2.0 μM) for different times (12, 24, and 48 h). p < 0.05 (*); p < 0.01 (**).

For the erastin-treated cell sample, the confocal images show obvious fluorescence
signals of DCA, which verify the previous report that erastin can mediate intracellular
ROS accumulation [23–25]. Apparently, the stronger fluorescence signals for AuNF probes
and erastin co-treated cell sample demonstrated that the synergistic effect of the AuNF
probes and erastin more significantly promoted the accumulation of large amounts of ROS
in HeLa cells. These results are in accordance with the greater cell inhibitory activity shown
in Figure 6B–F.
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Figure 7. (A) Confocal images of HeLa cells showing the ROS response when cells were treated by
different systems. (B) Mean fluorescence intensity of confocal images of HeLa cells shown in (A).

4. Conclusions

At present, there are more and more studies on ferroptosis, which are inseparable
from the study of GPX4. In this study, we constructed a AuNF probe for monitoring and
down-regulating intracellular GPX4 mRNA based on anti-sense oligonucleotide technology.
Studies reveal that the proliferation of cancer cells was not obviously effected only by
down-regulating the expression of GPX4. Nevertheless, ferroptosis induced by erastin can
be enhanced by the synergistic effect of the AuNF probe. In conclusion, this study provides
a new research idea for promoting the clinical application of erastin and finding better
anti-cancer strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios12121178/s1, Figure S1: (A): Fluorescence recovery of AuNF-
probes incubated with different concentrations of mercaptoethanol (0, 0.2, 0.5, 1, 20, 50 μM).
(B): Standard curves of the fluorescence intensity of HS-DNA/Flare-DNA duplexes (0, 5, 10, 20,
40, 60, 80, 100, 150 nM). Figure S2: Fluorescence spectra of AuNF-probes incubated with different
concentrations of Random-DNA (0, 100, 300 nM). Figure S3 (A): Fluorescence spectra of AuNF-probe
analogs incubated with different concentrations of Target-DNA (0, 100, 300 nM). (B): Confocal fluo-
rescence images of HeLa cells that were treated with or without AuNF-probe analogs (1.5 nM) for 4 h.
(C): Mean fluorescence intensity of HeLa cells that shown in Figure S2B and Figure 4A. (D): Viabilities
of HeLa cells when treated with different concentrations of AuNF-probe analogs (0.5, 1.0, 1.5, 2.0 nM)
for 48 h. Figure S4: qRT-PCR analysis of GPX4 mRNA content in HeLa, A549, MCF-7, and HBL-100
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cells. Table S1: IC50 values of erastin against five different cancer cell lines. Table S2: Inhibition rate
of different systems on the proliferation of different cancer cells at 48 h.
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Abstract: Metabolic syndrome is a complex of interrelated risk factors for cardiovascular disease and
diabetes. Thus, new point-of-care diagnostic tools are essential for unambiguously distinguishing
MetS patients, providing results in rapid time. Herein, we evaluated the potential of Fourier transform
infrared spectroscopy combined with chemometric tools to detect spectra markers indicative of
metabolic syndrome. Around 105 plasma samples were collected and divided into two groups
according to the presence of at least three of the five clinical parameters used for MetS diagnosis. A
dual classification approach was studied based on selecting the most important spectral variable and
classification methods, linear discriminant analysis (LDA) and SIMCA class modelling, respectively.
The same classification methods were applied to measured clinical parameters at our disposal. Thus,
the classification’s performance on reduced spectra fingerprints and measured clinical parameters were
compared. Both approaches achieved excellent discrimination results among groups, providing almost
100% accuracy. Nevertheless, SIMCA class modelling showed higher classification performance between
MetS and no MetS for IR-reduced variables compared to clinical variables. We finally discuss the
potential of this method to be used as a supportive diagnostic or screening tool in clinical routines.

Keywords: metabolic syndrome; infrared spectroscopy; point of care; metabolic signatures; chemo-
metrics; classification strategy; health and wellbeing monitoring

1. Introduction

The high prevalence of non-communicable diseases (NCD) in adults is reflected in
increased costs for public health systems worldwide [1]. Among these NCD, metabolic
syndrome (MetS) plays a significant role. MetS is often associated with an increased risk
of diabetes and cardiovascular disease, resulting in increased incidence of morbidity and
mortality and reduced quality of life [2–6]. Thus, the commensurate prevalence of metabolic
syndrome burdens national health expenditure, representing a significant socio-economic
problem, particularly in low- and middle-income countries [7–10]. However, MetS is a
multifactorial disorder accompanied by conflicting opinions on its definition [11–13]. In
particular, many different definitions have been proposed to describe MetS in adults. The
main discrepancies were associated with inclusion and exclusion criteria adopted according
to the World Health Organization (WHO), National Cholesterol Education Program (NCEP),
Adult Treatment Panel III (ATPIII), and International Diabetes Federation (IDF). Finally, in
2009, the definition for metabolic syndrome was harmonised [14]: MetS is a disease formed
by metabolic and vascular abnormalities, namely insulin resistance (IR), visceral adiposity,
atherogenic dyslipidaemia, and oxidative and endothelial dysfunction. These risk factors
easily predispose hyperglycaemia and hypertension, atherosclerotic vascular diseases and
viral infection [15–18].

Given the complex and intertwined nature of MetS, it would be utopian to think that
a single biomarker could define it unambiguously. Thus, parameters concerned around
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central obesity (waist circumference (WC)), hypertension (blood pressure), atherogenic
dyslipidaemia (small low-density lipoprotein (LDL) and levels of high-density lipoprotein
(HDL) cholesterol), and insulin resistance (fasting glucose levels) are usually measured to
evaluate MetS diagnosis [19]. Due to the heterogeneity of these factors, people affected
by metabolic syndrome are three times more likely to suffer acute myocardial infarction,
cerebrovascular events, diabetes, or stroke. In addition, they have higher mortality rates [20].
Besides the economic impact, misdiagnosis or tardive diagnosis could lead not only to
inefficient treatment outcomes but even to significant dysfunctions such as cancer [21,22].
Thus, early and proper diagnosis plays a crucial role in delaying the pathology’s onset or
progression as much as possible and improving a patient’s condition.

Today, MetS diagnosis is based on several steps such as measuring metabolic mark-
ers of insulin resistance and other indices of metabolic syndrome (triglycerides, HDL
cholesterol levels, and blood glucose) that are obtainable from routine clinical biochemistry
laboratories, whereas blood pressure is measured in primary care [23]. The collection
and analysis of samples also entails a waiting time for laboratory results and additional
time for a new medical consultation. Although the proposed definition of MetS shares
some common features, the clinical diagnosis lacks standardisation. On that basis, it was
proposed that individuals showing a combination of any three out of these five simple
clinical criteria were likely to be characterised by insulin resistance. Prospective analyses
have also shown that any combination of these factors was predictive of an increased risk
of both type 2 diabetes and cardiovascular disease. First, it is still challenging to identify a
unified criteria for MetS applicable across all ethnicities. In addition, the contribution of
each parameter seems to have different importance based on the evaluation adopted in
each clinical environment (e.g., diagnosis focussed on glucose tolerance instead of obesity
cut-offs). Moreover, there is variation in the cut-off values of diagnostic inclusion criteria
(≥140/90 mmHg according to WHO vs. ≥130/85 mmHg according to ATP III for blood
pressure). The application of MetS diagnosis in clinical practice could also be compromised,
since most patient registries have missing data, limiting a study’s accuracy or leading to
false-positive results. In addition, measurements such as WC, one of the predominant
parameters for defining MetS, are not always feasible in patients because the diagnosis can
often be limited by the patient’s inability to perform a complete physical examination.

Given these perspectives, the need for standardised clinical diagnostic tools and protocols
becomes imperative in the prevention and diagnosis of MetS. For this reason, analysing global
metabolic profiles instead of disparate clinical measurements could be essential in shedding
light on MetS disarrangements. A multifactorial and complex pathology such as MetS seems
to require an approach from a holistic functional perspective, so an analysis of metabolic
profiles reflecting the global clinical status of a patient could represent a suitable alternative.

By now, metabolomics plays a key role as a powerful analytical tool that has been widely
applied to investigate plenty of disorders and disarrangements [24–26]. Metabolomics analy-
sis has the potential to discover biomarkers and allow for the detection of a wide range of
metabolites. In recent years, there has been a great interest in extracting biomarkers from
biofluids and, considering that blood is a biofluid containing numerous valuable metabolic
information, it seems that it in particular, it appropriately reflects metabolic changes and
disarrangements during disease initiation or progression [27,28]. In this context, tech-
niques based on vibrational spectroscopy are particularly suitable as sample preparation
is simple, non-invasive, rapid, and low-cost [29]. Therefore, the Fourier transformed in-
frared spectroscopy (FTIR) technique has been established as a reliable analytical tool in
metabolomic-based studies [30–34]. Moreover, another significant advantage resides in the
fact that FTIR is ideally suitable for acquose matrices such as blood [35,36]; the instrument
requires the collection of only one blood sample, with little or almost null pre-treatment. In
this study, we proposed an FTIR-based method that investigates many components at a
time, which are registered as spectral signatures. The development of a chemometric strat-
egy capable of extrapolating the most significant infrared (IR) signatures plays a crucial role
in this study, since each spectrum is unique for every patient and reflects their metabolic
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status. Non-targeted metabolomic studies, such as the one presented here, aim to extract
the metabolic signatures instead of individual biomarkers with limited potential, and
this permits the classification of patients according to their molecular patterns, reflecting
clinical/pathological conditions such as MetS or no MetS.

This method could greatly support clinicians, capturing the complexity of the MetS
metabolic profile when the clinical indicators are missing or lacking sufficient discrimi-
native power, revealing the globality of physiological disturbances. We do not want to
underestimate the importance of clinical diagnosis at any time. Still, our main aim is to
propose an alternative analytical strategy that could be of great diagnostic relevance and
support, limiting the time and cost of clinical measurements.

2. Materials and Methods

2.1. Study Population

A total of 105 plasma samples from anonymous donors were recruited from Infectious
Disease Area, Center for Biomedical Research of La Rioja (Logroño, Spain). This study
was approved by the Committee for Ethics in Drug Research in La Rioja (CEImLAR)
(23 April 2013, reference number 121) and a written informed consent was achieved from
all participants. The patients were evaluated by the NCEP-ATP-III scale and, if eligible,
were assigned to a metabolic syndrome category. MetS was defined as the concomitant
presence of at least three of the following risk factors: elevated TGL (≥150 mg/dL), low
concentrations of the fraction HDL cholesterol (<50 levels mg/dL in women or <40 mg/dL
levels in men), increased WC (≥88 cm in women or ≥102 cm in men), elevated blood
pressure (>130/85 mmHg), and elevated fasting glucose (>110 mg/dL or diabetes) [37].
Thus, the patients were divided into two groups by the criteria of MetS: 19 patients tested
as MetS positive and 86 as MetS negative. The patients enrolled in this study were also
characterised by the presence of viral load through serological evidence of HIV or co-
infection of HIV/HCV. A correct distribution between patients with and without infection
in both categories has been ensured to not introduce bias in future models developed for
diagnosing MetS.

2.2. Sample Collection

Once drawn, the venous blood samples were centrifuged at 2200× g for 15 min at
4 ◦C and the obtained plasma were transferred into a clean Eppendorf tube. Aliquots of
200 μL of each sample were stored at −80 ◦C until the day of the analysis. Before FTIR
measurements, plasma samples were defrosted during the night according to the optimised
ultrasound-based protocol for lipidomic analyses developed in our research group [38].

2.3. Method

FTIR spectroscopy measurements were performed by a Spectrum-One ABB Miracle
Type MB3000 FT-IR Spectrophotometer using a PerkinElmer liquid cell (Omni Cell, Specac
Ltd., Orpington, UK) with CaF2 windows separated with a 50 μm Mylar spacer. The spectra
from 25 μL of each plasma sample were recorded in the mid-IR region (4000–300 cm−1)
in triplicate. A mean spectrum was subsequently obtained from the replicates recorded
for each plasma sample. The sample temperature was maintained at 23.0 ± 1.0 ◦C, and
a constant N2 purge was applied for atmospheric water vapour and CO2 suppression.
A resolution of 2 cm−1 was obtained using 32 scans. In order to monitor the stability and
reproducibility of the analytical system, quality control (QC) samples were processed similarly
to the actual samples and inserted regularly. In addition, the instrument performance was
verified at the beginning of each day of data collection using PE-specific reference standards.

2.4. Data Analysis

After data acquisition, the processing and computational analysis of raw metabolic
data was performed using Unscrambler (version X 11.0, Camo ASA, Oslo, Norway), V-
Parvus (version PARVUS2011, Michele Forina, Genoa, Italy), and Matlab (MATLAB 9.4
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R2018a). Two different regions of the mid-IR spectrum were analysed: the first region
examined was the biochemical “fingerprint region” at 1500–1050 cm−1, and the second
was a higher region at 2950–2700 cm−1. Remaining wavenumber ranges, as they were
affected by signal saturation effects caused mainly by strong water absorptions or noise,
were removed, and not considered for further analysis. Given the high dimensionality of bi-
ological spectral data, many disturbing factors influence the spectral data acquisition, such
as random noise, baseline distortions, or light scattering. Thus, the pre-processing step is
imperative in analysis to reduce these factors. To compensate for instrumental artefacts and
sample to sample variations, different pre-processing methods were evaluated individually
or in combination to minimise the adulterant-unrelated variability, namely derivatives (e.g.,
Savitzky–Golay (S–G) first and second derivatives), standard normal variate (SNV), and
extended multiplicative scatter correction (EMSC). Thus, better resolution of overlapping
peaks and decreased scatter effects were ensured after applying the combination (S–G)
smoothing and SNV.

The entire data set was split into two independent subsets to develop and validate
the classifications proposed: a training set with 95 samples (used to optimise and develop
the classification rules and models) and a test set with ten samples (never used in the
construction of the classification but to evaluate their actual predictive ability). The test set
used was the same for all methods applied and classifications developed. As a result, the
smoothed and normalised output tables were always centred before additional multivariate
analysis and classification algorithms.

3. Results and Discussion

After careful pre-processing, FTIR measurements were submitted for further multivari-
ate analysis. Thus, five measured clinical variables and a total of 838 spectra variables over
the wavelength ranges of 1583–1050 cm−1 and 2973–2700 cm−1 collected from 105 patients
were included. The two main categories of this study were patients with and without
metabolic syndrome, i.e., MetS and no MetS, respectively.

3.1. Descriptive Statistics

Herein, an analysis was performed based on the distribution of five clinical parameters.
It should be noted that one of the most critical clinical measurements, waist circumference,
was not included in this study because most patients had missing data in the clinical register.
Therefore, only parameters that were available for all patients have been used for the further
comparative classification step. Thus, the descriptive statistics were calculated to analyse
the distribution of clinical data in a box and whisker plot (Figure 1). The plot shows that
TGL values seem to have more influence and variability between the two categories of
patients; indeed, MetS patients have significantly higher values ranging from a minimum
of 33 to 338 (mg/dL). The general distribution trend indicates that MetS patients also have
slightly higher diastolic and systolic blood pressure values and glucose levels, whereas
HDL values are lower, ranging from 25 to 95 (mg/dL). Table 1 shows the ranges of the
collected values with the respective medians between the two categories.

Table 1. The distribution of the clinically measured parameters in MetS and no MetS patients
expressed in mg/dL and in mmHg.

Category MetS No MetS
Clinical Parameters Max Min Mean Max Min Mean

Systolic blood pressure 174 120 136 178 94 126
Diastolic blood pressure 109 75 87 115 61 79

Triglycerides 338 88 242 215 33 109
HDL 58 25 37 95 29 55

Glucose 164 82 114 123 63 91
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Figure 1. Box and whisker plot showing the distribution of clinical values levels in patients with MetS
and no MetS. The line located in the middle of the box represents the median and is used to better
visualise the differences between clinical parameters: triglycerides (TGL) levels are displayed in
orange ( ); high density lipoprotein (HDL) in violet ( ); systolic pressure (SP) in yellow ( ); diastolic
pressure (DP) in green ( ); and glucose (GLU) in blue ( ).

3.2. Exploratory Analysis with PCA

An unsupervised pattern recognition method based on principal component analysis
(PCA) was performed for the initial data overview and to investigate any possible clustering of
samples based on five collected clinical parameters and 838 spectral variables, respectively.

The PCA score plot of clinical parameters, with 50.46% of explained variance by PC1,
displays evident clustering according to known categories, delimitated by the parallel to
the bisector of the second quadrant (Figure 2). Whereas PCA performed on pre-treated IR
spectra accounted for 83.12% of explained variability on the PC1, evidenced by very subtle
clustering between known categories (Figure 3).

In both cases, the first PCs explained most of the data’s variability. The distribution
of samples in principal component space suggests that it only seems possible to address
subsequent, direct discrimination in the case of analysis of clinical parameters. Thus,
parameters such as TGL and GLU majorly contributed to the segregation of no MetS
from MetS and the values of HDL contributed to the separation of MetS from no MetS,
as was shown in preliminary analysis by descriptive statistics. No evident clustering
among the two main categories was observed performing PCA on spectral variables; only
a few outliers were determined and excluded from further analysis. The high degree of
overlapping features among the two classes was expected, as most blood components
are common in all individuals. This also indicates the need to perform a selection of
relevant spectral variables, closely related to clinicopathological parameters of prognostic
importance in MetS. Therefore, other chemometric strategies were used to investigate and
highlight metabolomic differences in metabolic syndrome using IR spectra.
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Figure 2. Scores for the plasma samples on the first two principal components explaining the
variability in the dataset of five measured clinal parameters. The samples are labelled according to
their specific pathology: no MetS ( ), MetS ( ), and external test samples ( ).

Figure 3. Scores for the plasma samples on the first two principal components explaining the
variability in the IR spectral dataset. The samples are labelled according to their specific pathology:
no MetS ( ), MetS ( ), and external test samples ( ).

3.3. Supervised Techniques

The selection of variables in tandem with classification methods to extract reduced
IR fingerprints that reflect the metabolic profiles of patients for a potential MetS diagnosis
was studied. Therefore, a dual approach was applied based on a classification method on
the one hand and a class modelling method on the other.

For its part, discriminant techniques focus on the differences between samples belong-
ing to different categories, dividing the multidimensional space into as many subregions
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as the number of the considered classes. As a result of this work principle, every tested
sample would always be assigned to one of the predefined categories, even in the case
where an analysed sample truly belongs to a class not considered in the study. Regarding
the above, it makes good sense to evaluate the application of a discriminant classification
strategy in a two-class (binary) classification problem such as the one addressed in this
paper. In particular, linear discriminant analysis (LDA), the most widely used classification
algorithm, was used.

On the other hand, in contrast to class discrimination, class modelling approaches
exploit similarities among inter-category samples to construct an individual model for
every class independently from the others. Consequently, the developed class models may
not entirely cover the original multivariate space. This fact opens the door to different
assignment scenarios depending on whether a sample falls clearly into a single class region
(so that it is assigned to that) or if it falls in overlapping regions (leading to a confusing
classification in multiple classes), and, finally, when a sample falls outside every class
model constructed (predicted as member of none of the considered categories). Therefore,
due to their specific properties, modelling techniques, such as soft independent modelling
by class analogy (SIMCA), are suitable for classification problems in which the emphasis is
placed on a particular class of interest, as may be the case here with the MetS category.

3.3.1. SELECT

Considering that IR data presents high dimensionality, eliminating the futile features
due to noise and identifying the relevant and important variables to be applied in the follow-
ing classification steps was imperative. Thus, the stepwise orthogonalization of predictors
(SELECT) algorithm [39,40] was prioritised among other variable selection techniques since
it enabled us to optimise discrimination by simultaneously performing feature selection
and classification. Moreover, thanks to its stepwise decorrelation procedure, SELECT also
avoids the presence of redundant information in the subset of selected significant predictors.
In addition, it has previously demonstrated its accurate prediction ability in selecting the
most important variable for the discrimination of pathological status [41,42]. Thus, SELECT
was applied to extract the most significant wavenumbers from the IR dataset, providing
input features for a further dual-classification approach. Based on the commonly estab-
lished rule, the number of training objects selected was always at least three times greater
than the number of finally selected wavenumbers. An in-depth study of the literature is
encouraged to understand the algorithm’s rules [43].

3.3.2. LDA on Clinical Parameters

LDA is a well-known and extensively applied powerful supervised chemometric
classification technique [44]. Based on LDA classification rules, the objects are always
classified in one of the predefined classes.

LDA of five clinical parameters, built by leave one out (LOO) cross-validation, was
performed to evaluate the feasibility of this classification methodology to differentiate be-
tween MetS and no MetS patients. Excellent discrimination among categories was achieved,
providing a 100% level of correctly classified samples for no MetS subjects and patients with
metabolic syndrome, respectively. Satisfactory external prediction performances ranging
from 98.73% to 100% were achieved for both categories (within one no MetS subject classi-
fied as MetS), respectively (Table 2). Furthermore, a clear interclass separation achieved
between these main categories can also be visually appreciated in the corresponding dis-
criminative histogram (Figure 4). This classification performance was almost predictable
since the PCA results already showed a clear clustering between the two groups.

The object belonging to the category MetS which was classified as no MetS was
characterised by the following clinical parameters: 213 mg/mL of TGL, 76 mg/mL of
HDL, 139 mmHg of SP, 83 mmHg of DP, and 102 mg/mL of GLU. As we can see, two
out of five parameters have increased values, and the DP parameter is very close to the
cut-off value, which is 85 mmHg based on the NCEP-ATP-III scale. Thus, this patient
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might instead be classified as MetS positive, presenting almost three out of five clinical
parameters with augmented values. In addition, as we said above, the TGL parameter has
a major contribution, among other parameters, to MetS classification. Thus, the plausible
explanation could be that this subject, who has greater values of TGL, is more likely to be
classified as MetS by LDA rather than no MetS. However, as we highlighted before, the
eligibility criteria can be very insidious and create confusion and misassignment, worsening
and delaying the patients’ well-being.

Table 2. Results of LDA classification performance on clinical parameters.

Clinical Parameters Classification (%) External Prediction (%) Total Rate (%)

MetS 100 100 100
No MetS 100 98.73 (1)1 99.36
Total rate 100 98.94 99.47

1 The one corresponds to one misclassified subject in cross-validation.

Figure 4. Histogram of the first canonical variable for the discrimination of MetS ( ) and no MetS ( )
patients within included ( ) test set, after performing LDA in the stratification approach based on
clinical parameters (y-axis indicates the maximum discrimination power between categories).

3.3.3. SELECT-LDA on IR Wavenumbers

Likewise, LDA on the IR dataset, containing 838 wavenumbers, was also performed.
Before LDA analysis, as explained above, SELECT was applied to extract those predictor
variables correlated with the discrimination between categories here considered. Therefore,
based on the SELECT rules, 20 selected spectra variables were decorrelated from other signals
and used for LDA. The 20 selected features showed an outstanding classification performance
and the results were higher in performance than LDA results on clinical parameters, achieving
100% in classification and external prediction, respectively. The results of the SELECT LDA
performance are displayed in Table 3. The suitability of the classification strategy applied
to reduced IR plasma signatures can be visually appreciated in Figure 5. A discriminative
histogram shows a clear group separation on the first canonical variable.
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Table 3. Results of SELECT LDA classification performance on 20 IR selected spectral variables.

Clinical Parameters Classification (%) External Prediction (%) Total Rate (%)

MetS 100 100 100
No MetS 100 100 100
Total rate 100 100 100

Figure 5. Histogram of the first canonical variable for the discrimination of MetS ( ) and no MetS ( )
patients within the included ( ) test set, after performing SELECT-LDA in the stratification approach
based on 20 IR variables (y-axis indicates the maximum discrimination power between categories).

3.3.4. SIMCA

In an attempt to go one step further in this classification strategy, it was decided to
build optimised class models based on clinical parameters and the subset of reduced IR
signatures selected by SELECT. SIMCA often outperforms other classification methods,
where a new sample will always be classified in one of the predefined categories. Classi-
fication methods such as LDA are based on the development of classification rules and
delimiters between classes, whereas in class models, significance limits are built for the
specified classes. These limits define the membership parameters for each class; thus, an
unknown sample can be classified as not belonging to any defined categories because
it is not included in any of its class spaces. SIMCA class modelling uses the number of
true/false positives and negatives and statistics, showing the ability of a classification
model to recognise class members (sensitivity or true positive rate) and showing how good
the model is for identifying strangers (specificity or true negative rate). Moreover, SIMCA
class modelling is often used to describe the class structure of the data set, requiring little
or no prior assumptions to build the model.

On applying SIMCA, independent PCA modelling is performed for each class; each
sample is fitted in a PCA model to check the separation between classes [45]. This model
uses the optimal number of principal components that best describes and groups an
individual class. This model can then be used to classify new samples whose class is
unknown. The principal components are obtained usually using the NIPALS (non-iterative
partial least squares) algorithm after separate autoscaling of the data. Finally, the models
built for the different classes are compared by studying their differences and analogies [46].
Each class is modelled independently; thus, it is sensitive to the quality of the data used
to generate the principal component models for each class in the training set (at a 5%
significance level).
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SIMCA on Clinical Parameters

Herein, SIMCA modelling was performed on five clinical parameters (Table 4). A
class modelling of five clinical parameters of MetS was built using 4PCs for the inner space
of classes, achieving satisfactory results in both internal prediction (LOO) and external
prediction 98.95%. SIMCA builds a mathematical model of the category with its principal
components and a sample is accepted by the specific category if its distance to the model is
not significantly different from the class residual standard deviation. The results of SIMCA
modelling can be visually appreciated by a Cooman’s Plot, representing the samples’
distances against each of the two models. The Cooman’s plots were built considering a
95% confidence level to define the class space and the unweighted augmented distance.
This diagram is an effective visual representation that directly indicates the quality of
the model constructed with the magnitude of the distance between categories. Thus, the
distances to the principal component models and SIMCA approximation in a two-class
problem for the class of MetS and no MetS are plotted in Figure 6. No clear outliers were
observed, but several samples that fall into the joint space of both categories belong mainly
to the MetS category. This relatively large number of samples plotted in the class-space
common (overlapping) to the two models representing MetS and no MetS patients, as well
as the considerable amount of no MetS samples located near their class boundary, suggest
potential specificity problems associated with this classification approach based on clinical
parameters. Therefore, the distribution of some samples from the MetS category in the
area of relative indecision (small left quadrant) could be due to the unequivocal diagnostic
parameters defining metabolic syndrome. In fact, these patients have three out of five
altered parameters not necessarily similar. In addition, some parameters may be much less
marked than others, confounding the decision about their location inside the model.

Table 4. The values of discriminant and modelling powers of clinical parameters after SIMCA
class-modelling.

Clinical Parameters Discriminant Power
Modelling Power

Category MetS Category No MetS

Systolic blood pressure 1.99 0.70 0.73
Diastolic blood pressure 2.01 0.70 0.73

Triglycerides 2.18 0.94 0.96
HDL 2.34 0.79 0.94

Glucose 2.36 0.84 0.97

The data modelling power (MP) and discriminatory power (DP) of the SIMCA class
modelling of clinical parameters are presented in Table 4. The MP describes how well a
variable helps each principal component to model variation in the data, and discriminatory
power (DP) describes how well a variable helps each principal component model to classify
samples in a training set. The first detail that can be noticed is that, comparably, the
MP in no MetS is consistently higher for all parameter pairs. This was expected as the
distribution of the values of clinical parameters for each class of patients was significantly
different. Nevertheless, the values of TGL have the highest modelling power in both MetS
and no MetS categories, with values of 0.94 and 0.96, respectively. This ability of TGL to
discriminate between the two groups is justified by previous studies, as metabolic syndrome
patients should have significantly higher TGL values. This difference in modelling power
is especially remarkable by the measured glucose (0.97 vs. 0.84) and HDL (0.94 vs. 0.79). In
addition, clinical parameters such as glucose and HDL also showed significant discriminant
power, with values of 2.63 and 2.58, respectively. These two parameters are also perfectly
in line with the data collected from our patients. The MetS group is characterised by high
glucose and low HDL values. These same parameters are often responsible for the presence
or future development of comorbidities in patients such as diabetes, cardiac disease, and
obesity. Other clinical parameters seem to contribute less to the principal component
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models; indeed, no significant difference was observed in the values distribution of SP or
DP between the two categories.

Figure 6. Cooman’s plot displaying the results obtained by applying SIMCA class-modelling to clinical
parameters: MetS ( ) and no MetS ( ) patients within the included ( ) test set. The red solid line indicates
a confidence level for class space at 95%. The red dashed line indicates equal class distance.

SELECT-SIMCA on IR Wavenumbers

The best recognition ability (percentage of the samples in training set correctly clas-
sified during the modelling step) afforded by SIMCA was achieved by only ten of 20
previously selected wavenumbers by SELECT, providing 98.94% in classification and
95.79% in external prediction, respectively. Interestingly, eight out of ten selected wavenum-
bers belong to the ‘’fingerprint region”, which reflects the production of characteristic
perturbations in the metabolome and other such variations. The absorption pattern in this
area is highly complex; that same inherent complexity makes it unique for each sample and
reflects its pathophysiological status. Thus, eight of the selected IR spectral wavenumbers
may reflect the current status of the organism and could be directly correlated with the
presence or absence of the disease. The results of SIMCA performance applied to clinical
variables and to reduced number of IR spectral variables are summarised in Table 5.

Table 5. The results of SIMCA class-modelling performance on clinical parameters and ten selected
IR spectral variables.

Variables Classification (%) LOO (%) CV Efficiency (%)
Efficiency Forced

Model (%)
Total Rate (%)

5 clinical measurements 98.59 97.18 87.05 95.68 100
10 IR selected wavenumbers 97.18 94.37 87.92 97.86 100

A Cooman’s plot is presented to show discrimination between the two MetS categories
of IR variables (Figure 7), where the distance to the PC models for MetS and no MetS are
displayed. Compared to the Cooman’s plot of clinical parameters, it is observed that there is
better separation and discrimination between categories. The Cooman’s plot showed a high
degree of interclass specificity and a patently clear separation between class models, with a
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significant improvement from the models constructed from available clinical parameters
to those constructed from IR variables. The no MetS patients appear evidently segregated
and concentrated forming a dense cluster at large distances from the model of MetS class.
Likewise, the vast majority of MetS samples fall clearly and univocally into their class region,
far from the class limit for the no MetS model. Furthermore, the single MetS sample located in
the inconclusive classification region is virtually placed above the membership threshold.

Figure 7. Cooman’s plot displaying the results obtained by applying the SELECT-SIMCA class-
modelling to ten selected IR signals: MetS ( ) and no MetS ( ) patients within included ( ) test set.
The red solid line indicates a confidence level for class space at 95%. The red dashed line indicates
equal class distance.

From ten selected wavenumbers, the highest discriminant power (5.87) was obtained
by the 1133.09 cm−1 spectra variable from the ‘’fingerprint region” (Table 6), followed
by 4.31 for 1557.40 cm−1 and 4.29 for 2948.94 cm−1 from the higher spectral region. The
average discriminant power for IR variables is higher compared to DP values obtained
with SIMCA modelling of clinical parameters, indicating the increased suitability of the
method compared to those using values obtained from clinical measurements. Likewise,
the contribution of IR variables to the model variation was of major strength compared
to clinical parameters. Thus, all the selected variables contributed equally to marking the
difference between MetS and no MetS with an MP equal to 1.00. Furthermore, the distance
between classes was 5.19, significantly higher than in the case of SIMCA class modelling
applied to clinical parameters (4.26). These results highlight that the proposed method
outperformed in accuracy and specificity of the evaluation parameters used in clinical
practice. Since the clinical diagnosis of metabolic syndrome lacks standardisation, the
results of the obtained model capacity could greatly support clinical decisions, for example,
in terms of exclusion and inclusion evaluation criteria for MetS discrimination.
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Table 6. Discriminative and modelling powers of ten selected spectra variables after SELECT-SIMCA
class modelling.

Wavenumber (cm−1) Discriminant Power
Modelling Power

Category MetS Category No MetS

2860.22 3.77

1.00 1.00

1423.36 4.23
1562.22 3.66
1578.61 3.75
1108.98 3.70
1316.32 3.64
2948.94 4.29
1557.40 4.31
1133.09 5.86
1247.85 3.58

Our principal aim was to obtain optimal segregation between patients without addi-
tional clinical, physical, or ethnic data, and this goal was achieved.

3.3.5. Biochemical Reasoning of Ten Extracted Signals

Herein, we presented a simple, non-invasive, low-cost FTIR-based method for rapid
discrimination between MetS and no MetS patients. The use of FTIR spectroscopy is gaining
momentum for diagnosis of multiple disorders, from infectious diseases such as hepatitis
C and B viruses or malaria to cancers [47–53]. Due to its ease of use and portability, the
potential for using FTIR techniques in clinical environments is within reach. Our strategy
extracted the metabolic signatures, instead of individual biomarkers with limited potential,
that permit the classification of patients according to molecular patterns. Thus, the FTIR
technique provided an overview of spectral changes associated with lipid, protein, or
carbohydrate metabolisms.

Ten out of twenty previously selected wavenumbers showed higher discriminant
power than clinical parameters. Thus, among these, influential bands at 1578.61, 1562.22,
and 1557.40 cm−1 could be assigned to [δ (N-H) + ν (C-H)] of the amide II region of proteins.
These discriminative signals may suggest some link with HDL lipoproteins, which showed
significant influence among five clinical factors for the classification of MetS and no MetS
subjects. Likewise, the higher absorbance in peaks at 2860.22 cm−1 and 2948.94 cm−1

could be attributed to CH3 and CH2 sym. stretching of lipids or carbohydrates, which
is perfectly congruent with the formulated theories about MetS impairments and their
possible implication in the disease. Moreover, as discussed above, TGL and GLU levels
seemed to have more influence and variability between the two categories of patients;
thus, these attempted assignments properly reflect the actual situation of the patient’s
metabolism. In addition, the variable at 1133.09 cm−1 could be associated with stretching
C-O/C-O(H) of carbohydrates or proteins, since it was already shown that the parameters
such as glucose or HDL have remarkable modelling and discriminant powers compared to
other measured factors.

In this study, the selected spectral biomarkers perfectly reflect the clinical reality of
the patient’s metabolic profile. Thus, the explanation of the most significant spectral bands
confirms the potential of FTIR spectroscopy to deal with such a complex disorder as MetS.

4. Conclusions

We firmly believe that this alternative analytical strategy could be of great diagnostic
relevance and support for clinicians, limiting the time and cost of MetS diagnosis. Moreover,
the evaluation of the metabolic profile captures the globality of physiological disturbances,
whereas clinical indicators often lack sufficient discriminative power. The results indicate
the possibility of rapid application of this strategy to screen for patients with metabolic
syndrome. The LDA classifications and SIMCA developed models demonstrated that
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the spectral variables could provide the same discriminative results as measured clinical
parameters. Therefore, why take five measurements when one measurement could provide
the same classification ability, greatly stratifying categories of patients? The proposed FTIR
method is quick, simple, and non-invasive, and it could be perfectly implemented for
large scale-analysis in clinical routines. The principal limitation of this study resides in
the relatively tiny sample size at our disposal. In addition, this is a cross-sectional study;
therefore, no data on confounding factors (such as gender, age, or diet) were routinely
included. The results of a more extensive data set would be required to strengthen the
validity of the adopted classification strategy and lead to a firmer conclusion.
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Abstract: As an antibody-free sensing membrane for the detection of the antibiotic tetracycline (TC), a
liquid PVC membrane doped with the ion-pair tetracycline/θ-shaped anion [3,3′-Co(1,2-C2B9H11)2]−

([o-COSAN]−) was formulated and deposited on a SWCNT modified gold microelectrode. The chosen
transduction technique was electrochemical impedance spectroscopy (EIS). The PVC membrane was
composed of: the tetracycline/[o-COSAN]− ion-pair, a plasticizer. A detection limit of 0.3 pg/L was
obtained with this membrane, using bis(2-ethylhexyl) sebacate as a plasticizer. The sensitivity of
detection of tetracycline was five times higher than that of oxytetracycline and of terramycin, and
22 times higher than that of demeclocycline. A shelf-life of the prepared sensor was more than six
months and was used for detection in spiked honey samples. These results open the way to having
continuous monitoring sensors with a high detection capacity, are easy to clean, avoid the use of
antibodies, and produce a direct measurement.

Keywords: tetracycline; electrochemical impedance spectroscopy; single-walled carbon nanotubes;
tetracycline/[o-COSAN]− ion-pair complex; polyvinyl chloride; selectivity

1. Introduction

Sensors are devices that detect and respond to some type of input from the physical
environment. They are found everywhere in our daily lives and the aim is to make them
practical and easy to handle, moving away from expensive complex instrumentation
to small inexpensive systems that can be operated by anyone. In the chemical sensing
field, potentiometry is the archetype of simplicity: simple sensing material commonly
made of a membrane with standard and low-weight electronic equipment. The sensing
material is responsible for interacting with the analyte, producing a change in the interfacial
potential that is then transformed into a readable signal by the transducer [1–13]. For
the popular ion-selective electrodes (ISE), the sensing membrane consists of a polymer
matrix usually based on plasticized poly(vinyl chloride) and one electroactive additive,
commonly a lipophilic salt [4,14,15]. The selectivity of these membranes has been related
to the Hofmeister series, however when a such relationship is not sought, the membrane
composition is complemented with a second electroactive additive or ionophore, usually
a complexing selective ligand, e.g., valinomycin for K+. Despite many ongoing theories
about the mechanism of charge transfer at the interfaces, the reality is that the reasons
behind the sensing and the selectivity are still not well inferred. Far less complex are the
biosensors, for which the selectivity to the analyte is conceptually well interpreted because
of the specific complementarity between enzyme or antibody, or aptamer and the analyte.
It is generally accepted that an interaction between the analyte and the sensing material is
a necessary condition for the feasibility of any chemical sensor. Non-covalent interactions
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may lead to a reversible or partially reversible response. Conversely, covalent bonding,
which can provide high selectivity and sensitivity, often leads to an irreversible response.
On the other hand, potentiometry, in practical terms, shows low detection limits near 10−6

or 10−7 M, whereas electrochemical antibodies or aptamer biosensors can go down to the
pg [1,3,16]. As they are based on biological material, biosensors have associated problems
such as the influence of the environment, temperature, and atmosphere, among others,
which make them especially delicate and require rigorous storage conditions.

A few years ago we introduced, in potentiometry [1,3,5,17], the θ-shaped molecule
[3,3′-Co(1,2-C2B9H11)2]− ([o-COSAN]−) into PVC membranes made of PVC: plasticizer
in a ratio of 1:2. The principal motivation was that [NRR’R”R”’][3,3′-Co(1,2-C2B9H11)2]
salts are highly insoluble in water, whereas they are highly soluble in many organic sol-
vents. At that time, we did not know much more about the physicochemical characteristics
of the θ-shaped molecule [3,3′-Co(1,2-C2B9H11)2]−. The membrane did not contain any
other components besides the cation of the analyte and the plasticizer. The potentiometry
results on the macroscopic electrodes were excellent, with the membrane set on a solid
support made of graphite powder mixed with Epoxy Resin, providing very good selectivity;
whereas the low limit of detection (LOD) remained in most cases about 10−6 M. Electrodes
for antibiotics [18], amino acids [19] and other biomolecules [20,21] were developed. The
most surprising aspect was that such a simple membrane composition was able to discrimi-
nate a chiral amino acid from its enantiomer, with selectivity coefficients Kxy between 10−2

and 10−3 [22].
Since our first publications in the area of potentiometry with [NRR′R′′R′′′][3,3′-Co(1,2-

C2B9H11)2], we and others have contributed very much to the understanding of the physic-
ochemical properties of [Co(C2B9H11)2]−. With regards to its sensing ability, we would
construe that its tunable reversible redox potential [23–26], its self-assembling capacity
in solid and aqueous solution [27,28], its capacity to produce hydrogen and dihydrogen
bonds [29–31], its ability to dope conducting organic polymers [26,32], and its amphiphilic
character [33], among others, are key points to explain the extraordinary performance of
this anion. However, as stated above, it was not possible to overcome the Low LOD. We
wondered if this problem could be solved with another electrochemical transducer, while
keeping the same membrane composition so that this sort of electrochemical measurement
could approach the biosensors in terms of low LOD. Hopefully, this would lead to the
sensing materials being able to amalgamate the good points of potentiometry with the low
LOD, and the selectivity of biosensors. We sought to use the electrochemical impedance
spectroscopy (EIS) technique, and we decided to initiate our works with tetracycline. The
aim was to discover if the impedance increased with increasing concentrations of analyte,
and whether there was any selectivity with structurally closely related chemicals. For ex-
ample, the set of tetracycline (TC) antibiotics, that would show the necessity for the analyte
inside the membrane, whether there was a relationship between signal and concentration,
and whether there was any real hope of getting a low value of the low detection limit.

As we shall see in this paper, the results are highly encouraging. We have made an
ISE PVC membrane incorporating protonated tetracycline compensated by [3,3′-Co(1,2-
C2B9H11)2]− and, as an extra component, carbon nanotubes as an inner conductivity-
enhancing layer. Tetracycline was chosen because there is a set of antibiotics all having
the same tetracycline skeleton which, because of their very similar structures, will allow
appreciation of the selectivity that can be achieved. Tetracycline is used to treat infec-
tions caused by bacteria in the respiratory tract, lymphatic, intestinal, genital and urinary
systems, on the skin and eyes and certain other infections that are spread by infected
animals [34–36]. The molecular structure of tetracycline and of selected similar molecules
are shown in Figure 1a.
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Figure 1. (a) Tetracycline and the chosen similar molecules and molecular structure of [o-
COSAN]−/tetracycline ion-pair complex (b).

Based on the literature, there are several analytical methods that have been described
for tetracycline monitoring, including: high performance liquid chromatography coupled
with mass spectrometry [37], capillary electrophoresis coupled with electrochemilumines-
cence [38], ELISA (enzyme-linked immune-sorbent assay) [39,40], liquid chromatography-
mass spectroscopy (LC-MS) [41], and spectroscopy analysis [42,43]. However, these meth-
ods suffer from a lack of sensitivity compared to chromatographic techniques [44]. Com-
monly, the principal limitations of these steps lie in the lack of sensitivity, high cost,
time-consuming implementation and the requirement for sophisticated technical skills [45].
New solutions need rapid, simple and accurate methods for the on-site screening of low
TC residues without any supplementary steps such as extraction or clean-up. Owing to
their advantages of high selectivity and rapid detection, several optical and electrochemical
biosensors have been investigated [46]. For this reason, aptamer-based sensing techniques
were widely used for the food safety determination. Above all, there is a growing rise in
aptasensor fabrication for TC detection [47,48], with only some applications to honey sam-
ples [49,50]. Unfortunately, the mean disadvantage of these systems is their relatively low
detection signals [51]. In addition, in some recent works, a molecularly imprinted sensor
had been successfully applied to the analysis of antibiotic residues in honey samples [52,53].
However, these types of sensors suffer from reversibility and a short shelf-life when the
imprinted membrane is fragile.

Tetracycline and tetracycline antibiotics (shown in Figure 1) all have a common linear
fused tetracyclic nucleus that differ with the functional groups attached. All of them
contain only one protonable amine group N(Me)2. Therefore, the salt [tetracycline-H][3,3′-
Co(1,2-C2B9H11)2] was expected. It was thus anticipated that PVC/plasticizer/carbon
nanotubes/[tetracycline-H][3,3′-Co(1,2-C2B9H11)2] would be an excellent candidate to test
the feasibility of the electrochemical sensor based on an EIS transducer. Indeed, this proved
to be the case with a lower detection limit with excellent selectivity.

2. Materials and Methods

2.1. Materials and Chemicals

Tetracycline (TC), N-hydroxysuccinimide (NHS), 11-amino-1-undecanethiol, phos-
phate buffer solution (PBS) tablets, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
Ethanol, sodium dodecyl sulfate (SDS), Polyvinyl chloride (PVC), o-nitro phenyl octyl ether
(NPOE), di-octyl phthalate (DOP), dibutyl phthalate (DBP), dibutyl sebacate (DBS), hy-
drochloric acid (HCl), diethyl ether, tetrahydrofuran (THF), di-octyl phthalate, bis(2-ethyl
hexyl) sebacate were purchased from Sigma-Aldrich (France). The standard solutions and
buffers were prepared with Millipore Milli-Q nanopure water (resistivity > 18 MW cm)
which is produced by a Millipore Reagent Water System (France). Epoxy resin EPO TEK
H70E 2LC was from Epoxy Technology, France. Cs[o-COSAN], was synthesized from 1,2-
closo-C2B10H12 from Katchem Spol.sr.o (Kralupy nad Vltavou, Czech Republic), as reported
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in the literature [54]. The Na[o-COSAN] was obtained by means of cationic exchange resin
from Cs[o-COSAN] following the previously described procedure [31].

2.2. Preparation of the Ion-Pair Complex [tetracycline-H][Co(C2B9H11)2]

Tetracycline hydrochloride (40 mg, 0.083 mmol) was dissolved in diluted hydrochloric
acid (~25 mL). After agitating and obtaining a clear solution, Na [3,3′-Co(1,2-C2B9H11)2]
(0.083 mmol) in 10 mL of diluted hydrochloric acid (1 or 3 M) were added. Almost instantly
a precipitate appeared. The mixture was stirred for 5 min and left to rest for an additional
15 min. The orange solid was filtered through a Buchner funnel with filter paper. After
rinsing first with 10 mL diluted hydrochloric acid (0.1 M) and then 2 × 10 mL of deionized
water, the filter paper was carefully removed and placed in a round bottom flask with
a ground glass joint for active 0.1–0.01 mm vacuum at room temperature. After 4–5 h,
the solid was collected and was ready for the membrane preparation. The formula of the
ion-pair complex is shown in Figure 2.

Figure 2. (A) Schematic view of microelectrodes based on silicon technology; (B) Cross section of one
planar microelectrode.

2.3. Preparation of the Gold Microelectrode Modified by Single-Walled Carbon Nanotubes and
Electrochemical Measurements

The microelectronics fabrication process for the microelectrodes was performed at
Centro Nacional de Microelectronica (CNM). The process started with a thermal oxidation
process to grow a thick oxide layer (8000 Å) on 100 mm diameter P-type <100> silicon
wafers with a nominal thickness of 525 mm. The working microelectrode was made with
a metal layer consisting of a thin titanium film (10 nm) promoting gold adhesion plus
250 nm of gold. After that, photoresist layer was spin-coated with a spinning speed of
3000 rpm and was exposed in UV light with a pattern mask. Etching away the exposed
photoresist was performed with the developer OPD4262 from Fujifilm. The remaining
photoresist corresponded exactly to the microelectrodes, and then the gold, unprotected by
the photoresist, was etched away. The next step consisted of the deposition of two PECVD
(Plasma-Enhanced Chemical Vapor Deposition) layers of SiO2 (4000 Å) and Si3N4 (4000 Å),
to act as a passivation layer. The second photolithographic process was performed to open
the passivation on the active Au microelectrodes (300 μm × 300 μm; area: 9 · 10−4 cm2)
and on the soldering pads. The structure of the microelectrodes is shown schematically in
Figure 3. Wire bonding was performed using a Kulicke & Soffa 4523 A Digital instrument
from Kulicke & Soffa, Singapore.
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Figure 3. Characterization of gold microelectrode by cyclic voltammetry (CV), before and after
immobilization of aminothiol in 5 mM [Fe(CN)6]3−/4− and PBS, from −0.4 to +0.6 V at a scan rate of
80 mv/s. Insert: Enlarged cyclic voltammetry (CV) after immobilization of aminothiol.

Microelectrodes were exposed to UV using UV/ozone ProcleanerTM (BioForce, Ger-
many) for 30 min for cleaning and activation by creating –OH groups. These were modified
by adsorption of 11-amino-1-undecanthiol-HCl (aminothiol), by dipping the electrode in
a 10 mM solution of the aminothiol in ethanol (EtOH) for one night at 4 ◦C. Then, the
microelectrode was rinsed with ethanol to remove unbound thiols and dried with N2. In a
separate beaker, (0.17 g/L, 0.25 mL) of COOH-SWCNT (Carboxylic functionalized single-
walled carbon nanotubes) were added to an aqueous solution of SDS (sodium dodecyl
sulfate, 0.1 M), 0.1 M in NHS (N-hydroxysuccinimide) and 0.4 M in EDC (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide-HCl), and the reagents were left in contact for one
hour. Then, the microelectrode functionalized with aminothiol was placed with the solution
containing the activated SWCNTs-COOH for 2 h at room temperature. Finally, the SWCNTs
functionalized microelectrode was rinsed with ultrapure water to remove the unbounded
SWCNTs and dried with N2.

All electrochemical measurements were carried out in a Faraday cage at room tem-
perature (r.t., 22 ± 2 ◦C). The electrochemical experiments were carried out using a VMP3
multichannel potentiostat (Biologic-EC-Lab, Seyssinet-Pariset, France). Data were acquired
and analyzed using EC-Lab software V11.30. The EIS data were fitted by using the Ran-
domize + Simplex method.

2.4. Liquid Membrane Preparation

In earlier potentiometric works related to [3,3′-Co(1,2-C2B9H11)2]−, it was found that
the most suitable mix of electroactive material, plasticizer, and PVC powder for membranes
was either 3% or 7% of the electroactive material, 63% of plasticizer and 34% or 30% of PVC
powder, all in weight percentages that were dissolved in THF. The membrane solution was
prepared as follows: 43 mg of PVC were dissolved by stirring in 1.5 mL of tetrahydrofuran
(THF) until a viscous but clear solution was obtained. Then, 10 mg of [tetracycline-H]/[3,3′-
Co(1,2-C2B9H11)2] and 90 mg of plasticizer were added. The resulting dispersing solution is
deposited on the surface of the electrode body. In this paper, the results of three membranes
(membranes named 1,2,3) are reported; the differences between the three membranes lie in
the concentration of HCl in the preparation of the ion-pair complex (1 or 3 M) and in the
plasticizer used: Membrane 1, HCl 1 M, 91.75 μL di-octylphthalate; Membrane 2, HCl 3 M,
91.75 μL di-octylphthalate, Membrane 3, HCl 3 M, 98.5 μL bis (2-ethyl hexyl) sebacate.
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The membrane was drop-cast (2 μL drop) onto the gold microelectrode already func-
tionalized with the SWCNTs layer, and the solvent was allowed to evaporate at an ambient
temperature for 24 h [1,5]. Once the membrane had dried, the microelectrode was then
immersed for 24 h at 4 ◦C in tetracycline at 10−3 M in order to achieve appropriate con-
ditioning of the PVC tetracycline membrane. The microelectrodes were stored at room
temperature for future use.

3. Results and Discussion

3.1. Characterization of the [o-COSAN]−/Tetracycline Ion-Pair Complex

In order to characterize our ion-pair complex, different techniques were used such
as Proton Nuclear Magnetic Resonance (1H NMR), Carbon Nuclear Magnetic Resonance
(13C{1H} NMR), Fourier Transform Infrared Spectroscopy (FTIR), Matrix-Assisted Laser
Desorption/Ionization-Time-of-Flight Mass Spectrometry (MALDI-TOF-MS) and
Elemental Analysis.

The ratio [tetracycline-H]/[3,3′-Co(1,2-C2B9H11)2] (Figure 1b) is calculated from 1H-
NMR, in d6-acetone, given the areas of the unquestionable key hydrogen atoms of the
cation and the anion. The C-H resonances at the aromatic region of the spectrum (close to
7 ppm) correspond to the aromatic hydrogen atoms of the tetracycline cation, and the signal
that appears close to 4 ppm corresponds to the four hydrogen atoms (Ccluster-H) of the
anionic [3,3′-Co(1,2-C2B9H11)2] cluster. Additionally, the 1H NMR spectrum displays the
other signals corresponding to [o-COSAN]− and tetracycline that unambigously indicates
the presence of the [o-COSAN]- anion, and the protonated tetracycline cation in the ion-pair
complex. By integration, the ratio [tetracycline-H]/[o-COSAN]− in the ion-pair complex
was calculated (Figure S1); there are three aromatic protons in each protonated tetracycline
cation, and its integration area is around 3.5 per the 4 area corresponding to each [o-
COSAN]− anion, which indicates that there is one molecule of [o-COSAN]− per one
molecule of protonated tetracycline.

The 13C{1H} NMR spectrum (Figure S2) displays the signals of the different carbons
of the protonated tetracycine molecules, which are represented with letters, as well as
the signal of Ccluster-H vertices of the [o-COSAN]− that appear at 51.0 ppm. The signals
without letters correspond to the solvent (deuterated acetone and other solvents used in
the preparation).

On the other hand, to observe if in the sample there is [o-COSAN]−, a signal should
appear in the range 2520–2550 cm−1 in the IR spectrum (Figure S3).

FTIR spectrum of our ion-pair complex displays the ν(O-H) stretching vibration at
3611 cm−1; ν(N-H; O-H) at 3370–3611 cm−1; ν(Caryl-H, Ccluster-H) at 3047 cm−1; ν(B-H) at
2539 cm−1; ν(C=O) at 1659 cm−1; ν(C=Oamide; C=C; C=Caromatic; N-H) at 1529–1612 cm−1;
ν(C-H) at 1322–1452 cm−1; ν(C-O; C-C; C-N) at 1097–1322 cm−1; ν(C-H; C=C) at 721–983 cm−1.

In MALDI-TOF-MS we can see the mass spectrum of the negative and positive part
of the sample, and know the molecular mass of both species. In Figure S4 we can see the
positive part of the mass spectrum of our prepared ion-pair complexes; the negative part
is the signal of [o-COSAN]− at 324 m/z. These spectra were created with a matrix. The
Mass Spectra was recorded on a matrix, therefore not all signals correspond to the mass of
the cation.

In addition, Table S1 shows the elemental analysis of our ion-pair complex, which
contains the theoretical values of %C, %H, %N and %S and the real values. The real values
are very similar to the theory, so we can confirm that our sample has the correct structure.

3.2. Electrochemical and Physical Characterization of the Gold Microelectrode
3.2.1. Characterization of the Gold Surface Before and After Immobilization of Amino
Thiol Using Cyclic Voltammetry

The gold electrodes were characterized by cyclic voltammetry (CV) before and after
the immobilization of the amino thiol. The CV scan was carried out from −0.4 to +0.6 V,
with a scanning rate of 80 mV/s in 5 mL of PBS in the presence of the redox couple
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[Fe(CN)6]3−/4−. Figure 3 shows that the oxido/reduction peaks of bare gold disappear
after the immobilization of aminothiol. The disappearance of the oxido/reduction peaks
was caused by the blocking of the aminothiol layer of the gold surface, thus creating a low
electron transfer rate.

3.2.2. EIS Characterization of the Gold Microelectrode at the Different Stages
of Modification

The electrode performance was studied by EIS by applying a potential of −0.4 V in a
frequency range of 100 kHz to 6 Hz at each individual step of preparation: 1) to the bare
Au electrode, 2) after functionalization with the aminothiol, and 3) after grafting of carbon
nanotubes. Figure 4 shows the evolution of the conductance of the Nyquist diagrams at
the different microelectrode functionalization stages. As expected, the most conductive
is the bare electrode, whose conductivity decreases upon the addition of the aminothiol
with its long carbon chain (C11). This conductivity is slightly increased by the grafting of
carbon nanotubes.

Figure 4. Nyquist diagram (-Im (Z) vs. Re (Z)) corresponding to the impedance measurements by
applying a potential of −0.4 V and amplitude potential of 10 mV between a frequency range of
100 kHz to 6 Hz for the various grafted layers on the gold microelectrode. Bare gold (black), after the
immobilization of the aminothiol (red) and after grafting SWCNTs (blue).

3.2.3. SEM Characterization

Scanning Electron Microscopy (SEM) was employed to investigate the surface mor-
phology of the SWCNTs, fixed on to the gold microelectrode using FEI Quanta FEG 250.
Figure 5 confirms the grafting of SWCNTs onto the gold microelectrode functionalized
with amine thiol-SWCNTs. The immobilization of SWCNTs onto the microelectrode was
confirmed by the small white rods, however, the black spots in the image indicate some
spots not covered by SWCNTs.

242



Biosensors 2023, 13, 71

 

Figure 5. SEM image under functional microelectrode (amine thiol + SWCNTs).

3.2.4. Characterization by Fourier-Transform Infrared Spectroscopy (FTIR)

The presence of different compounds of our membrane, such as polymer matrix,
plasticizer, and [o-COSAN]−/tetracycline ion-pair complex, were confirmed after depo-
sition onto the microelectrode. First, the FTIR spectrum of membrane 3 after deposition
onto the microelectrode was carried out. In parallel, three different reference FTIR spec-
tra of PVC, bis (2-ethylhexyl) sebacate and [o-COSAN]−/tetracycline ion-pair complex
were performed.

FTIR spectra of the different compounds of our membrane: bis (2-ethylhexyl) sebe-
cate (plasticizer) (Figure S6), PVC polymer matrix (Figure S7), and ionophore of cobalt
bis(dicarbollide) (Figure S8) were superimposed with the FTIR spectrum of membrane 3
after deposition onto the microelectrode (Figure 6).

Figure 6. FTIR Spectrum of membrane 3 after deposition onto the microelectrode (black), bis (2-
ehylhexyl) sebacate (red), PVC (blue), Ionophore of Cobalt bis(dicarbollide)–Tetracycline (pink).

Figure 6 confirms the presence of the different compounds of the membrane, since
the absorption peaks are localized at the characteristic wavelengths of the membrane
immobilized on the microelectrode. These results confirm the success of the immobilization
of the membrane onto the microelectrode.
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3.3. Detection of Tetracycline by Electrochemical Impedance Spectroscopy (EIS)

Impedance was measured using an electrochemical cell consisting of three electrodes
(Figure 4). The reference electrode was a saturated calomel electrode, the auxiliary electrode
was a platinum wire of 1 mm in diameter and the working electrode was the microelectrode
described above. The measurements of tetracycline were carried out in a PBS buffer solution
(pH = 7.4), varying the tetracycline concentration from 1 pg/L to 5 ng/L. All experiments
were repeated three times to confirm the reproducibility of our biosensor. The experiments
were performed in darkness to protect tetracycline, which is a fluorescent compound from
degradation, and in a Faraday box to eliminate electrical interference. The Nyquist plots
(-Im (Z)/Re (Z)) obtained with the three membranes were recorded while increasing the
concentration of tetracycline. The reported results are the mean of the three sensing areas
for one electrode (Figure 2).

From the Nyquist diagrams presented in Figure 7, it is noticeable that there is a marked
response from the picogram quantities of tetracycline, as can be seen from the separation in
the Nyquist plot between 0 pg and 1 pg. There is a steady increase of both Re(Z) and –Im(Z)
in parallel with an increasing amount of analyte. In addition, we have noticed that the HCl
concentration influences the preparation of [o-COSAN]−/tetracycline ion-pair complex
and of the used plasticizer.

 
(a) (b) 

 
(c) 

Figure 7. Nyquist diagrams of gold electrode/membrane interface (membrane 1, 2, 3) for different
concentrations of tetracycline from 1 pg/L to 5 ng/L in a frequency range between 100 kHz and 6 Hz
by applying a potential of −0.4 V and amplitude potential of 10 mV. (a) membrane 1; (b) membrane
2; (c) membrane 3.

Data fitting on EIS spectra was achieved by using the Randomize + Simplex method
using Randles equivalent circuit model [Rs + Q2/ (Rct + ZW)], in which Rs corresponds to
the resistance of the electrolyte solution; Q2 is the phase constant element that is in parallel
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with Rct, which is the charge transfer resistance; and ZW represents the Warburg impedance
(Table S2). The standardization plots were obtained by drawing tetracycline concentrations
vs. Rct normalized data (ΔR/R= (Rsample − RRef)/RRef). The example of the calibration
curve of the sensor with membrane 3 is presented in Figure S9. The reproducibility is 6%.

The sensitivity of the tetracycline sensor is the slope of the straight line. With mem-
brane 3, the sensitivity is 1.83 ± 0.4 ng−1·L, as presented in Figure 8. The RSD of 22% is the
repeatability obtained between 4 sensors. The sensitivity of the tetracycline sensor with
membrane 1 is 0.5± 0.2 ng−1·L and that of the sensor with membrane 2 is 0.5 ± 0.08 ng−1·L,
showing the high influence of the used plasticizer and the negligible influence of the HCl
concentration in the preparation of the [o-COSAN]−/tetracycline ion-pair complex.

Figure 8. Sensitivities of membrane 1, membrane 2, membrane 3 sensors for tetracycline (blue) (con-
centrations ranging from 1 pg/L to 5 ng/L). Sensitivities for oxytetracycline (orange), demeclocycline
(grey), and terramycin (yellow).

3.4. Selectivity of the Tetracycline Sensors

The selectivity of the tetracycline sensors was obtained by testing oxytetracycline,
terramycin, and demeclocycline dissolved in a solution of PBS (pH = 7.4) in quantities
ranging from 1 pg/L to 5 ng/L. The electrodes and the setup used were the same as those
used for tetracycline, and the impedance of the system were measured. All experiments
were done thrice to confirm the reproducibility of the sensor.

The slope of each curve of the three membranes for the detection of tetracycline, oxyte-
tracycline, demeclocycline, and terramycin are drawn as bars in Figure 8. The sensitivity of
detection of tetracycline was 5 times higher than that of oxytetracycline and of terramycin,
and 22 times higher than that of demeclocycline.

Compared to the published tetracycline biosensors presented in Table 1, our tetra-
cycline sensor presents a detection limit in the lower range. Most presented biosensors
need aptamers/Ab TC and antibodies/Ag-TC, which are expensive compared to our
developed approach.

In addition, the use of antibodies and antigen requires storage at 4 ◦C of their sensor;
however, with our developed approach, our sensors could be stored at room temperature.
Due to the reversibility of the interactions, there is a limit to the reusability of the tetracycline
sensors. The shelf-life of the prepared sensor with membrane 3 was more than six months.
For tetracycline biosensors based on antibody, aptamer or MIP, the resusability is quite
limited. In Benvidi et al. [61], only five regenerations were possible without any loss
of sensitivity.
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The proposed mechanism is based on the exchange process that occurs at the mem-
brane interface with the analyte, and is a consequence of the geometry and chemical
composition of the cobalt bis(dicarbollide) [3,3′-Co(1,2-C2B9H11)2]−, particularly the exis-
tence of B-H and Ccluster-H bonds that can generate hydrogen and dihydrogen bonds. We
believe this is essential. In their absence, common ion exchangers will not generate strong
interactions with either the ammonium cation or with the plasticizer solvent. Therefore,
they have high mobility in the membrane. This is not the case with [3,3′-Co(1,2-C2B9H11)2]−
which does make these strong non-bonding interactions and generates more reticulate,
and therefore more stability and a precise concentration of the analyte in the membrane.
The cobalt bis(dicarbollide) has dimensions of 1.1 nm in length and 0.6 nm in width and
is surrounded by hydrogens, the mentioned B-H bonds, that have considerable hydride
character but not enough to be unstable in protic solvents. This sufficient hydride char-
acter of the B-H groups enables it to interact strongly with H-N units. The non-bonding
interactions B-H···H-N are weak, but if there are many, as is the case, they become a strong
interaction. This leads to a very stable concentration of the target analyte within the mem-
brane, and allows for an adequate ion exchange thanks to the ion exchanger capacity of
[3,3′-Co(1,2-C2B9H11)2]−, overall giving the appropriate stability and sensitivity.

The higher sensitivity for tetracycline compared to the similar molecules should be
explained by a higher stability of the [o-COSAN]−/tetracycline ion-pair complex, whereas
the similar molecules present a primary amine group which is a prerequisite, apart from ter-
ramycin. Demeclocycline presents a chloride group and oxytetracycline, a supplementary
OH group which can limit the ion-pair complex stability.

3.5. Determination of Tetracycline in Spiked Honey Samples with the Tetracycline Sensor
(Membrane 3)

Honey solutions were prepared as follows: 1 g of honey was added to 1 mL of
ethanol and maintained in an ultrasonic bath for 30 min. In order to reduce the matrix
effect, the samples were then diluted 1/10 (v/v) with PBS and filtered through a 0.8 mm
cellulose acetate filter. The samples were then spiked with standard TC solutions, and
measurements were carried out through the standard addition method. Three replicates
were made for each the two samples. Table 2 summarizes the tetracycline sensor results for
the determination of TC in spiked honey samples. Recoveries of 100% to 107% were found,
with an RSD of 6%. This indicates that the repeatability of the tetracycline sensor prepared
with membrane 3 is acceptable in practice.

Table 2. Determination of TC in spiked honey samples through the standard addition method, using
tetracycline sensor (membrane 3).

Samples
Added

pg/L
Found
pg/L

Recovery
(%)

Honey 1 50 53.5 107 ± 6
500 515 103 ± 2

Honey 2 50 51 102 ± 6
500 500 100 ± 6

4. Conclusion

In this work, we have discussed the development process of a novel sensitive and
highly selective tetracycline sensor, based on gold microelectrodes modified by single-
walled carbon nanotubes (SWCNTs) and a plasticized PVC membrane doped with a
[o-COSAN]−/tetracycline ion-pair complex. The ion-pair complex was synthesized and
characterized using different techniques such as Proton Nuclear Magnetic Resonance
(1H NMR), Carbon Nuclear Magnetic Resonance (13NMR), Fourier-Transform Infrared
Spectroscopy (FTIR), Matrix-Assisted Laser Desorption/Ionization- Time-of-Flight Mass
Spectrometry (MALDI-TOF MS) and Elemental Analysis. The electrochemical detection was
performed by electrochemical impedance spectroscopy (EIS) for three different membranes.
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Membrane 3 with bis(2-ethyl hexyl) sebacate as the plasticizer, shows the highest sensitivity
compared to the other membranes. The high selectivity of our prepared tetracycline
sensors was demonstrated by analyzing solutions containing similar molecules, namely
oxytetracycline, demeclocycline, and terramycin. The proposed approach presents a high
sensitivity compared to published tetracycline biosensors; moreover, it is a cheap solution
compared to those requiring aptamers or antibodies, and it is a durable solution because of
the reversibility of the interactions with the [o-COSAN]−/tetracycline ion-pair complex,
and the shelf-life time of the prepared sensor was found to be more than six months. The
work carried out in this paper aims at providing a solution to the food or drug control of
improving portable instrumentations while incorporating new technologies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios13010071/s1, Figure S1: 1H NMR spectrum of [o-COSAN]−/
tetracycline (deuterated acetone); Figure S2: 13C NMR spectrum of [o-COSAN]−/tetracycline (deuter-
ated acetone); Figure S3: FTIR spectrum of [o-COSAN]−/tetracycline; Figure S4: MALDI-TOF
spectrum of [o-COSAN]−/tetracycline with matrix (positive part); Figure S5: FTIR spectrum of
membrane 3; Figure S6: FTIR spectrum of bis (2-ethyl hexyl) sebacate; Figure S7: FTIR spectrum of
PVC; Figure S8: FTIR spectrum of [o-COSAN]−/tetracycline ion pair complex; Figure S9: Calibration
curve of the tetracycline sensor with membrane 3; Table S1: Overview of elemental analysis in
[o-COSAN]−/tetracycline; Table S2: Fitting parameters obtained from Randles equivalent circuit
model [Rs + Q2/ (Rct + ZW)] (membrane 3 detection of tetracycline).
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Abstract: Currently, accurate quantification of antibiotics is a prerequisite for health care and environ-
mental governance. The present work demonstrated a novel and effective electrochemical strategy for
chloramphenicol (CAP) detection using carbon-doped hexagonal boron nitride (C-BN) as the sensing
medium. The C-BN nanosheets were synthesized by a molten-salt method and fully characterized
using various techniques. The electrochemical performances of C-BN nanosheets were studied using
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The results showed that
the electrocatalytic activity of h-BN was significantly enhanced by carbon doping. Carbon doping can
provide abundant active sites and improve electrical conductivity. Therefore, a C-BN-modified glassy
carbon electrode (C-BN/GCE) was employed to determine CAP by differential pulse voltammetry
(DPV). The sensor showed convincing analytical performance, such as a wide concentration range
(0.1 μM–200 μM, 200 μM–700 μM) and low limit of detection (LOD, 0.035 μM). In addition, the
proposed method had high selectivity and desired stability, and can be applied for CAP detection
in actual samples. It is believed that defect-engineered h-BN nanomaterials possess a wide range of
applications in electrochemical sensors.

Keywords: hexagonal boron nitride; carbon doping; chloramphenicol; differential pulse voltammetry;
molten salt synthesis

1. Introduction

Chloramphenicol (CAP) is a nitrobenzene derivative and was first obtained from
Streptomyces venezuelae in 1947 [1]. This compound is highly active against a variety of
bacteria and thus has been widely employed as an antibiotic to treat various diseases [2,3].
However, the abuse of CAP has been a significant threat to environmental security and
human health. For instance, CAP can easily accumulate to cause persistent environmental
hazards due to its poor biodegradability [4,5]. Furthermore, these CAP residuals enter the
human body through the food chain and result in serious diseases [6,7]. For this reason, the
use of CAP in aquatic products and animal feeds has been prohibited in many countries [8].
Unfortunately, CAP residuals have still been detected in biological and environmental
samples because of their low cost and high effectiveness [9–11]. Accordingly, it is imperative
to develop an effective method for CAP detection.

Spectrophotometric and chromatographic methods have been developed for CAP
detection [12–17]. Nevertheless, these methods are always time-consuming, expensive, and
have cumbersome preprocessing [18]. Hence, most researchers have focused on electro-
chemical techniques due to their merits of simple preparation, fast response, good stability
and in situ analysis [19,20]. Chloramphenicol is an electroactive substance and is able to
produce an electrochemical signal when the redox reactions of CAP occur at the surface
of an electrode. Generally, a bare GCE only gives rise to a poor electrochemical response
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toward CAP. To ensure high sensitivity and selectivity, chemical modification with appro-
priate electrocatalytic materials is necessary for GCEs. The surface modification is capable
of accelerating charge migration and providing abundant active sites for further promot-
ing electrochemical reactions. Consequently, tremendous efforts have been dedicated to
preparing catalytic materials for the construction of electrochemical sensors.

Over the past decades, two-dimensional (2D) materials have been extensively ex-
ploited for the fabrication of electrochemical sensors based on their fascinating physio-
chemical performances [21–23]. Hexagonal boron nitride (h-BN) has a typical 2D layered
structure and this compound has found widespread applications due to its high thermal con-
ductivity, good lubricity, outstanding mechanical strength, and chemical stability [24–26].
Different from graphite of a semi-metallic nature, h-BN has a wide bandgap (~5.9 eV)
because its π electrons are localized [27,28]. The applications of h-BN in functional devices
have been limited due to its poor electron transport capability. Interestingly, the electronic
properties of BN strongly rely on its microstructure, such as dimensionality, bond con-
figuration and defects [29–31]. Among them, engineering defects is an effective way to
ameliorate the photoelectrochemical properties of h-BN because they can form defect levels
in the forbidden band to alter the energy band structure [32,33]. Recently, we demonstrated
that point defects induced by heterovalent ion doping have great potential to improve
sensing properties in h-BN systems [34,35]. Theoretical calculations also suggested that
carbon doping can functionalize h-BN and makes it potentially applicable in the catalyst
and sensor fields [36–38]. To the best of our knowledge, no studies on h-BN nanomaterials
for the electrochemical detection of CAP have been reported.

In this work, a novel CAP electrochemical sensor was fabricated using C-BN nanosheets
as the sensing medium. The C-BN nanosheets were prepared by a molten salt method and
systematically characterized. Carbon doping enlarged the electrochemically active surface
area (EASA) and facilitated electron transfer, which are favorable to the reaction kinetics.
Therefore, enhanced electrochemical properties of h-BN were achieved upon doping with
carbon. C-BN/GCE was employed for CAP detection, and its analytical performance
was studied in detail. We also demonstrated the practical applications of the developed
electrochemical sensor for CAP detection in real samples.

2. Materials and Methods

2.1. Materials

Cyanuramide (C3N6H6), H3BO3, h-BN nanoparticles and chloramphenicol were ob-
tained from Aladdin (Shanghai, China). Glucose, ZnCl2, CuCl2·2H2O, NaNO3, NaNO2,
NaH2PO4, Na2HPO4, KCl, K3[Fe(CN)6], and K4[Fe(CN)6] were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Human serum, dopamine hydrochloride
(DA), cysteine (Cys), chlortetracycline (CTC), and acetaminophen (AAP) were purchased
from Shanghai Yuanye Bio-Technology Co., Ltd. Chloramphenicol eye drops (Runshu,
Specification: 25 mg/10 mL) were produced by BAUSCH & LOMB Freda Pharmaceuti-
cal Co., Ltd. (Jinan, China). The Al2O3 polishing powder and glassy carbon electrodes
(GCE, φ = 0.3 cm) were obtained from Shanghai Chenhua Co., Ltd. (Shanghai, China). All
reagents were used as received. Deionized (DI) water was adopted for solution preparation
throughout the work. Electrochemical tests were conducted in 0.2 M phosphate buffer
saline (PBS), which were prepared by mixing an appropriate amount of NaH2PO4 (0.2 M)
and Na2HPO4 (0.2 M).

2.2. Equipment

Powder X-ray diffraction (XRD) patterns were obtained on a D8 Bruker X-ray diffrac-
tometer with a Cu-Kα1 radiation source. Morphology, particle size and EDS analysis were
investigated with an FEI Tecnai G20 transmission electron microscope (TEM). Fourier
transform infrared (FTIR) spectra were acquired from a Nicolet 550 spectrometer. An
F-4500 fluorescence spectrometer was used to test the photoluminescence (PL) properties
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of the samples. The UV–Vis diffuse reflectance spectroscopy (DRS) was recorded with a
UV3600 spectrophotometer (Shimadzu Corporation, Japan).

A CHI 660E workstation (Shanghai China) was utilized for electrochemical tests,
which were performed in conventional three-electrode installation at room temperature
(25 ± 2 ◦C). The electrochemical installation consists of a saturated calomel electrode (SCE,
reference electrode) and a platinum wire (counter electrode). Unmodified/modified GCEs
were adopted as working electrodes. The CV and EIS measurements were carried out in a
KCl solution (0.1 M) containing 1 mM [Fe(CN)6]3−/4−. The DPV plots were acquired in
PBS solution. The scanning parameters were −0.8–−0.4 V for potential window, 50 mV for
modulation amplitude, 4 mV for potential increment and 0.05 s for pulse width.

2.3. Synthesis of Carbon-Doped BN

Carbon-doped boron nitride (C-BN) was prepared modified from a previous re-
port [35]. In general, cyanuramide aqueous solution is weakly basic, and H3BO3 is
weakly acidic. They can interact with each other through acid-base interactions to form
C3N6H6·2H3BO3 [39]. To successfully introduce carbon sources, excessive cyanuramide
was added to the reaction. In a typical procedure for preparing carbon-doped BN nanosheets,
3.0 g H3BO3 was dissolved into 200 mL DI water and heated to 95 ◦C (water bath). After
that, 5.0 g cyanuramide was added into the hot boric acid solution partially three times.
The above mixture was vigorously stirred (95 ◦C) for 2 h and then subjected to the removal
of water by vacuum rotary evaporation. The solid mixture was dried overnight at 80 ◦C
and crushed to obtain a white precursor. Afterwards, 2 g precursor was well-mixed with
10 g NaCl/KCl (mass ratio of 45/55) eutectic matrix and transferred to a high-alumina
crucible. The mixture was calcined at 900 ◦C for 3 h under a reducing atmosphere (carbon).
To remove free carbon residues, the powders were washed with hot dilute nitric acid
(0.2 M) and hot water several times. The final yellow powder was ground and dried and
named C-BN.

2.4. Construction of the C-BN/GCE Sensor

The C-BN/GCE was obtained using a casting method. First, successive mirror polish-
ing of the GCE was carried out on a suede using Al2O3 slurries (300 and 50 nm) and cleaned
with ethanol and deionized water. Next, the cleaned GCE was treated in 1.0 M H2SO4
solution until a stable cyclic voltammetry curve was obtained. Meanwhile, C-BN aqueous
suspensions (1 mg/mL) were obtained by dispersing C-BN nanosheets in deionized water
under ultrasonication. Then, the suspension was spread on the surface of the pretreated
GCE and dried naturally. Finally, the C-BN/GCE was carefully rinsed with deionized water
to remove any unbound compounds. As a reference, an h-BN-modified GCE (h-BN/GCE)
was constructed with the same method.

2.5. Sample Preparation

A CAP stock solution (10 mM) was freshly obtained by dissolving 0.323 g CAP
in 100 mL deionized water and stored at 4 ◦C in the dark. The practicability of the
proposed method was investigated by analyzing CAP in real samples (chloramphenicol
eye drops and human serum), which were first diluted using 0.2 M PBS (pH 7.0). The
final CAP concentrations were then examined by the C-BN/GCE sensor using a standard
addition method.

3. Results and Discussion

3.1. Characterization

To identify the crystal structure of the products, powder XRD measurements were
performed. Figure 1a displays the XRD patterns of C-BN and h-BN. As a reference, the
standard diffraction data (JCPDS No. 34–0421) of hexagonal BN are also provided in
Figure 1a. For both samples, all the diffraction peaks could be well indexed by standard
diffraction data, and no additional diffraction peaks were found, indicating good phase
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purity. Different from h-BN, C-BN showed weak and broad diffraction peaks, suggesting
that the hexagonal crystal structure was disturbed by carbon doping. A peak shift was also
observed in the C-BN XRD pattern, which is attributed to the successful incorporation of
carbon in the h-BN structure [39,40]. In the FTIR spectra (Figure 1b), both C-BN (red curve)
and h-BN showed two strong absorption bands at 1389 and 805 cm−1, which should be
ascribed to the in-plane B-N stretching and out-of-plane B-N-B bending vibrations [41,42].
For the C-BN sample, some new IR absorption bands were visible. Several bands in the
1000–1210 cm−1 range can be assigned to C-N and C-B vibrations, and C = N vibrations
contribute to the absorption band at 1662 cm−1 [40,42]. The results suggested that carbon
atoms were successfully incorporated into the h-BN crystal. On the other hand, the existence
of O-H and N-H was evidenced by absorption bands at 3428 cm−1 and 3182 cm−1. These
functional groups are beneficial for adsorbing target objects for further catalytic reactions.

Figure 1. (a) XRD patterns and (b) FTIR spectra of h-BN and C-BN.

Figure 2 displays TEM images of the h-BN and C-BN samples. Both samples are
composed of sheet-like materials. These nanosheets were highly transparent under the
electron beam, implying their ultrathin features. Compared to that of h-BN (Figure 2a),
C-BN (Figure 2b) exhibited a more uniform morphology and smaller size, which would
provide a more active surface for adsorbing target compounds. Figure S1 shows the EDS
profile of C-BN, confirming the presence of B, N and C.

Figure 2. TEM images of (a) h-BN and (b) C-BN.

The band structure of semiconductors plays an important role in their electrocatalytic
activity. The DRS was measured to investigate the influence of carbon doping on the band
structure. As shown in Figure 3a, there was a drastic absorption in the ultraviolet window
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for both samples, which corresponds to the bandgap energy of a semiconductor. Compared
to that of h-BN, the absorption edge of C-BN obviously shifts to the low energy direction. In
addition, a wide absorption band appeared in the whole visible range for the C-BN sample.
The results indicate that carbon doping has a significant impact on the band structure of
h-BN and then modulates its photoelectronic properties. Figure 3b shows the PL spectra
of the h-BN and C-BN samples under excitation at 230 nm. The C-BN shows multiple
emission bands, which were not observed for h-BN. These emission peaks of C-BN were
ascribed to carbon-linked defects, which modulated the behaviors of electrons [43].

Figure 3. (a) UV–Vis DRS and (b) emission spectra (excited by 230 nm) of C-BN (red curve) and h-BN
(black curve).

3.2. CV and EIS Studies

Figure 4a shows the CV response of different electrodes. Each electrode demonstrated
a pair of well-defined redox peaks, which resulted from the redox of [Fe(CN)6]3−/4−.
Among all the electrodes, C-BN/GCE exhibited the sharpest and highest redox peaks. This
reveals that the electron transfer rate of C-BN/GCE is faster than that of the others. In
addition, the EASA of the electrode was calculated based on the dependence of the CV on
the scan rate (Figure S2a,c,e) using the Randles–Sevcik equation [44]

Ip = 2.69 × 105·(n3/2) A·D1/2·C·ν1/2 (1)

where Ip is the peak current and ν is the scan rate (V/s). For 1 mM [Fe(CN)6]3−/4− (C)
in 0.1 M KCl solution, n equals 1 and the diffusion coefficient (D) is 6.5 × 106·cm2/s.
Accordingly, the EASA (A) of electrodes can be estimated based on the fitting results
between Ip and ν1/2 (Figure S2b,d,f). The EASA values of GCE, h-BN/GCE and C-BN/GCE
were 0.19 cm2, 0.17 cm2, and 0.23 cm2, respectively. The good electron transfer ability and
large EASA of C-BN/GCE should be ascribed to the defect structures induced by carbon-
doping, as they not only modulate the electronic structure of h-BN but also provide more
active sites for electrochemical reactions.

The EIS technique was utilized to study the interface nature of different electrodes,
and the results are shown in Figure 4b. In the Nyquist plot, each curve consists of a
semicircle part and a linear part. The semicircle diameter is proportional to the charge
transfer resistance (Rct) of an electrode, reflecting the electron transport ability at the
electrode/electrolyte interface. As shown in Figure 4b, there are significant differences
between the plots, revealing the distinct electrochemical behaviors of these electrodes. By
fitting with the equivalent Randle circuit (inset of Figure 4b), the Rct values are 843 Ω,
3383 Ω and 275 Ω for the GCE, h-BN/GCE and C-BN/GCE, respectively. The Rct of C-
BN/GCE was less than that of the other electrodes. This result is consistent with the above
CV data, indicating the outstanding charge transferability of C-BN/GCE. Therefore, it is
expected that carbon-doped BN has potential applications in electrochemical sensors.
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Figure 4. (a) CV and (b) EIS plots of 1 mM [Fe(CN)6]3−/4− in 0.1 M KCl solution for GCE, h-BN/GCE
and C-BN/GCE. Inset displaying the equivalent circuit for EIS tests.

3.3. Electrochemical Behaviors of CAP over C-BN/GCE

The electrochemical behaviors of CAP over different electrodes were first investigated
by CV in 0.2 M PBS (pH = 7.0) with a scan rate of 100 mV/s. Figure 5a displays CV profiles
obtained at the C-BN/GCE in the absence/presence of 100 μM CAP. No redox signals were
discerned in the absence of CAP. In contrast, there was a pair of redox peaks in the presence
of 100 μM CAP with an oxidation peak at −0.039 V and a reduction peak at −0.675 V
(vs. SCE), respectively. The −0.675 V peak resulted from the nitro group reduction of CAP
to hydroxylamine and the −0.039 V was ascribed to the oxidation of hydroxylamine to
a nitroso group [45]. As depicted in Figure 5b, both the GCE and h-BN/GCE exhibited
similar voltammetric signals toward CAP because they are electroactive. Interestingly, the
redox signal produced by C-BN/GCE was remarkably larger than those obtained from bare
GCE and h-BN/GCE. Its reduction peak current (88.9 μA) was approximately 2.6 times that
of h-BN/GCE (34.1 μA) and 2.7 times that of GCE (32.9 μA). The favorable electrocatalytic
effect of C-BN in the redox of CAP is attributed to its defect structure induced by carbon
doping, which facilitates electron transfer and provides abundant active sites. Therefore,
C-BN/GCE shows high sensitivity in the detection of CAP. As the reduction step of CAP at
−0.68 V exhibited a better current response compared to the others, this peak was adopted
for later experiments.

Figure 5. (a) CVs of C-BN/GCE in the absence/presence of 100 μM CAP; (b) CVs of GCE, h-BN/GCE
and C-BN/GCE in the presence of 100 μM CAP. (Conditions: 0.2 M PBS with pH of 7.0 at a scan rate
of 100 mV/s).

3.4. Effect of Scan Rate

Figure 6 illustrates the influence of the scan rate on the CV response of C-BN/GCE to-
ward 100 μM CAP. The test conditions were 0.2 M PBS and pH 7.0. Figure 6a shows that the
reduction peak current has a positive relation to the scan rate from 25 to 200 mV/s. A linear
relationship between the reduction peak current and the square root of the scan rate (υ1/2)
was observed (Figure 6b). The regression equation was defined as Ipc = 9.477 υ1/2 − 6.788.
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The good linear relationship (R2 = 0.998) revealed that electrochemical reduction of CAP
over C-BN/GCE is a diffusion–controlled process [2].

Figure 6. (a) The effect of scan rate on the CV response of the C-BN/GCE toward CAP (100 μM)
and (b) corresponding linear plot of reduction currents against square root of scan rate. (Conditions:
0.2 M PBS with pH of 7.0).

3.5. Effect of pH

It is well known that the pH of the electrolytes plays an important role in an electro-
chemical reaction. Figure 7a presents the influence of pH on the CV response of C-BN/GCE
toward CAP. The current response gradually increased with increasing pH from 5.0 to 7.0
and then significantly decreased with further increasing pH (Figure 7b, left). Meanwhile,
the larger pH value makes the reduction peak potential shift to a more negative direc-
tion, implying that protons participated in the electrochemical reaction. As illustrated in
Figure 7b (right), the peak potential showed a good linear relationship to pH with a regres-
sion equation of Ipc = −0.0303 pH–0.468 (R2 = 0.994). The slope value of −0.0303 V/pH is
very close to the theoretical value of −0.059/2 V/pH. Therefore, the electroredox of CAP
over C-BN/GCE is an irreversible process involving one electron and two protons, which
is consistent with previous reports [45,46]. According to literature [47], the pH value has
an impact on the structure of CAP and further on its adsorption on the electrode surface.
On the other hand, increasing the pH of the alkaline electrolyte could inhibit the reduction
reaction of CAP. As a result, the best current response was achieved at pH 7.0, and was
adopted for the later studies. The possible electrochemical reaction mechanism of CAP on
C-BN/GCE can be described by Figure S3 [2].

Figure 7. (a) CVs of C-BN/GCE at different pH (5.0, 6.0, 7.0, 8.0 and 9.0). (b) Dependence of the
reduction peak current (left, blue curve) and Epc (right, black dots) on pH, and corresponding fitting
results (red plot). (Conditions: 0.2 M PBS containing 100 μM CAP at a scan rate of 100 mV/s).

3.6. Detection of CAP Using the DPV Method

The DPV technique is more effective and sensitive than CV for the quantification of
organic substances and thus was employed for CAP detection. Figure 8a shows a series of
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DPV curves of C-BN/GCE for different CAP concentrations. The current response mono-
tonically increased with increasing CAP concentration from 0.1 μM to 700 μM. Figure 8b
illustrates the linear calibration plots between the peak current and concentration. The
regression equations can be described as Ipc (μA) = 0.422 C (μM) + 5.02 (R2 = 0.994) in the
low concentration region (0.1–200 μM) and Ipc (μA) = 0.160 C (μM) + 58.5 (R2 = 0.989) in
the high concentration region (200–700 μM). The limit of detection (LOD) was calculated
using the equation LOD = 3σ/S according to the IUPAC definition [18], in which σ is
the standard deviation of 5 blank measurements and S is the slope of the calibration plot.
The proposed method shows a low LOD of 0.035 μM. The analytical performance of C-
BN/GCE was compared with that of other electrodes reported previously. As summarized
in Table 1, C-BN/GCE is a suitable platform for CAP detection. Moreover, the construction
procedure of C-BN/GCE is facile, and all elements, including carbon, boron, and nitrogen,
are earth-abundant.

Figure 8. (a) DPV responses of C-BN/GCE toward different CAP concentrations; (b) corresponding
linear plots of Ipc vs. CAP concentration (Circle dots are experimental data and red lines are fitting
results). (Conditions: 0.2 M PBS with pH of 7.0, scanning window: −0.8–−0.4 V, modulation
amplitude: 50 mV, potential increment: 4 mV, pulse width: 0.05 s).

Table 1. Comparison of the analytical performance of C-BN/GCE with previously reported electro-
chemical methods for CAP detection.

Electrode Material Method
Linear Range

(μM)
LOD
(μM)

Refs

rGO@PDA@AuNPs DPV 0.1–100 0.058 [2]
ZVO/SGN/LGE DPV 0.005–325.5 0.0024 [44]
Co3O4@rGO i-t 0.1–1500 0.1 [48]
Fe3O4/N-rGO DPV 1–200 0.03 [49]
Sr-ZnO@rGO LSV 0.19–2847.3 0.13 [50]
MoN@S-GCN DPV 0.5–2450 0.0069 [51]
α-Fe2O3/SPCE DPV 2.5–50 0.11 [52]
MoS2-rGO DPV 1–55 0.6 [53]
3D-printed CB/PLA DPV 10–331 0.98 [54]
NiCo2O4@C DPV 0.5–320 0.035 [55]
MoS2-MWCNTs DPV 1–35 0.4 [56]
MoS2/f-MWCNTs i-t 0.08–1392 0.015 [57]
Mn2O3 TNS/SPCE DPV 0.015–1.28 0.00426 [58]
Eu2O3/GO i-t 0.02–800.25 0.00132 [59]
C-BN DPV 0.1–200, 200–700 0.035 Here

rGO: reduced graphene oxide; PDA: polydopamine; ZVO: ZnV2O8; SGN: sulfur doped carbon nitride; LGE: laser-
induced graphene electrode; Sr-ZnO: Strontium doped zinc oxide; SPCE: screen-printed carbon electrode; S-
GCN: sulfur-doped graphitic carbon nitride; CB/PLA: carbon-black integrated polylactic acid; MWCNT: multi-
walled carbon nano-tube.
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3.7. Selectivity and Stability

The selectivity of the C-BN/GCE for the electrocatalytic redox of CAP was investigated
to ensure its practical applications. The DPV measurements were conducted using C-
BN/GCE to detect 50 μM CAP in the absence/presence of various interfering compounds
(IC), such as 10-fold concentrations of Zn2+, Cu2+, Fe3+, NO3

−, glucose, Cys, NO2
−, DA,

CTC, and AAP. Figure 9a displays the ratios of peak current before and after adding
various interferents. All the investigated compounds had a negligible influence on the
current response of CAP with a current deviation of less than 5.0%, indicating the good
selectivity of the developed method. The satisfied selectivity of the proposed method
should be ascribed to the π-π interaction and specific surface adsorption of CAP molecules
by C-BN nanosheets.

Figure 9. (a) Anti-interference ability of C-BN/GCE in the determination of CAP (50 μM CAP, 10-fold
concentrations of Zn2+, Cu2+, Fe3+, NO3

−, glucose, Cys, NO2
−, DA, CTC, and AAP; (b) Left (black

curve): Reproducibility of the proposed sensor; Right (blue curve): Evaluation of the long-term
stability of the proposed sensor for four weeks (Circle and square symbols are experimental data).
All tests were performed in 0.2 M PBS at pH 7.0 using the DPV method.

Five different C-BN/GCEs were fabricated independently through the same process
and used for CAP detection under the same conditions. All the electrodes displayed similar
peak current values with a relative standard deviation (RSD) of 2.76% (Figure 9b, left),
confirming the favorable reproducibility of the proposed method. Meanwhile, ten cycle
tests were performed on the same C-BN/GCE in the presence of 50 μM CAP. The RSD of
the current responses was 2.44%. Therefore, the modified electrode possesses prominent
repeatability. For long-term stability, the current response of the same C-BN/GCE toward
50 μM CAP was measured every week. After 4 weeks of storage at room temperature,
the retention rate of the peak current was 89.6% (Figure 9b, right), demonstrating that the
sensor was stable.

3.8. Real Sample Analysis

To assess the practical feasibility of the proposed method, C-BN/GCE was applied to
detect CAP in real samples using a standard addition method. Real samples (human serum
and eye drops) were first diluted using 0.2 M PBS (pH 7.0) and spiked with defined CAP
content. The final CAP concentrations were tested by the DPV technique, and three parallel
tests were conducted for every concentration. As listed in Table 2, C-BN/GCE showed
satisfactory recoveries and small RSDs (less than 5%), confirming that the proposed method
is reliable and applicable.
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Table 2. CAP quantification in real samples using C-BN/GCE sensor (n = 3).

Real Sample Added (μM) Founded (μM) Recovery (%) RSD (%)

Human serum

0 – – –
20 19.75 ± 0.36 98.8 ± 1.8 3.05
40 39.68 ± 1.07 99.2 ± 2.7 2.61
60 61.02 ± 1.79 101.7 ± 2.9 2.93

Eye drops 1

0 7.912 ± 0.31 102.3 ± 3.8 3.96
20 27.65 ± 0.12 99.7 ± 0.4 0.43
40 47.90 ± 0.82 100.3 ± 1.7 1.70
60 65.79 ± 1.00 97.1 ± 1.4 1.52

1 The stock solution of CAP eye drops is 7.737 μM.

4. Conclusions

In conclusion, a novel and efficient CAP detection method was developed using C-BN
nanosheets as sensing materials. The C-BN nanosheets were successfully synthesized
via a molten-salt process and well characterized. Modulation of the band structure in
defective h-BN was observed by carbon doping, which improved the electrochemical
performance of C-BN/GCE, such as conductivity and EASA. As a result, C-BN/GCE
showed enhanced electrocatalytic activity in the redox of CAP compared to that of h-BN.
Under the optimized conditions, the proposed method exhibited a low LOD of 0.035 μM
and a wide linear range from 0.1 μM to 700 μM in the detection of CAP. Moreover, the
good anti-interference ability, high stability, and desired reproducibility of C-BN/GCE
were experimentally authenticated. The good recovery results obtained in real sample
analyses suggested the practical feasibility of the as-fabricated sensor for CAP detection.
Hence, defect-engineered h-BN nanomaterials are potential candidates for electrochemical
sensing applications.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/bios13010116/s1: Figure S1: EDS profile for C-BN; Figure S2:
CVs of (a) bare GCE, (c) h-BN/GCE and (e) C-BN/GCE at different scan rate (25–200 mV/s). Plots
of the redox peak current (Ip) versus the square root of the scan rate (υ1/2) at (b) bare GCE, (d)
h-BN/GCE and (f) C-BN/GCE. All tests were conducted in 0.1 M KCl solution containing 1 mM
[Fe(CN)6]3−/4−; Figure S3: The possible electrochemical reaction mechanism of CAP at C-BN/GCE.
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Abstract: In this work, a novel portable and wireless intelligent electrochemical nanosensor was
developed for the detection of 6,7-dihydroxycoumarin (6,7-DHC) using a modified screen-printed
electrode (SPE). Black phosphorene (BP) nanosheets were prepared via exfoliation of black phos-
phorus nanoplates. The BP nanosheets were then mixed with nano-diamond (ND) to prepare
ND@BP nanocomposites using the self-assembly method, achieving high environmental stability.
The nanocomposite was characterized by SEM, TEM, Raman, XPS and XRD. The nanocomposite
was used for the modification of SPE to improve its electrochemical performances. The nanosensor
displayed a wide linear range of 0.01–450.0 μmol/L with a low detection limit of 0.003 μmol/L for
6,7-DHC analysis. The portable and wireless intelligent electrochemical nanosensor was applied to
detect 6,7-DHC in real drug samples by the standard addition method with satisfactory recoveries,
which extends the application of BP-based nanocomposite for electroanalysis.

Keywords: portable wireless intelligent electrochemical nanosensor; black phosphorene nanosheets;
nano-diamond; screen-printed electrode; electrochemistry; 6,7-Dihydroxycoumarin

1. Introduction

Coumarins are the general term for o-hydroxycinnamic acid lactones with the basic
skeleton of a benzo α-pyrone nucleus. Most coumarin compounds feature oxygen func-
tional groups at the C-7 positions. 6,7-dihydroxycoumarin (6,7-DHC), known as esculetin,
is a coumarin derivative (its structure is shown in Figure S1), which is widely present in
various plants such as artemisia annua, lemon, etc. It has attracted much attention from
researchers, particularly in the medical field, due to its strong antioxidant property [1,2].
Different techniques have been used to detect 6,7-DHC in biological and pharmaceutical
samples [3–6]. Among these methods, electrochemical techniques have also been proposed
for the detection of 6,7-DHC with high sensitivity and reliability. For example, Sheng et al.,
developed a voltammetric sensor based on the electropolymerization L-lanthionine on
glassy carbon electrode (GCE) for esculetin measurement [7]. Li et al., prepared a sensi-
tive electrochemical sensor based on TiO2NPs-coated poly (diallyldimethylammonium
chloride)-functionalized graphene nanocomposites and used them to detect 6,7-DHC in real
samples, yielding satisfactory results [8]. Therefore, developing sensitive electrochemical
methods for the detection of 6,7-DHC is a meaningful and important task.

The working electrode is the core of electrochemical sensors. In recent years, two-
dimensional (2D) nanomaterials with excellent properties have been used in the design of
chemically modified electrodes [9]. Due to their large surface area, excellent conductivity,
abundant catalytic activity sites, and easy functionalization, 2D nanomaterial modified
electrodes can be used in different types of electrochemical biosensors [10]. Among them,
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black phosphorus nanoplates (BPNPs) are a new type of 2D nanomaterial with unique
physical and structural properties [11], such as a large specific surface area, low cytotoxicity,
and high thermal stability and biocompatibility [12–14]. They have already been used in
biosensing [15,16], photothermal therapy [17], drug delivery [18], and other fields. How-
ever, BPNPs are unstable and easily biodegrade into PxOy in an environment containing
oxygen and water [19]. Therefore, the modification of the surface of BPNPs is one of the
most effective ways to avoid or reduce their degradation and to improve their perfor-
mance [20,21]. Li et al., constructed a novel label-free electrochemical aptasensor based on
a carbon dots–black phosphorus nanohybrid to carry out ultrasensitive detection of ochra-
toxins A [22]. Liu et al., prepared a sandwich-like BP@AuNPs@aptamer biosensor to carry
out the highly efficient detection of circulating tumor cells in whole blood samples [23].
Li et al., developed a new electrochemical horseradish peroxidase (HRP) biosensor based on
nanocomposites of black phosphorene (BP) nanosheets and single-walled carbon nanotubes
for the detection of trichloroacetic acid, sodium nitrite, and hydrogen peroxide [24].

Nano-diamond (ND) is a unique type of carbon nanoparticle with many excellent
advantages, including good electronic properties, excellent biocompatibility, low dielec-
tric constant, a wide electrochemical potential window, and excellent chemical stability,
earning it an increasing amount of attention [25]. Furthermore, diamond-based materials
have been used in supercapacitors [26], pharmaceutical analysis [27], food detection [28],
and biosensors [29]. Chen et al., prepared an ND-modified electrode for the oxidation
of nitrite via the oxidation mechanism previously discussed [30]. Shahrokian et al., used
an ND–graphite/chitosan membrane-modified GCE and applied it in the electrochemical
detection of azathioprine [31]. Simioni et al., proposed an ND and dihexadecyl phosphate-
modified GCE for the determination of codeine in different sample matrices via cyclic
voltammetry [32]. Xie et al., designed an electrochemical biosensor with excellent electrocat-
alytic performance using myoglobin and an ND-modified electrode to detect trichloroacetic
acid, sodium nitrite, and hydrogen peroxide [33].

Electrochemical sensors have many merits, such as their remarkable sensitivity, good
selectivity, simple operation, low cost, easy miniaturization, etc., which can achieve both
qualitative and quantitative analysis of targets. It has wide practical applications in envi-
ronmental monitoring, food safety, medical analysis, and so on [34–36]. Govindasamy et al.,
applied La-based, perovskite-type lanthanum aluminate nanorod-incorporated graphene-
oxide nanosheets for the sensitive determination of nitrite in samples of meat and drinking
water [37]. With the rapid development of microelectronic technology, portable electro-
chemical sensors have been designed, which feature characteristics such as miniaturization,
intelligence, and wireless transmission [38–41]. These kinds of sensors can be small, light,
mobile, low-cost, and energy-efficient, and are designed to meet practical needs using dis-
posable electrodes. Ge et al., developed a portable and wireless intelligent electrochemical
sensor for the on-site detection of terbutaline residue in meat products [42]. Gao et al.,
fabricated a highly sensitive portable electrochemical immunosensor based on the dual-
functionalized AuNPs for rapid point-of-care testing of genetically modified crops [43].
Chinnapaiyan et al., fabricated a thulium (III) metal–organic framework based on a smart-
phone sensor for the purpose of detecting roxarsone in real food samples [44]. Portable
sensing devices can overcome the disadvantages of conventional laboratory-based electro-
chemical analysis, such as the high cost, bulkiness, and complexity. In contrast, portable
sensing devices are portable, easy to operate, multifunctional, consume less power, and are
practical in situ applications [45–47].

In this paper, ND was used as a protective agent and functional modifier of BP.
ND@BP nanocomposite was synthesized via the self-assembly method and further used
for construction of electrochemical sensor. The electrochemical behavior of 6,7-DHC was
studied by using a portable wireless intelligent electrochemical workstation. The schematic
diagram of the preparation process of this electrochemical sensor is shown in Scheme 1.
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Scheme 1. Preparation process of the electrochemical sensor (BPNPs: black phosphorus nanoplates;
BP: black phosphorene; ND: nano-diamond; SPE: screen-printed electrode; WE: working electrode;
RE: reference electrode; CE: counter electrode).

2. Experimental

2.1. Reagents

The BPNPs (Nanjing XFNANO Materials Tech. Co., Ltd., Nanjing, China), isopropanol
(IPA, Xilong Scientific Co., Ltd., Guangdong, China), ND powder (diameter: 5–10 nm,
Nanjing XFNANO Materials Tech. Co., Ltd., Nanjing, China), and 6,7-DHC (Shanghai
Aladdin Co., Shanghai, China) were used without further purification.

Phosphate buffer solution (PBS, 0.1 mol/L) was prepared as the supporting electrolyte
with various pH from 2.0 to 6.0. Ultrapure water (IQ-7000, Milli-Q, Boston, MA, USA) was
used throughout, and all other reagents were of analytical grade.

2.2. Synthesis of ND@BP

ND power (1.0 mg) was dispersed in 1.0 mL N2-satured ultrapure water and then
sonicated for 4 h at room temperature to obtain a 1.0 mg/mL ND dispersion.

Based on the reported procedure with little modification [48], the BP was exfoliated
with the following procedure. Firstly, the BPNPs solution was dispersed in water to obtain
a 0.2 mg/mL solution. The BPNPs solution (20.0 mL) was mixed with 5.0 mL of IPA, which
was sealed in a brown centrifuge tube and sonicated in an ice bath for 12 h. After that,
the solution was centrifuged twice at 10,000 rpm for 20 min. Finally, BP nanosheets were
obtained and stored in a 4 ◦C refrigerator.

ND@BP nanocomposite was prepared by undergoing an electrostatic assembly pro-
cess [49]. In brief, 1.0 mg/mL ND dispersion and 0.16 mg/mL BP solution were mixed in a
volume ratio of 1:1 and stirred vigorously for 10 min. After sonication in an ice bath for
4 h, the resultant mixture solution was incubated in the 4 ◦C refrigerator and kept for 24 h
under the protection of nitrogen to obtain ND@BP nanocomposite suspension.

2.3. Materials Characterization

X-ray diffraction (XRD) experiments were conducted using a D/Max-2500V X-ray
diffractometer (Rigaku, Tokyo, Japan) with Cu-Kα (λ = 0.15418 nm) radiation at a scan rate
of 2◦/min in the 2 θ from 5 to 80◦. X-ray photoelectron spectroscopy (XPS) was performed
using an AXIS HIS 165 spectrophotometer (Kratos Analytical, Manchester, UK) equipped
with a microfocused Al Kα X-ray beam (500 μm) and a photoelectron take off angle of 90◦.

The adventitious carbon C1s peak at 284.8 eV was used for peak calibration. XPS
survey spectra were analyzed by using XPSPEAK software. Scanning electron microscopy
(SEM) was recorded on a JSM-7100F scanning electron microscope (JEOL Electron Co.,
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Tokyo, Japan) with the operation voltage of 5.0 kV and focal length of 10 mm. Transmis-
sion electron microscopy (TEM) was performed on a JEM-2010F transmission electron
microscope (JEOL Electron Co., Tokyo, Japan) at an operation voltage of 200 kV.

2.4. Construction of the Modified Electrodes

The modified working electrode was prepared via the drop-coating method with a
15.0 μL ND@BP solution coated on the surface of SPE and dried at room temperature in a
glove box filled with nitrogen. Similarly, other modified electrodes were prepared in the
same procedure for comparison.

2.5. Electrochemical Investigations

Voltammetric experiments were carried out on a portable electrochemical workstation
(EmStat3 + Blue, Palmsens BV, Houten, The Netherlands) with electrochemical impedance
spectroscopy (EIS) on a CHI 660E electrochemical workstation (Shanghai CH Instrument,
Shanghai, China). A three-electrode system of SPE (ϕ = 5 mm, Qingdao Poten Technology Co.,
Ltd., Qingdao, China) was utilized with ND@BP as the modifier on the working electrode.

Cyclic voltammetry (CV) was performed to test the electrochemical performances of
different working electrodes using a 1.0 mmol/L K3[Fe(CN)6] and 0.5 mol/L KCl mixture
solution in the potential window from –0.3 to 0.7 V. EIS was recorded using a 10.0 mmol/L
K3[Fe(CN)6]/K4[Fe(CN)6] and 0.1 mol/L KCl mixture solution in the frequency range of
105–10−2 Hz and an amplitude of 5 mV.

Electrochemical behaviors of 0.1 mmol/L 6,7-DHC were investigated by CV in the
potential window from 0.0 to 1.0 V in 0.1 mol/L pH 3.0 PBS. Differential pulse voltammetry
(DPV) was used for the electrochemical detection of different concentrations of 6,7-DHC in
0.1 mol/L pH 3.0 PBS with the following parameters: potential window from 0.0 to 1.0 V,
pulse amplitude of 0.2 V, pulse width of 0.02 s, pulse period of 0.1 s, and quiet time of 2.0 s.

3. Results and Discussions

3.1. Characterization of ND@BP Nanocomposite

SEM and TEM were carried out to characterize the morphology of the BPNPs, BP,
ND, and ND@BP nanocomposite, with the results presented in Figure 1. In Figure 1A, the
inhomogenous and discontinuous irregular multilayer flake morphology of the BPNPs
can be observed. Figure 1B illustrates the small grains and uniform distribution of the ND,
which tends to form little agglomerations. As illustrated in Figure 1C, the morphology of
the ND@BP nanocomposites can be observed as having granular ND particles adhered to
and uniformly dispersed on the surface of the BP.

TEM images show that the BP is only a few layers thick (Figure 1D). As shown in
Figure 1E, the ND is present as spherical tiny particles with uniform dispersion. The
electron diffraction pattern of ND demonstrated the crystallinity of the structure. In the
image of the ND@BP nanocomposites, the ND particles were uniformly dispersed on the
BP nanosheets with particle sizes less than 10 nm (Figure 1F).

The chemical states and surface compositions of the elements in ND@BP were analyzed
via XPS. The survey spectrum of BP and ND@BP showed the presence of C, O, and P
elements clearly (Figure 2A). Figure 2B,D analyzed the high-resolution XPS C 1s spectrum
of the BP and ND@BP. The binding energies at 284.7, 285.7, and 287.0 eV for BP were
assigned to the C-C, C-C-O and O-C-C=O bonds, respectively [50]. For ND@BP, the binding
energies were slightly shifted to the left, and the P-C bond appeared at 282.3 eV, which was
attributed to the electrostatic interaction between ND and BP [51]. For Figure 2C, three
peaks can be seen at 129.7, 130.5, and 133.8 eV, which belonged to P 2p3/2, P 2p1/2, and
P-Ox bonds, respectively [52,53]. In the ND@BP nanocomposite, there was a new C-P bond
at 132.1 eV, which indicated that ND was successfully combined with BP (Figure 2E).

The crystallographic properties of ND, BP, and ND@BP were analyzed via XRD, and
the results are shown in Figure 2F. The XRD patterns of BP showed three diffraction peaks
at 16.9◦, 34.2◦ and 52.3◦, respectively, which correspond to the (020), (040), and (060) planes,
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respectively, indicating the perfect crystal structure of black phosphorus [54]. However, the
disappearance of the (020) and (040) characteristic diffraction peaks of the layer spacing of
ND@BP suggested that the BPNPs had been stripped [55]. The diffraction peak at 43.9◦ in
ND and ND@BP corresponded to the (111) diffraction peak of ND [56].

 

Figure 1. SEM images of BPNPs (A), ND (B), ND@BP (C). TEM images of BP (D), ND (E), and ND@BP
(F) with electron diffraction patterns (inset).

Figure 2. XPS survey spectrum of BP and ND@BP (A); high-resolution XPS spectra of the C 1s (B) and
P2p (C) signal for BP; high-resolution XPS spectra of the C 1s (D) and P 2p (E) signal for ND@BP; XRD
patterns of ND, BP, and ND@BP (F); Raman spectra of (G) ND, (H) BPNPs and BP, and (I) BP and ND@BP.

269



Biosensors 2023, 13, 153

The recorded Raman spectra are shown in Figure 2 (G–I). A typical peak of ND
appeared at 1000.8 cm−1, attributed to the aromatic C-C stretching (Figure 2G). BPNPs
showed three typical peaks at 361.2, 438.0, and 465.7 cm−1, which were attributed to the
A1

g (out of plane), B2g (in plane), and A2
g (in plane) modes of BPNPs, respectively, [57]

and are consistent with other research results [58]. The Raman peaks of ND@BP were
blue-shifted compared with those of the BPNPs, and the A1

g, B2g, and A2
g peaks shifted

to 363.2, 439.8, and 468.1 cm−1, which was attributed to a reduced number of BPNPs
layers (Figure 2H) [53]. As shown in Figure 2I, a new peak appeared at 315.2 cm−1 for
ND@BP, indicating the interaction between BP and ND with the formation of the P-C bond.
Furthermore, the vibration of the P atoms was facilitated, which could increase the Raman
scattering energy and slowed down the oxidation of BP.

3.2. Electrochemical Characterizations

EIS is a commonly used method to evaluate the interfacial information of modified
electrodes. The results of EIS reflect the electron transfer ability of the electrode’s surface.
The value of the electron transfer resistance (Ret) can be used to describe the interface
properties of the modified surface, which can be expressed by the semicircle’s diameter [59].
Figure 3 shows the EIS of different modified electrodes in a solution of 0.1 mol/L KCl
containing 10.0 mmol/L [Fe(CN)6]3−/4− with the frequency ranging from 105 to 10−2 Hz.
The Ret of ND/SPE (curve b) was smaller than SPE only (curve a), indicating the excellent
conductivity of ND. The Nyquist plots of BP/SPE (curve c) and ND@BP/SPE (curve d)
displayed almost straight lines at all frequencies. Furthermore, the slope of ND@BP/SPE
was larger than that of BP/SPE, demonstrating the excellent conductivity of ND@BP as a
result of the synergistic enhancement effect of the two components.

Figure 3. EIS of (a) SPE, (b) ND/SPE, (c) BP/SPE, and (d) ND@BP/SPE in a 10.0 mmol/L
[Fe(CN)6]3−/4− and 0.1 mol/L KCl mixture, with frequencies ranging from 105 to 10−2 Hz and
an amplitude of 5 mV.

Figure 4 shows the CV of different modified electrodes at various scan rates and the
corresponding relationships between the current and the scan rate. Both oxidation and
reduction peak currents increased with the increase in scan rate, and the currents against
the square root of the scan rate (υ1/2) exhibited a good linear relationship. According to the
Randles–Sevcik equation [60], Ip = 2.69 × 105AD1/2n3/2υ1/2C, the electrochemical effective
areas (A) of different modified electrodes were calculated by the I–υ1/2 curve with values
of 0.131 cm2 for SPE (Figure 4A), 0.146 cm2 for ND/SPE (Figure 4B), 0.158 cm2 for BP/SPE
(Figure 4C), and 0.181 cm2 for ND@BP/SPE (Figure 4D). Therefore, the presence of ND@BP
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on the electrode’s surface provides a large effective area, which is a very important factor
in improving the responsiveness of an electrochemical sensor.

Figure 4. Relationship of Ip and υ1/2 of (A) SPE, (B) ND/SPE, (C) BP/SPE, and (D) ND@BP/SPE.
Inset is the CV of different electrodes in a 1.0 mmol/L K3[Fe(CN)6] and 0.5 mol/L KCl mixture with
different scan rates from 50 to 500 mV/s.

The electrochemical behaviors of 0.1 mmol/L 6,7-DHC on different modified electrodes
were investigated in 0.1 mol/L pH 3.0 PBS, with the curves shown in Figure 5. On SPE,
a pair of obvious redox peaks of 6,7-DHC were recorded (curve a), with the anodic peak
current (Ipa) and cathodic peak current (Ipc) being 9.99 and 5.98 μA, respectively. On
ND/SPE (curve b), the redox peak current was increased, which could be due to the
presence of ND with good conductivity. On BP/SPE (curve c), electrochemical response
was further improved, while on ND@BP/SPE (curve d), the peak currents increased to
17.32 μA (Ipa) and 8.08 μA (Ipc), which were 1.73 times and 1.35 times larger than that on
SPE. The drastic increase in the redox responses could be attributed to the synergistic effect
between ND and BP. ND could increase the electric conductivity, and BP supplied a large
surface area and active catalytic ability.

The effect of different scan rates on the redox process of 0.1 mmol/L 6,7-DHC was
investigated in the range from 50 to 1000 mV/s on ND@BP/SPE; the results are shown in
Figure S2A. As the scan rate increased, the redox peak currents and potential gradually in-
creased, indicating that 6,7-DHC underwent a quasi-reversible electrochemical reaction. A
linear relationship between Ip and υ (Figure S2B) demonstrated that the electrode reaction
of 6,7-DHC on the surface of ND@BP/SPE was an adsorption control process. Further-
more, Figure S2C displayed a good linear relationship between Ep and lnυ. According to
Laviron’s formula [61,62], the value of the electron transfer coefficient (α) and the electron
transfer number (n) of 6,7-DHC were generally assumed to be 0.50 and 2.04, respectively.
Meanwhile, the electron transfer rate constant (ks) was calculated as 5.61 s−1.

The influence of the solution pH on the electrochemical response of 6,7-DHC was further
investigated. As shown in Figure S3, the formal potential (E0’) was negatively shifted with
the increase of the pH in the range from 2.0 to 6.0 (Figure S3A), indicating that protons
were involved in electrode reaction. There was a good linear relationship between E0’ and
pH, with the following linear regression equation: E0’ (V) = −0.0535 pH + 0.7408 (R2 = 0.9977)
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(Figure S3B, curve a). The slope was close to the theoretical value of -59 mV/pH at 25 ◦C [63],
which demonstrated that the same amounts of protons and electrons were involved in the
electrode reaction of 6,7-DHC. The peak current changed with the increase in pH, and the
maximum value was obtained at pH 3.0 (Figure S3B, curve b). Therefore, in the experiment,
pH 3.0 PBS was selected as the supporting electrolyte.

Figure 5. Electrochemical behaviors of 0.1 mmol/L 6,7-DHC on (a) SPE, (b) ND/SPE, (c) BP/SPE
and (d) ND@BP/SPE in pH 3.0 PBS at the scan rate of 100 mV/s.

3.3. Calibration Curve

DPV was used to establish the calibration curve, and the results are shown in Figure 6.
It can be clearly observed from Figure 6A that the Ipa value increased gradually with the
addition of 6,7-DHC. The linear relationships of the three sections are 0.01–10.0, 10.0–100.0,
and 100.0–450.0 μmol/L, and their linear regression equations are Ipa (μA) = 4.858C
(μmol/L) + 4.313 (R2 = 0.9912), Ipa (μA) = 1.049C (μmol/L) + 46.41 (R2 = 0.9920), and Ipa
(μA) = 0.1803C (μmol/L) + 128.2 (R2 = 0.9915), respectively (Figure 6B). The detection limit
was 0.003 μmol/L (3S0/S). For the adsorption-controlled process of 6,7-DHC, different
calibration curves were ascribed to the differences in the activity of the modified electrode
surface when exposed to high and low 6,7-DHC concentrations. The presence of the
ND@BP nanocomposite, with its high conductivity and large effective surface, resulted in
more active sites. At low concentrations of 6,7-DHC, the surface of ND@BP/SPE had a
larger number of active sites, in which the adsorption-controlled kinetics were dramatically
bigger than at higher concentrations.

Figure 6. (A) DPV curves of different concentrations of 6,7-DHC from 0.01 to 450.0 μmol/L in pH 3.0
PBS; (B) Linear relationship between Ipa and 6,7-DHC concentration (n = 3).
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3.4. Samples Analysis

In order to evaluate the analytical applicability, this analytical method was applied
to detect 6,7-DHC analysis in Qinpi Jiegu Capsules (Sample 1) and Bawei Qinpi Wan
(Sample 2). The preparation method was as follows: three tablets were added in a mortar
and then ground for 20 min. Then, the sample was transferred to a centrifuge tube and
dispersed in 50 mL methanol. After being sealed carefully, the centrifuge tube was sonicated
in an ice-bath for 4 h. The dispersion was centrifuged at 8000 and 10,000 rpm for 5 min
each, and the supernatant was then removed and diluted to 50 mL with methanol; this
was the final sample and was used for DPV measurement. The results are summarized in
Table 1. It was found that the recoveries of 95.0–101.5% and 94.7–104.4% were obtained
from these spiked samples with satisfactory accuracy. Furthermore, the relative standard
deviations (RSD) were 1.41–3.28% with ND@BP/SPE. All the RSD values were less than
5.0%, demonstrating that ND@BP/SPE has a potential application for real sample analysis
and could be a novel method for rapid on-site detection of 6,7-DHC in medicinal samples.

Table 1. Detection results of 6,7-DHC in real samples (n = 3).

Samples
Detected
(μmol/L)

Added
(μmol/L)

Total
(μmol/L)

RSD
(%)

Recovery
(%)

Sample 1
(Z20026310) 1.96

5.00 6.71 3.28 95.0
10.00 12.11 3.11 101.5
15.00 16.24 2.07 95.2

Sample 2
(Z54020022) 2.60

5.00 7.82 3.10 104.4
10.00 12.58 1.41 99.8
15.00 16.81 2.55 94.7

3.5. Interference

The selectivity of ND@BP/SPE was investigated by DPV in the presence of 100-fold
concentrations of inorganic ions (K+, Na+, Ca2+, Cu2+) and 10-fold concentrations of amino
acids (L-cysteine, aspartic acid), glucose, urea, and uric acid as interference agents with
10.0 μmol/L 6,7-DHC. As shown in Figure 7, the coexisting interferents did not have
a significant impact on the detection of 6,7-DHC, with an RSD below 5.0%. Therefore,
ND@BP/SPE has good anti-interference performance.

Figure 7. Influence of co-existing substances for 10.0 μmol/L 6,7-DHC analysis (n = 3) for 100-fold
concentrations of K+, Na+, Ca2+, and Cu2+ and 10-fold concentrations of L-cysteine, aspartic acid,
glucose, urea, and uric acid.
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3.6. Stability, Repeatability, and Reproducibility

The stability of the different modified electrodes was investigated carefully by a
continuous cyclic voltammetry test with a scan rate of 100 mV/s. As shown in Figure 8, the
RSD of the anodic and cathodic peak currents for the three modified electrodes were 1.22%
and 1.09% (Figure 8A), 3.69% and 4.89% (Figure 8B), and 1.68% and 2.05% (Figure 8C),
respectively. Therefore, ND not only had a certain protective effect on BP, but it also
interacted with BP, which improved the ND@BP/SPE’s electrochemical cycle stability.
In addition, the reduction peak current was still higher than 83.4% of the initial signal
value after storing the sample in a refrigerator at 4 ◦C for 10 days, which indicated that
ND@BP/SPE has good storage stability.

Figure 8. Stability of different electrodes with successive CV scans of (A) ND/SPE, (B) BP/SPE,
and (C) ND@BP/SPE (n = 3). (Inset: Multi−scan CV curves of (A) ND/SPE, (B) BP/SPE, and
(C) ND@BP/SPE in 1.0 mmol/L K3[Fe(CN)6] and 0.5 mol/L KCl mixture at a scan rate of 100 mV/s.).

Five parallel electrodes (ND@BP/SPE) were fabricated and used to detect 0.1 mmol/L
6,7-DHC by CV. The RSD peak currents were 3.86% and 4.34%, respectively (Figure 9A),
which demonstrates an excellent repeatability of ND@BP/SPE. Furthermore, nine parallel
detections of the same ND@BP/SPE in 0.1 mmol/L 6,7-DHC were checked with the RSD of
redox peak currents as 1.69% and 1.41% (Figure 9B), which reflected a good reproducibility.

Figure 9. (A) Repeatability and (B) reproducibility of ND@BP/SPE for the detection of 0.1 mmol/L
6,7-DHC in pH 3.0 PBS at a scan rate of 100 mV/s by CV.

4. Conclusions

In this paper, a novel portable and wireless intelligent electrochemical nanosensor
was prepared based on ND@BP nanocomposite-modified SPE. The prepared nanosensor
exhibited excellent electrochemical performance in detecting 6,7-DHC as a result of the
synergistic effects of ND and BP. Our portable and wireless intelligent electrochemical
nanosensor can overcome the disadvantages of conventional laboratory-based electrochem-
ical analysis, such as the high cost, bulkiness, and complexity. In contrast, our sensing
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device is portable, easy to operate, multifunctional, consumers power, and is practical
in in situ practical applications. However, the modification of SPE is the key step in the
electrode’s preparation, an such modification should be carried out carefully. In addition,
the disposable usage of the modified SPE results in an increase in the cost of each mea-
surement. Nevertheless, the presence of ND on the BP nanosheet results in good stability
of the nanocomposite, which was further used for the modification of SPE, achieving
excellent electrochemical performance. The fabricated modified electrode was connected
to a portable electrochemical workstation to carry out the sensitive detection of 6,7-DHC
in real drug samples. Our results extend the application of BP-based nanocomposite to
intelligent sensing platforms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios13020153/s1, Figure S1. The structural diagram of 6,7-DHC;
Figure S2. (A) CV curves of 0.1 mmol/L 6,7-DHC in 0.1 mol/L pH 3.0 PBS on ND@BP/SPE at
different scan rates (from a to k: 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 V/s). (B) Linear
relationship of Ip versus υ (n = 3). (C) Linear relationship of Ep versus lnυ (n = 3); Figure S3. (A) CV
curves of 0.1 mmol/L 6,7-DHC in 0.1 mol/L pH 3.0 PBS on ND@BP/SPE at different pH values (from
a to e: 2.0, 3.0, 4.0, 5.0, and 6.0) at the scan rate of 100 mV/s; (B) The relationship between E0′ versus
pH (a) and the plot of Ipa versus pH (b) (n = 3).
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Abstract: Hydrogen peroxide (H2O2) and glucose play a key role in many cellular signaling pathways.
The efficient and accurate in situ detection of H2O2 released from living cells has attracted extensive
research interests. Herein, a new porphyrin-based porous covalent organic framework (TAP-COF)
was fabricated via one-step condensation of 1,6,7,12-tetrachloroperylene tetracarboxylic acid dianhy-
dride and 5,10,15,20-tetrakis (4-aminophenyl)porphyrin iron(III). The obtained TAP-COF has high
surface areas, abundant surface catalytic active sites, and highly effective electron transport due to its
precisely controllable donor–acceptor arrangement and 3D porous structure. Then, the new TAP-COF
exhibited excellent peroxidase-like catalytic activity, which could effectively catalyze oxidation of the
substrate 3,3′,5,5′-tetramethylbenzidine by H2O2 to produce a typical blue-colored reaction. On this
basis, simple, rapid and selective colorimetric methods for in situ H2O2 detection were developed
with the detection limit of 2.6 nM in the wide range of 0.01 to 200 μM. The colorimetric approach also
could be used for in situ detection of H2O2 released from living MCF-7 cells. This portable sensor
based on a COF nanozyme not only opens a new path for point-of-care testing, but also has potential
applications in the field of cell biology and clinical diagnosis.

Keywords: porphyrin; covalent organic framework; peroxidase-like activity; cells; H2O2

1. Introduction

Small molecule biomarkers are a significant part of sustaining life processes and biolog-
ical metabolism [1]. Among them, hydrogen peroxide (H2O2), one of the frequent reactive
oxygen species in biological systems, is essential for promoting cellular proliferation, differ-
entiation, and emigration [2,3]. Various illnesses including cancer [4], diabetes mellitus [5],
neurological disorders [6], and angiocardiopathy [7] are tightly accompanied by abnormal
H2O2 production. For example, cancer cells have considerably greater amounts of H2O2
(6.0 μM–1.2 mM) than normal cells (less than 0.72 μM) [8]. Therefore, the need for a reliable
and accurate approach for the extremely hypersensitive identification of H2O2 in living
creatures is critical. The examination of H2O2 has been reported using a variety of strate-
gies, including electrochemical [9], fluorescence [10,11], electrochemiluminescence [12],
spectrophotometry [13], etc., among which colorimetric tests [14] are considered to be an
effective and straightforward method due to its affordability and usefulness.

Peroxidases, like horseradish peroxidase (HRP) and thyroid peroxidase, are found
in plankton and flora and fauna, which are commonly utilized because of their high
particularity and effectiveness under mild settings [15]. However, due to their inherent
nature as proteins, the majority of natural enzymes have many inevitable shortcomings,
such as intrinsic instability, costly preparation, and easy denaturation under adverse
conditions, which severely restricts their real applications [16]. Then, a lot of work has been
put into researching nanozymes, such as porphyrins and metal complexes, with the aim
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of simulating the structures and activities of naturally produced enzymes. Due to their
affordability, a large-scale production capacity, superior stability and robustness compared
to natural enzymes, the interests in nanozymes with unexpected enzyme-like activity have
grown recently.

Porphyrin-based nanozymes are currently receiving more focus for their biological
similarity to inartificial enzymes like cytochrome P450 and hemoglobin [17]. Various iron
porphyrins, including hemin [18] and 5,10,15,20-tetrakis-(4′-bromophenyl)porphyrinato
iron(III) [19] are used to simulate HRP activity. Free iron porphyrins cannot, however,
be used in standard immunoassay platforms because of their poorer imitation of perox-
idase activity and facile aggregation property [20]. Recently, a lot of interest has been
focused on porphyrin-based covalent organic frameworks (COFs), which are produced
from porphyrin or metalloporphyrin through strong covalent bonding, as biomimetic
catalysts, electrocatalysts, and photocatalysts [21–23] due to their superior catalytic oper-
ations and close biological affinity to inartificial enzymes. These possess COFs’ intrinsic
benefits, including their high surface area, tunable pore topologies, functionalization, and
excellent thermal and chemical durability. By incorporating metalloporphyrin into COFs,
high density active sites would be added to the skeleton of the COFs, and the catalytic
deactivation brought on by porphyrin aggregation might also be prevented. Typically,
Song’s group proposed a series of ultrastable iron porphyrin-based COFs with 3D channels
as biomimetic catalysts [24]. Lin’s group created a 3D porphyrin-based COFs through
the co-condensation of tetrahedrons with parallelogram construction blocks to enhance
catalytic performance [25]. Additionally, to produce small band gaps for the dissociation
and transportation of electron-hole pairs, the appropriate combination and arrangement of
complementary donor–acceptor pairs inside the COFs skeleton have been shown to be an
effective strategy to generate higher catalytic activity. Meanwhile, the unitarity of the COFs
would be advantageous to boost the efficiency of enzymatic processes by improving the
stable enzymes and decreasing the diffusion barrier.

Inspired by the above discussion, a donor–acceptor COFs (defined as TAP-COF) with
5,10,15,20-tetrakis (4-aminophenyl)porphyrine iron(III) chloride (FeTAPP) as the donor
and 1,6,7,12-tetrachloroperylene tetracarboxylic acid dianhydride (TAD) as the acceptor
was synthesized and employed as a peroxidase-mimicking nanozyme. The produced D-A
COFs had a high degree of crystallinity, a sizable amount of porosity, excellent electron
transport, and a significant number of catalytic active sites. Moreover, TAP-COF was
a metalloporphyrin-based COFs with a built-in catalyst that could successfully prevent
deactivation, which was frequently linked to porphyrin aggregation. TAP-COF was utilized
to build a colorimetric assay in viable cells for in situ analysis of H2O2 using of 3,3′,5,5′-
tetramethylbenzidine (TMB), which offered a novel method of cell monitoring and has
promising uses in the field of fast clinical detection.

2. Materials and Methods

2.1. Peroxidase-like Performance of TAP-COF

By catalytically oxidizing the peroxidase zymolyte TMB in the absence of H2O2, the
peroxidase-like activity of TAP-COF was examined. The measurements were made by
monitoring the absorbance information in time-scan patterns at 652 nm. In the typical
experiment, 200 μL 0.32 mg·mL−1 TAP-COF dispersed in water, 200 μL H2O2 (30 mM),
and 200 μL TMB (0.80 mM) as the substrate were added to a HAc–NaAc buffer solution
(pH 3.8).

In a typical colorimetric experiment, 200 μL TAP-COF (0.32 mg·mL−1) dispersed in
water, 200 μL H2O2 (30 mM), and 200 μL tert-butyl alcohol (1 mM) were added into 1200 μL
of a HAc–NaAc buffer solution (pH 3.8). Next, the above solution was incubated at 25 ◦C
for 0.5 h and 200 μL TMB (0.80 mM) was added before incubating for another 10 min.
Subsequently, UV–vis absorption spectroscopies were used to gauge the final reaction
solution. In comparison, the same experimental conditions were used to investigate the
expression system of TAP-COF + H2O2 + TMB + buffer by omitting the tert-butyl alcohol.
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2.2. Condition Optimization

The influences of the pH values (1.7–8.0), temperatures (25–70 ◦C), and various con-
centrations of H2O2 (1–400 mM) and TMB (0.20–2.5 mM) were investigated to evaluate the
peroxidase-like activity of the TAP-COF composites. The effect of the catalyst amount was
also studied.

2.3. Detection of H2O2 in Cells

A total of 200 μL phorbol 12-myristate-13-acetate (PMA) (50 g·mL−1) was injected
to a counting plate containing 0, 100, 200, 500, 1000, 3000, or 5000 cells·mL−1 MCF-7
cells in order to determine the amount of H2O2 released by the cells. To facilitate color
development, 200 μL TMB (0.8 mM) and 200 μL TAP-COF (0.32 mg·mL−1) were injected to
each counting plate after the specimens had been incubated for 10 min in 0.2 M HAc–NaAc
(pH 4.0). A microplate reader was used to measure each well’s absorbance at 652 nm, which
was believed to be related to the emission of H2O2 in cells.

3. Results and Discussions

3.1. Structure and Morphology Characterization

TAP-COF was synthesized by condensation between FeTAPP with TAD in the presence
of 4 Å molecular sieves under solvothermal conditions (Scheme 1). To confirm the formation
of the diimide linkages between FeTAPP and TAD units in the TAP-COF, Fourier transform
infrared (FT-IR) spectroscopy was performed (Figure 1A). FT-IR spectra indicated that
the peak of the N-H stretching of -NH2 (at 3364 cm−1) from FeTAPP disappeared after
polymerization. Meanwhile, the C = O amide stretching vibrations correspond to the
absorptions at 1666 cm−1. The peak at 1323 cm−1 was attributed to the C-H in phenyl
rings’ in-plane bending vibration. In addition, with the presence of C-N-C, a clear band
was displayed at 1594 cm−1 [26]. However, the peaks belonging to anhydride were not
accurately identified due to the synthesis of imide between amino groups and anhydride.
The X-ray diffraction (XRD) measurement indicated that TAP-COF was a well crystalline
material as illustrated in Figure 1B. The XRD diagram of TAP-COF demonstrated two peaks
at 1.26 nm and 0.72 nm, which were ascribed to diffraction from the (200) and (002) planes,
respectively. In addition, the XRD pattern also displayed three higher order refractions at
0.88, 0.42, and 0.38 nm, which were ascribed to diffraction from the (300), (600), and (800)
planes, respectively, revealing the high molecular ordering nature of this COF along the
a-axis of the unit cell [27]. The (001) plane gave its higher order diffractions at 0.34 nm in
the wide-angle range of the XRD pattern. These diffraction results could be assigned to
refraction from a rectangular lattice with the cell parameter of a = 2.52 nm, b = 2.52 nm,
and c = 1.44 nm (Figure S1 in Supplementary Materials). In addition, the XRD pattern
of TAP-COF exhibited additional refraction at 0.34 nm, which was attributed to the π-π
stacking distance between (100) planes [28–30].

 

Scheme 1. Diagrammatic drawing for the synthesis of TAP-COF and in situ detection of H2O2

released from MCF-7 cells.
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Figure 1. (A) FT-IR spectra of FeTAPP, TAD, and TAP-COF; (B) XRD spectra of the TAP-COF;
(C) SEM image; (D) N, O, Cl, Fe element mapping; (E) SAED pattern from the crystalline domain;
(F) HRTEM image of TAP-COF.

The morphologies of TAP-COF were analyzed using scanning electron microscopy
(SEM). The SEM image (Figure 1C) revealed that TAP-COF had a distinct lamellar structure.
In addition, the energy-dispersive spectrometry mapping was exhibited in Figure 1D.
Atoms of the expected composition (N, O, Cl, Fe) of the compound could be detected,
suggesting that TAP-COF was synthesized successfully. In order to further investigate the
morphology of TAP-COF, high-resolution transmission electron microscopy (HRTEM) was
also performed. The sample’s crystalline nature was confirmed by the regular spot pattern
that was revealed by the selected area electron diffraction (SAED) in the chosen location, as
exhibited in Figure 1E. The HRTEM image indicated that the lattice space of the TAP-COF
was calculated to be 0.42 nm (Figure 1F), which corresponded to (600) plane of TAP-COF
as seen in the XRD profile.

To further confirm the thermal stability of TAP-COF, thermal gravimetric analysis
(TGA) under air conditions of the sample was conducted. As illustrated in Figure S2, the
TGA presented a rapid weight loss of ~12.2% in the temperature range of 25–150 ◦C, which
seemed to be ascribed to the loss of the solvent absorbed in the porous sample [31]. Then,
the TGA profile of the TAP-COF did not exhibit any weight loss in the temperature range
of 150–380 ◦C. In addition, TAP-COF showed an observable weight loss over 380 ◦C, which
was attributed to the decomposition of the frameworks. Based on the above analysis, the
TGA curves revealed that the TAP-COF was thermally stable up to 380 ◦C.

The permanent porosity of TAP-COF was checked by N2 adsorption isotherms col-
lected at 77 K (Figure S3). The sorption isotherm fit well with the type IV characters,
suggesting the permanent mesoporous nature of TAP-COF. According to the Figure S3,
the COF had a total pore volume of 0.124 cm3·g−1 (P/P0 = 0.99). In addition, the BET
and Langmuir surface areas of TAP-COF were calculated to be 66.38 and 140.12 m2·g−1,
respectively, which indicated the small surface area of TAP-COF compared to other COFs.
It might be related to the disorganized stacking of the TAP-COF layers caused by the steric
hindrance of TAD and the twisting configuration of the phenyl units in FeTAPP.

3.2. Peroxidase-like Activity of TAP-COF

The peroxide simulation properties of TAP-COF were examined by oxidizing the
colorimetric primer TMB to oxTMB, which could be easily monitored by the UV–vis
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absorbance spectroscopy or observed by the naked eyes. Figure 2A shows the UV–vis
absorption spectra for the different test solutions. The absence experiments were performed
to determine the components needed to trigger the reaction. When both TAP-COF and
H2O2 were present in the reaction system, there was a higher absorption peak at 652 nm,
indicating that TAP-COF and H2O2 were required for the catalytic process. Additionally,
Figure 2B shows the variations of absorbance over time for TAP-COF + H2O2 + TMB and
H2O2 + TMB + FeTAPP. The absorbance at 652 nm rose for each system as the reaction
proceeded, but the TAP-COF + H2O2 + TMB system responded much more quickly than
the other systems. After only five minutes of reaction, the absorbance of TAP-COF + H2O2
+ TMB exceeded that of FeTAPP + H2O2 + TMB, indicating that TAP-COF had a greater
catalytic activity than FeTAPP. These findings unequivocally indicated that TAP-COF had a
better sensitivity for accelerating the oxidation of TMB. The inherent skeleton structure, high
N content, and D-A structure of TAP-COF might be the origin of its porosity characteristics,
electron cloud density, and greater surface catalytic activity sites. These would hasten
the electron exchange between reactive oxygen species generated by catalyzing hydrogen
peroxide decomposition and TMB, thus increasing the catalytic activity. They also had
electrostatic interaction that bind the catalytically active sites of TAP-COF to the positively
charged TMB.

Figure 2. The absorbance changes of TMB, H2O2 + TMB, TAP-COF + TMB, FeTAPP + H2O2 + TMB,
and TAP-COF + H2O2 + TMB are illustrated in (A) UV–vis spectra and (B) the impact of time on
these changes. TMB reaction mixture’s color variations are seen in the inset.

3.3. Optimization of Experimental Conditions

Similar to HRP and other nanomaterial-based peroxidase mimics, the pH, tempera-
ture, and substrate concentration during the color development process also influenced
the catalytic performance of TAP-COF. Then, the peroxidase-like activity of TAP-COF
was investigated by varying the pH (1.7–8), temperature (25–70 ◦C), H2O2 concentration
(0–200 M), and TMB concentration (0.2–2.5 mM) as shown in Figure S4. These data sug-
gested that the ideal experimental settings were pH 3.8, 25 ◦C, the relative lowest necessary
concentration of H2O2 (200 μM) and 0.8 nM of TMB. Moreover, the catalytic activity of
TAP-COF was also related to its amount. The catalytic activity increased with a rapid
increase in catalyst concentration from 0 to 1.0 mg·mL−1 and then there was a downtrend
from 1.0 to 1.5 mg·mL−1. Thus, the optimal concentration of TAP-COF was chosen as
1.0 mg·mL−1.

3.4. Steady-State Kinetic Analysis

Typical Michaelis–Menten curves were produced under ideal conditions over a range
of TMB or H2O2 concentrations to quantitatively explore the catalytic activities of the
TAP-COF (Figure S5). Under the guidance of the Lineweaver–Burk equation, the Michaelis
constant (Km) and the maximum response velocity (Vmax) were calculated (Table 1). In
general, Km describes how well an enzyme binds to its substrates, with a lower Km value
indicating a stronger binding. The Km of TAP-COF (0.78 mM) for H2O2 as primer was
significantly lower than that of HRP (3.7 mM), demonstrating that the affinity of TAP-COF
for H2O2 was stronger than that of HRP. This might be because of the increased electrostatic
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contact between TMB and TAP-COF produced by its high N content. Furthermore, the
TAP-COF had a Km of 0.18 mM with TMB as the substrate, which was lower than the HRP’s
Km of 0.43 mM, indicating that TAP-COF also had a high affinity for the TMB mediator.
These results implied that TAP-COF had promising peroxidase-like activity, which was
in line with other discoveries using various peroxidase mimics based on nanomaterials
(Table 1).

Table 1. Comparison of maximal reaction rate (Vmax) and apparent Michaelis-Menten constant (Km).

Catalyst
Km/mM Vmax/10−8 M s−1

Reference
H2O2 TMB H2O2 TMB

FePor-TFPA-COP 2.77 0.027 83.3 1.76 [32]
H2TCPP-Co3O4 3.70 0.43 8.71 10.0 [33]
Fe-MIL-88NH2 6.10 0.028 0.710 0.670 [34]

C-Dots 39.1 0.011 1.40 4.80 [35]
TAP-COF 0.780 0.18 2.94 4.78 This work

3.5. Colorimetric Sensing

The catalysis-based colorimetric test revealed extremely sensitive changes in absorp-
tion with varying H2O2 concentrations. Figure 3A demonstrates that the immunoassay
solutions gradually darkened from colorless to blue as the H2O2 content increased. Ad-
ditionally, Figure 3B and C illustrates a superb linear correlation between the logarithm
of H2O2 concentration in the range of 0.01 μM to 200 μM and the absorbance of oxidized
TMB at 652 nm. The TAP-COF-based sensor had a lower limit of detection (LOD) and
larger linear range compared to other previously published outstanding peroxidase-based
sensors (see Table S1). Additionally, our proposed sensor’s LOD was lower than that of
some of the other electrochemical and fluorescent sensors, which might be explained by
the fact that the interlinking of electron acceptor and donor of TAP-COF could improve the
electron transport rate, as well as allow exposure to high concentrations of catalytic active
sites, thus contributing to its increased catalytic activity.

Figure 3. Photographs (A) of the TMB + H2O2 colorimetric reaction solutions facilitated by various
H2O2 concentrations in the range of 0.01–200 μM and (B) UV–vis absorption spectra. (C) Relation-
ship between absorbance at 650 nm in reaction solutions’ UV–vis absorption spectra and H2O2

concentration. Standard deviations are shown by error bars (n = 5).

Moreover, H2O2 was also a major byproduct of other metabolic processes, including
the oxidation of uric acid by the enzyme uricase as well as the oxidation of glucose by the
enzyme glucose oxidase (GOD). Consequently, the measurement of H2O2 might be used to
indirectly infer the quantities of living components. Figure 4A displays the TMB + TAP-
COF + GOD photographs at various glucose concentrations. As the glucose concentration
increased linearly, the reaction became progressively darker blue in the presence of TAP-
COF and GOD. The standard curves for these reactions are shown in Figure 4C, where the
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linear range of glucose was 0.3–800 μM, and the LOD was 0.14 μM, which was comparable
to that of other reported fluorescent probes (Table S2).

Figure 4. (A) A picture of the reaction mixture with various concentrations of glucose present.
(B) The UV–vis absorption spectra. (C) Linear calibration of glucose detection. (D) The absorption
of TMB-TAP-COF for different substances. (The concentration of potentially interfering substances
was 50 μM, and the concentration of glucose was 0.5 μM, TMB was 0.8 mM and TAP-COF was
1.0 mg·mL−1).

3.6. Selectivity for the Detection of Glucose

Several interference experimental studies were conducted in the presence of interfering
chemicals to determine the selectivity of TAP-COF-based colorimetric sensors for H2O2
detection (Figure 4D). The response of glucose (2 × 10−4 mmol·L−1) was up to 100 times
greater than that of other substances (2 × 10−2 mol·L−1), none of which interfered with
the measurement of glucose. These outcomes demonstrated the TAP-COF-based sensor
exhibited superior glucose detection selectivity.

3.7. Colorimetric Detection Mechanism for H2O2

The cascade reaction-based colorimetric glucose assay is depicted in Figure 5A. The
peroxidase-like activity of TAP-COF was derived from its catalytic H2O2 decomposition
to produce ROS, mainly including singlet oxygen (1O2), hydroxyl radical (·OH), and
superoxide anion (O2

•−), where ·OH was a possible source of the catalytic process of
TMB [36,37]. Next, capture experiments were used to test the ROS, and the catalytic mecha-
nism and specificity of TAP-COF was further studied. As demonstrated in Figure 5B, the
TMB + H2O2 + TAP-COF system showed different absorbance intensity with or without
the addition of D-histidine (1O2 scavenger), tert-butyl alcohol (·OH scavenger), and benzo-
quinone (O2

•− scavenger). The absorbance significantly decreased after the addition of
tert-butyl, suggesting that the generated ·OH was scavenged by tert-butyl alcohol. Mean-
while, the system’s absorbance value exhibited no evident change after the addition of
D-histidine and benzoquinone, indicating the specificity of TAP-COF peroxide-mimicking
enzymes [38]. In summary, the peroxide-mimicking enzyme activity of TAP-COF mostly
resulted from the ·OH, which was at odds with earlier studies on certain inorganic nano-
materials that were thought to originate via electron transport [39]. The electrocatalytic
behavior of the TAP-COF and the FeTAPP modified GCE towards the electrochemical
reduction of H2O2 was examined in further detail utilizing amperometric responses. Com-
pared with the FeTAPP-modified electrode, the TAP-COF-modified electrode exhibited an
enhanced reduction peak current, suggesting that TAP-COF exhibited higher electrocat-
alytic activity in the reduction of H2O2, which indicated that the TAP-COF had the better
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ability to accelerate the electron transfer (Figure 5C). Based on the above discussion, the
possible explanation of TMB substrate oxidation by the TAP-COF catalyst in the presence of
H2O2 might be proposed as follows: first, H2O2 entered the pores of TAP-COF or attached
to the surface, and then the O–O bond of H2O2 broke to form ·OH. Second, ·OH oxidized
TMB to produce a blue-colored byproduct. These phenomena indicated that the blue
signal came from the charge transfer complex (chromogen). Electrochemical studies have
indicated that there was a high degree of communication between the donor and acceptor
of TAP-COF and the entire molecule’s electrical activity was governed by this connection.
Moreover, the catalytic oxidation of TMB by H2O2 was aided by the D-A ordered structure
of TAP-COF’s capacity to speed electron transport. Therefore, the design of TAP-COF with
D-A properties was of great significance for the construction of novel colorimetric sensors.

Figure 5. (A) Diagrammatic representation of the blue-colored oxTMB produced in cells by the
INAzyme-catalyzed cascade oxidation of glucose and TMB. (B) ROS trapping experiment. The TMB
oxidation process in the presence of D-histidine (1O2 scavenger), tert-butyl alcohol (·OH scavenger),
and benzoquinone (O2

•− scavenger). (C) CV curves of different electrodes, GCE electrode (black
line), FeTAPP/GCE (red line), TAP-COF/GCE (blue line). TAP-COF-based colorimetric examination
of MCF-7 cells in binding buffer for quantitative analysis of (D) UV-vis absorption spectroscopy and
(E) linear calibration of MCF-7 cells detection.

3.8. Colorimetric Detection of Cancer Cells

H2O2 was an important component of several metabolic processes, including the
metabolism of proteins and carbohydrates, and it may be used as a marker for a number of
serious diseases, including cancer [40]. Then, samples with various MCF-7 cells ranging
from 0–3000 cells·mL−1 were identified in 100 μL serial dilutions of binding buffer using
TAP-COF as described above. Without including MCF-7 cells, the absorbance of the
background was estimated using a similar approach (Figure 5D), and the absorbance at
650 nm was gathered for profiling. As demonstrated in Figure 5E, with the minimum cell
concentration of 25 cells·mL−1 observed in our actual studies, a strong linear correlation
was displayed between the colorimetric signal and the cell concentration (R2 > 0.98). This
LOD was significantly lower than that attained using the currently available colorimetric
cancer cell detection techniques, and even on par with that attained using electrochemical
or fluorescent assays that are more sensitive [41–43]. The above results indicated that
the TAP-COF-based colorimetric biosensor displayed a powerful ability to detect H2O2
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released from cancer cells, and thus our proposed simple and convenient colorimetric assay
could be used for the early diagnosis of cancer cells.

4. Conclusions

In conclusion, a new functional TAP-COF nanozyme with a donor–acceptor arrange-
ment has been constructed through one-step condensation. The TAP-COF demonstrated
increased enzyme mimicking activities for the direct catalysis of TMB to create blue oxTMB
due to very efficient charge transfer, porous strutted structure, and the abundance of iron
centers. Correspondingly, an H2O2-sensitive colorimetric detection method based on the
TAP-COF sensing system was established by facilitating the electron change between H2O2
and TMB. The established colorimetric biosensor has high selectivity, excellent compati-
bility, and outstanding sensitivity, which was successfully used for the visual detection
of H2O2 released from living cells. Our work provides a portable COF nanozyme-based
sensing platform for the accurate detection of small molecule biomarkers, and a new
perspective for point-of-care testing and medical diagnosis.
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(D) COF concentration, and (E) H2O2 concentration; Figure S5: Steady-state kinetic analysis using the
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Abstract: Two-dimensional materials-based field-effect transistors (FETs) are promising biosensors
because of their outstanding electrical properties, tunable band gap, high specific surface area,
label-free detection, and potential miniaturization for portable diagnostic products. However, it
is crucial for FET biosensors to have a high electrical performance and stability degradation in
liquid environments for their practical application. Here, a high-performance InSe-FET biosensor
is developed and demonstrated for the detection of the CA125 biomarker in clinical samples. The
InSe-FET is integrated with a homemade microfluidic channel, exhibiting good electrical stability
during the liquid channel process because of the passivation effect on the InSe channel. The InSe-FET
biosensor is capable of the quantitative detection of the CA125 biomarker in breast cancer in the range
of 0.01–1000 U/mL, with a detection time of 20 min. This work provides a universal detection tool for
protein biomarker sensing. The detection results of the clinical samples demonstrate its promising
application in early screenings of major diseases.

Keywords: field-effect transistor; InSe; biosensor; CA125; biomarker detection; liquid gate

1. Introduction

Biomarkers play a key role in disease diagnosis and treatment [1–3]. The early de-
tection of major diseases such as cancer can be achieved by detecting biomarkers in the
blood. Various immunoassays have been proposed and investigated to meet the growing
demand for assays while ensuring sensitivity and specificity [4,5]. As an example, flu-
orescent immunoassays can provide highly sensitive and reliable detection in aqueous
or cellular environments, but their cumbersome steps cause a reduction in efficiency [6].
In recent years, field-effect transistor (FET) biosensors, as a promising label-free and fast
biomolecular detection method, have attracted much attention due to their low power
consumption, scalability to on-chip integration, and low processing cost [7–10]. Biosensors
constructed with various nanomaterials and nanostructures, including silicon nanowires
and carbon nanotubes, have shown potential in improving the detection sensitivity of
biomolecules [11–15]. In addition, two-dimensional (2D) nanomaterials, such as graphene
and transition metal sulfide (TMD) compounds, show ultrasensitive properties for exist-
ing detection methods. The active layer of the 2D material allows for a highly specific
surface area, resulting in superior charge sensitivity [16–18]. In particular, unlike zero-
bandgap graphene, the presence of a bandgap in TMDs is critical for FET-based platforms
because the modulation of two-dimensional channel carrier transport is triggered by bind-
ing processes between the surface and biomolecules [19]. Recently, MoS2-based FETs
have been used for the immediate diagnosis of nucleic acid molecules and biomolecules,
such as proteins, demonstrating the potential of two-dimensional semiconductor materials
for applications [20,21].
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For FET-based biosensors, a liquid gate (Ag/AgCl reference electrode) is commonly
used. Liquid gate modulated FETs with low power consumption and easy detection are
widely used in graphene- and MoS2-based FET biosensors. However, in ionic liquids, the
liquid gate modulation process is similar to that of an electrochemical reaction, and the oper-
ating voltage is prone to the electrolysis of the aqueous solution, causing the decomposition
of the channel material. Specifically, some potential 2D materials for biomolecular sensing
require further evaluation of the impact of liquid gate modulation. High-mobility 2D
materials have natural advantages in sensor construction and can achieve highly sensitive
detection [22]. As a III–VI two-dimensional semiconductor compound, InSe has a direct and
moderate band gap of 1.26 eV with an ultra-high Hall mobility of over 1000 cm2 V−1 s−1 at
room temperature due to the light electron effective mass (∼0.143 m0), making it an ideal
material for biomolecular sensing [23].

In this study, we propose an InSe-FET biosensor and investigate its electrical stability
in the liquid channel. In addition to the commonly used liquid gate electrode, the back gate
working mode is applied to conduct the biomarker detection. The liquid channel works
as a passivation layer and effectively improves the stability of InSe-FETs, even though the
field-effect mobility degrades slightly due to the scattering of ions in the liquid channel.
The proposed InSe-FET biosensor achieves an extra-large quantitative linear and selective
detection range during CA125 biomarker sensing. The detection capability of the CA125
biomarker in clinical serum samples demonstrates its potential applications in the screening
of major diseases.

2. Materials and Methods

2.1. Materials and Regents

Bulk InSe was bought from XFNANO Materials Tech Co., Ltd., Shenzhen, China. Sili-
con wafers were purchased from Saibang Electronic Technology Co. Ltd., Kunshan, China.
Phosphate-buffered saline (PBS) was purchased from Corning. 3-aminopropyltrimethoxisylane
(APTES, >99%) was purchased from Sigma-Aldrich. Capture antibodies, recombinant
proteins, and detection antibodies, CA125 and CA199, were purchased from Fitzgerald
(America). The types and purity of all antigens and antibodies used in the experiments
are summarized in Table 1. Clinical serum specimens were collected at Qilu Hospital of
Shandong University. The ultrapure water (18.25 MU/cm3) used throughout all experi-
ments was made by a Millipore system. All chemicals used in this work were of analytical
grade or highest purity available and used directly without further purification. Acetone
(>99.9%) and isopropyl alcohol (>99.7%) were purchased from Sinopharm.

Table 1. Material information of detection regents.

Name Function Host/Source Type Subclass Purity

CA125
Antibody Mouse Monoclonal IgG1 >90%

Protein Mouse Monoclonal IgG1 >95%

CA199 Protein Mouse Monoclonal IgG1 >90%

2.2. Clinical Samples Preparation

First, 1–2 mL of venous blood from healthy person and patient is collected in a non-
anticoagulant tube and is kept standing for 2 h. Then, the supernatant is transferred into
a new Eppendorf tube and centrifuged at 3000 rpm for 10 min. Finally, 100 μL of serum
supernatant is collected and stored at −80 or −20 ◦C for testing.

2.3. InSe Material Characterization

InSe is examined using high-resolution transmission electron microscope (TEM) (FEI-
G20, Thermo Fisher Scientific Inc., Waltham, MA, USA). The thickness of the InSe is
determined using atomic force microscopy (AFM) on a Smart SPM AFM system. Ra-
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man spectra and photoluminescence of InSe are determined by a Renishaw inVia Raman
microscope at room temperature with a 532 nm laser as an excitation source.

2.4. Fabrication of InSe-FET-Based Biosensor

A schematic diagram of the InSe-FET biosensor fabrication process is shown in Figure
S1. The p-doped Si substrate with 100 nm SiO2 is cleaned using acetone, methanol, and
deionized water. Then a high-quality layer of HfO2 is grown on the Si/SiO2 substrate by
thermal ALD (atomic layer deposition) as a way to reduce the scattering centers generated
by fixed groups and defects on the SiO2 surface [24,25]. The PE-ALD Beneq TFS200
Instrument is used for the deposition of HfO2 films from tetrakis-dimethylamino hafnium
(TDMAHf) precursor. The TDMAHf is heated at 75 ◦C and N2 carrier gas is flown at
40 sccm to improve the hafnium precursor transport from the bubbler to the reactor
chamber. The oxidation step is performed using water vapor in case of the thermal ALD at
250 ◦C, while the number of cycles ranges from 125 (growth rate is about 0.08 nm/cycle)
for the T-ALD process. The InSe with few layers is transferred from the bulk material to
the substrate by mechanical exfoliation. Ti/Au (10 nm/20 nm) source/drain electrode is
formed by high-vacuum (4 × 10−5 Pa) electron beam evaporation using a shadow mask
to avoid the introduction of contamination by the photoresist, creating a good ohmic
contact. The linearity of the output curve in Figure S2 illustrates the good ohmic contact
of the device at room temperature. A microfluidic chip with a channel of approximately
5000 × 40 × 20 μm3 (the width of the flow channel is 20 μm, the height is 50 μm, and
the length is 5000 μm) is designed and aligned with the InSe sensing channel to form a
biosensor, allowing solutions to flow into the channel and interact with the InSe channel.
The dimensions of the PDMS device are 10 × 5 × 2 mm3 (see in Figure S3). The schematic
cross-sectional structure of the InSe biosensor is shown in Figure 1a. The channel current
can be regulated by the voltage applied to the back gate or liquid gate (Ag/AgCl reference
electrode) mode. The electrical performance and sensing tests are performed using a
Keithley 2636B system for I–V testing. The fabrication process’ time consumption schematic
graphs and photograph of fabricated InSe-FET biosensor are shown in Figure S3.

2.5. Capture Antibody-CA125 Immobilization and CA125 Antigen Sensing

APTES solution is made of 0.4 mL APTES with ethanol and DI water (19 mL/1 mL),
and then injected into the flow channel and incubated with InSe for 1 h. After incubation,
InSe channel is cleaned by inflowing ethanol and DI water. A concentration of 100 ug/L
antibody-CA125 is loaded into the microfluidic channel and incubated for 2 h to achieve
adequate immobilization on InSe channel. After cleaning, CA125 antigen sample is loaded
in the detection channel and the reaction time is 20 min. Finally, the output current is
detected after cleaning of reaction residues using 1 × PBS.

2.6. Electrical Characterization of InSe-FET

The IDS−VDS output characteristics and IDS−VGS transfer characteristics of the InSe-
FET are measured by a Keithley 2636 under ambient and liquid conditions. The working
mode includes back gate and liquid gate modes. For the back gate mode, VBG is swept from
−10 V to 10 V at VDS = 0.1 V to obtain transfer characteristic. For liquid gate, VLG is swept
from −1 V to 1 V at VDS = 0.1 V. The details of circuit connections and the experimental
setup are shown in Figure 2a. For the InSe-FET stability test, the same parameters as
for the electrical test are selected, and the transfer curves are tested at 15 min intervals
under atmospheric and liquid environments. The transfer characteristics are measured for
the fabricated InSe-FET biosensor after antibody immobilization and after CA125 capture
antibody immobilization, respectively.
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3. Results

3.1. Characterization of the InSe

The schematic structure of the InSe-FET biosensor is shown in Figure 1a. The back
gate InSe-FET is integrated with the homemade microfluidic channel. High-quality ALD-
grown HfO2 is applied to effectively improve field-effect mobility and reduce hysteresis by
reducing the parasitic capacitance and shielding the interfacial Coulomb scattering [26]. As
shown in Figure S4, the hysteresis of the transistor with the HfO2/SiO2 substrate is about
0.5 V, which is significantly less than its value, 3.8 V, with the SiO2 substrate only. APTES as
a coupling agent is functionalized directly on the InSe surface by the chemical reaction of C-
Si bonds and Se vacancy defects [27]. Although the InSe lacks suspension bonds, the highly
reactive sites in the Se vacancies can react with APTES to form In-O bonds [28]. The atomic
force microscopy characterization in Figure S5 demonstrates that the surface roughness Ra
increases from 0.1264 nm to 0.5062 nm after the APTES functionalization on InSe. In order
to confirm the successful functionalization of APTES and the immobilization of anti-CA125,
Raman spectroscopy was conducted after anti-CA125 immobilization on APTES-modified
InSe in comparison to that on bare InSe. A random spot in the channel and the channel
area’s scanned Raman spectra are shown in Figure S6. They show representative peaks
of anti-CA125 at 1096 cm−1 and 1407 cm−1 on the APTES-modified InSe channel, and
the scanned Raman spectra present a uniform distribution of anti-CA125, indicating the
successful functionalization of APTES and the immobilization of anti-CA125. APTES is
functionalized directly on the InSe surface as a coupling agent without an additional top
passivation structure, allowing the surface charge of the detection antigen to act directly
on the channel surface to introduce changes in output current, effectively improving the
detection sensitivity [29]. The electrical properties of the FET devices are determined by
the quality of the InSe films, which strongly influences the sensing performance of the
biosensors. In order to characterize the quality of the InSe material, the atomic structure of
the InSe is determined by high-resolution electron scanning transmission microscopy as
shown in Figure 1b. The multilayered InSe shows a complete honeycomb structure with
alternating rows of In and Se atoms with different brightnesses corresponding to different
atomic numbers. The atomic structure indicates that the InSe used in the experiment is
in the γ-conformation with the lattice constant a = b = 0.34 nm, which is consistent with
previous reports [30]. It has been shown that a higher device performance and smaller
thickness of the material are beneficial in improving the sensitivity of the sensor [31].
FETs constructed with 20–30 nm thick InSe have the best performance [22,26] and are
conducive to improving the device response to the biosensor. Thus, an InSe film with a
thickness of about 20 nm is selected to construct the InSe-FET, and the thickness conducted
by AFM is shown in Figure 1c. As shown in Figure 1d, three peaks can be observed
at 114 cm−1, 176 cm−1, and 226 cm−1 for the InSe layers, which are consistent with the
Raman modes of γ-InSe [32]. The band gap of the transferred InSe can be inferred from the
photoluminescence (PL) spectrum in Figure 1e, and the peak at 990 nm corresponding to
the band gap of the multilayer InSe is calculated to be about 1.25 eV. The typical multilayer
InSe material properties are presented by the Raman and PL spectra of the InSe, indicating
the successful transfer of InSe flakes to the substrate.
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Figure 1. (a) Schematic of the InSe-FET biosensor for biomarker CA125 detection. (b) High-resolution
transmission electron microscopy of InSe. (c) Thickness of typical InSe films used in FET determined
by AFM. (d,e) Raman spectra and photoluminescence spectra of transferred InSe flakes.

3.2. Electrical Characterization of InSe-FET

The working mode of InSe-FET plays an essential role in biosensing performance.
Here, the performances of the InSe-FETs working in the back gate liquid channel and top
liquid gate are compared with those of the fabricated InSe-FET. As shown in Figure 2a,
the fabricated device tested in the air (dry channel) is used as a benchmark to evaluate
the difference in the electrical performance between the two working modes in a liquid
environment. Figure 2b and c shows the transfer characteristics of the InSe-FET working
in the back gate liquid channel on linear and logarithmic scales in comparison with the
fabricated InSe-FET, and the slight decrease in the slope implies a slight decrease in the field-
effect mobility from 453.42 to 418.42 cm2/V−1s−1, which may be caused by the adsorption
of the ion group in the PBS solution on the InSe surface. The field-effect mobility of
multilayer InSe-FETs can be extracted from the transfer curve using the following equation:
μ = [L/WCiVDS] × [dIDS/dVG], where L is channel length of 30 μm, W is the channel
width of 20 μm, and Ci is the series capacitance of 100 nm SiO2 and 10 nm HfO2, where
the dielectric constants of both are 3.9 and 15, respectively. The negative shift of −0.9 V
in the threshold voltage in the logarithmic coordinate system in Figure 2c indicates that
the InSe-FET appears to be n-doping in the PBS solution [19], which is possibly due to
the charge transfer of the OH-groups on the InSe surface [6]. The InSe-FET in the liquid
gate working mode switches between the on and off states in the 2 V range with a higher
regulation efficiency compared with that of the back gate mode, as shown in Figure 2d.
However, a calculated mobility of 211.22 cm2/V−1s−1 is obtained, which decreases by 50%
compared to that of the back gate working mode. The larger mobility drop is probably
due to the smaller electron effective mass of InSe, which is exceptionally sensitive to
interfacial Coulomb scattering [26]. In the liquid gate working mode, it forms a 2~3 nm
charge distribution layer at the InSe–liquid interface, as shown in Figure S7, in which the
thickness range of the induced charges is only due to the direct formation of a double
electric layer on the surface of InSe by liquid gate regulation [33]. The formation of a bilayer
on the InSe surface by the liquid gate modulates the channel current while increasing the
scattering chance of the induced charge near the surface of the InSe. Figure 2e shows that
the device has clearly ambipolar behavior in the liquid gate working mode. A similar
phenomenon was previously observed in liquid gate MoS2 layers of more than 10 nm [30],
but this is the first time that it has been found in the InSe materials. This indicates that the
occurrence of ambipolar phenomena is most likely related to the efficient modulation of the
charge transport properties of the InSe surface layer by the liquid gate and not the intrinsic
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properties of the InSe material. The gate leakage current increases when the liquid gate
bias voltage is negative, as shown in Figure 2e. The basic FET performance indicates that
the back gate working mode is appropriate for biomarker sensing.

Figure 2. (a) Schematic diagram of the three operating modes of InSe-FET. Comparison of InSe-
FET performance before and after filling the microfluidic channel with liquid in (b) linear and
(c) logarithmic coordinates. Transfer characteristic curves of InSe-FET regulated by liquid gate in
(d) linear and (e) logarithmic coordinate systems.

3.3. Electrical Stability of InSe-FET

During biomarker detection, the electrical stability during the test cycles determines
the reliability and sensitivity of the InSe-FET biosensor. Here, in order to test the electrical
stability, the transfer characteristics are scanned eight times at an interval of 15 min for
the InSe-FETs in the different working modes. However, the InSe-FETs usually fail on the
seventh test. Figure 3a and b shows the transfer curves of the fabricated InSe-FET in the air
corresponding to the linear and logarithmic coordinates. As the number of tests increases,
the output current slightly drops and threshold voltage drifts are observed, which are
probably due to the desorption of water and oxygen on the surface of the InSe in the
atmosphere. This non-stationarity is more pronounced in the first few tests of the freshly
processed device, indicating the rapid desorption of water and oxygen on the InSe surface
in the atmosphere. When the devices are tested in a liquid environment through back gate
modulation, an extremely high stability was observed, as shown in Figure 3c,d, and there
were no observable changes in the transfer curves over the eight repeating tests. The liquid
in the flow channel actually plays a similar role to passivation, avoiding the creation of
unstable states caused by adsorbed substances on the InSe surface. The excellent electrical
stability is especially important for biosensors for ultra-low-concentration biomolecule
detection [31]. When the InSe-FET is working with the liquid gate, the transfer curve shows
a significant drop in current in several of the repeating tests and is irrecoverable. This
irreversible property degradation is probably due to the change in material properties
induced by the liquid electrode. Due to the reactivity of InSe [28], an electrochemical
etching-like reaction probably occurs on the InSe surface, causing irreversible electrical
property degradation of the device, even if the voltage applied to the liquid gate is small.
Figure 3g shows the negligible change in output current for the InSe-FET in the back gate
and liquid channel working modes. The output current increased 1.11 times after eight
replications for InSe-FET in the back gate and dry channel working modes, while the
output current decreased to 0.79 after six replications for the top liquid gate working mode.
Figure 3h shows slight threshold voltage shifts of 0.032 V after eight scans for InSe-FET
in the back gate and liquid channel working modes, positive threshold voltage shifts up
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to 1.43 V after eight scans for InSe-FET in the back gate and dry channel working modes,
and positive threshold voltage shifts up to 0.24 V after six scans for InSe-FET in the top
liquid gate working mode. Even though the threshold voltage shifts in the liquid gate
working mode, the devices fail quickly after six repeated scans. Cyclic tests indicate that
the InSe-FET working in the back gate mode with a liquid channel has the best stability
under gate electrical stress and is appropriate for biosensing.

Figure 3. Results of cyclic tests in three modes. The transfer characteristics cycle tests of InSe-FET
in (a,b) back gate dry channel, (c,d) back gate liquid channel, (e,f) and liquid gate in linear and
logarithmic coordinates. The current (g) and threshold voltage (h) evolution of three modes with
cycle times.Note: In back gate working mode, the point at VDS = 0.1 V, VGS = 10 V is selected
to compare output current change and threshold shift; in liquid gate working mode, the point at
VDS = 0.1 V, VGS = 1 V is selected to compare output current change and threshold shift.

In order to further characterize the stability of the InSe-FET biosensor, the storage sta-
bility is tested. The InSe-FETs are stored in atmosphere and liquid, respectively. Figure 4a,b
shows the changes in PL spectra after five days. The peak intensity of the InSe immersed in
the 0.1×PBS solution declined by 7.43% after five days, while that of the InSe exposed to
atmosphere declined by 35.68%. The decrease in the PL peak intensity is probably due to
the formation of InSe oxides [34]. The InSe in the atmosphere is exposed to an environment
containing both oxygen and water, subjected to oxidation by oxygen. In the liquid channel,
the oxidation process is significantly slowed due to the extremely low dissolved oxygen in
the liquid. Figure 4c,d shows that the transfer curves shift less in the InSe-FET with the
liquid channel than they do with dry channel during the back gate working mode after
being stored for five days. When the FET channel is filled with liquid, the threshold voltage
shift increases to 1.72 V, and when the channel is exposed to the atmosphere, the threshold
voltage shift decreases to 2.59 V. The output current also shows faster degradation for the
InSe-FET exposed to the atmosphere than that filled with liquid, as shown in Figure 4f. The
electrical properties’ degradation during storage when exposed to air is probably because
of the decrease in the intrinsic carrier concentration due to the occurrence of oxidation
reactions, leading to the conversion of the material from InSe to InSexOy [24]. The liquid
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channel protects the damage of InSe from oxidation, and a negative shift in VTH suggests
that the InSe is n-doped by ionic adsorbates in liquid.

Figure 4. PL spectra of InSe before and after storage for five days in (a) liquid and (b) atmosphere.
Transfer curves before and after storage for five days in (c) air and (d) liquid. (e) The threshold
voltage shift and (f) the output current change at VGS = 10 V for the InSe-FETs over storage time.

3.4. Subsection

The specific detection of the cancer marker CA125 is based on the specific binding of
antigen–antibody. As shown in Figure 5a, before the detection process, the CA125 capture
antibody is immobilized on the InSe channel, and a large number of amino and carboxyl
residues on the antibody molecules present charges in the liquid and induce a negative shift
in the threshold voltage, as shown in Figure 5b. It is important to note that the scattering
effect on the channel carriers induced by the target antigen is limited because of its larger
molecule size. The field-effect mobility response for target CA125 is less than 5% and does
not show a clear linear relationship with concentration, as shown in Figure S8. Since there
is not a dielectric layer between the antibody and the channel material surface, the InSe
channel electrons can be directly induced by the antibody, which can be explained from
ΔVTH = −QF, where QF represents the effective charges that can induce the change in the
conductivity of the InSe channel [35]. In the meantime, the field-effect mobility drops from
425 cm2/V−1s−1 to 102 cm2/V−1s−1 after the antibody immobilization of InSe, because
the charge in direct contact with the surface introduces the Coulomb scattering centers,
and the channel electrons are affected by the scattering, which results in a decrease in the
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field-effect mobility. Once the target sample is loaded into the microfluidic channel, the
antigen CA125 is bonded with anti-CA125 and these charges decrease, inducing a positive
shift in threshold voltage. The antigen CA125 neutralizes a portion of the antibody-induced
gate voltage effect, which is equivalent to applying a small voltage to the InSe surface,
visualized as a positive shift in the threshold voltage, and the positive drift of threshold
voltage increases with the increasing antigen concentration. Figure 5c shows the linear
relationship between the threshold voltage shift and antigen CA125 concentration in the
semi-log scale with a detectable range of 0.01–1000 U/mL. Each concentration is tested
three times using the same batch devices, and these devices present a standard deviation
of 9.05%, as shown in Figure S9. In addition, CA125 can be detected at concentrations
as low as 0.01 U/mL, which are much lower those previously reported (0.1 U/mL) [21].
Meanwhile, a comparison of information, such as the detection limits and detection times,
between this study and other methods is shown in Table S1. The major contributing factor
for the ultralow detection concentration is the ultrasensitive InSe scattering of carriers with
small mass and the simple channel treatment. Unlike previously reported protein assays,
APTES is used to immobilize antibodies on the surface of InSe without any additional
dielectric layer, which greatly improves the ability of the target molecules to modulate the
channel current. In addition, the excellent stability of InSe-FETs in liquid is also favorable
for the low detection limit.

Figure 5. (a) Schematic diagram of InSe-FET biosensor for biomarker detection. (b) Transfer charac-
teristic responses to target CA125 antigen in different concentrations. (c) Quantitative relationship
between threshold voltage shift and antigen CA125 concentration. (d) Transfer characteristics re-
sponses to the non-target antigen CA199, and (e) threshold voltage shift corresponding to different
concentrations of antigen CA199. (f) Comparison of the results of antigen CA125 detection by InSe-
FET biosensor and Cobas Roche electroluminescence assay on serum samples from breast cancer
patients and healthy individuals. P1~3 are serum samples from three breast cancer patients, and
H1~3 are serum samples from three healthy people. (g) Correlation of the results of the proposed
InSe-FET biosensor with those of the Cobas e601 electroluminescence device.

The specificity of CA125 detection is performed by loading different concentrations
of CA199 to the CA125 antibody immobilized channel. Figure 5d shows the negligible
response of the InSe-FET to loaded CA199, which demonstrates a nonspecific reaction of
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CA199 to the antibody CA125. To confirm the ability of the InSe-FET biosensor to detect
clinical samples, we collected and tested serum samples from three breast cancer patients
and three healthy volunteers. The detected transfer curves and the derived ΔVTH histogram
are shown in Figure S10, which presents a much larger transfer curve shift and threshold
voltage change in the patients’ serum versus the healthy people’s serum. According to the
linear relationship in Figure 5c, the detected concentration of CA125 is derived and shown
in Figure 5f in comparison to the results detected by Cobas e 601 from Roche. The proposed
InSe-FET biosensor presents a high correlation of R2 > 0.95 with commercial Cobas e 601.
In addition, the proposed InSe-FET biosensor presents a lower detection limit and rapid
detection speed than other representative biosensors, as listed in Table S1. The detection
performance indicates the promising application of the proposed InSe-FET biosensor.

4. Conclusions

In summary, we tested an InSe-FET biosensor to perform the ultrasensitive, specific,
fast, and label-free detection of the breast cancer biomarker CA125. Through systematic
experiments and an analysis of InSe-FETs’ electrical characteristics and stability in different
working modes, we reveal that the back gate working mode is favorable for conducting
biomolecules with filled liquid in the InSe channel. It also indicates that the liquid gate
electrode is not suitable for a reactive InSe-based FET biosensor. The proposed biosensor is
capable of detecting an ultra-large range of the antigen CA125 from 0.01 to 1000 U/mL with
a standard error under 8.78%. The detection of clinical samples has shown that InSe-FET
biosensors hold great promise for practical applications, such as the early diagnosis and
prognosis of cancer, the study of the pathogenesis of major diseases, and the real-time
monitoring of health.
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(b) Top view of the optical microscope of the biosensor. Figure S4: Comparison of InSe-FET hysteresis
using SiO2 (a) and HfO2/SiO2¬ (b) substrates. Figure S5: Surface morphology of (d) bare InSe
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Abstract: This paper reported an improved molecular beacon method for the rapid detection of
aflatoxin B1 (AFB1), a natural mycotoxin with severe carcinogenicity. With the assistance of a
complementary DNA (cDNA) chain, the molecular beacon which consists of a DNA aptamer flanked
by FAM and BHQ1 displayed a larger fluorescent response to AFB1, contributing to the sensitive
detection of AFB1. Upon optimization of some key experimental factors, rapid detection of AFB1
ranging from 1 nM to 3 μM, within 20 min, was realized by using this method. A limit of detection
(LoD) of 1 nM was obtained, which was lower than the LoD (8 nM) obtained without cDNA assistance.
This aptamer-based molecular beacon detection method showed advantages in easy operation, rapid
analysis and larger signal response. Good specificity and anti-interference ability were demonstrated.
This method showed potential in real-sample analysis.

Keywords: aflatoxin B1; aptamer; molecular beacon; complementary DNA; enhanced signal

1. Introduction

A simple, rapid and on-site detection method protocol is more desired for the sensing
of toxins and hazardous chemicals. Aflatoxin B1 (AFB1) is a natural mycotoxin commonly
found in fungus colonized cereals (e.g., corn, barley, wheat, peanut, bean, etc.) and their
products [1]. The International Agency for Research on Cancer (IARC) has classified
AFB1 as a Group 1 carcinogen due to its definite carcinogenesis [2,3]. AFB1 monitoring is
an effective way to prevent contaminated samples from entering the human food chain
and to reduce AFB1 exposure [4,5]. To date, however, routine detection methods for
AFB1 including HPLC and LC-MS have been limited to complex sample pretreatment,
sophisticated instruments and professional staff [6,7], resulting in these methods being
unserviceable in some practical on-site and rapid analysis cases. The antibody-based
immunoassay technique provides an alternative, which allows for the simple, rapid and in
situ detection of AFB1 [8,9]. However, the preparation of antibodies is time-consuming and
costly, and antibodies are vulnerable to denaturing. It is more difficult to prepare antibodies
specific to toxic matter than non-toxic substances. These shortcomings restrict the wide
application of immunoassays in toxins and hazardous chemical sensing. Therefore, it is
desirable to develop new AFB1 detection methods with characteristics of easy operation
and rapid and low-cost analysis.

Aptamer is an oligonucleotide that holds high specificity and binding affinity to-
ward a wide range of targets, which is isolated from a combinatorial DNA library via
a selection technology named systemic evolution of ligands by exponential enrichment
(SELEX) [10–12]. Aptamer provides an ideal alternative of antibody and shows many ad-
vantages including chemical synthesis, thermal stability, low cost and easy modification
over other antibodies [13,14]. The development of novel aptamer-based detection meth-
ods is a future direction for toxins and hazardous chemical sensing [15–19]. In the last
decades, many aptamer-based assays/biosensors for AFB1 have been developed [20–22].
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However, special reagents, repeated incubation and washing are usually needed in these
assay/biosensor methods, which might retard their practical use ability in simple and
rapid analysis.

The molecular beacon (MB) has been attractive for bioassays for nucleic acids, showing
advantages in simplicity, rapidity and sensitivity [23–25]. The use of aptamer has allowed
one to develop aptamer-based fluorescent molecular beacon assays for the detection of
proteins and small molecules [26,27], e.g., Tat protein of HIV-1 [28], thrombin [29,30],
cocaine [31], adenosine triphosphate (ATP) [32,33], etc., based on binding-induced structure
change and the subsequent fluorescence decrease or fluorescence increase. Previously, we
have reported a “signal-off” molecular beacon strategy for the fluorescence detection of
AFB1 [34], which has shown advantages in simple operation and rapid analysis. However,
we found that there were two facts which would reduce detection performance of this
detection strategy: for one, the initial hairpin structure of the molecular beacon (MB)
molecule without AFB1 would lead to a low starting fluorescence intensity of MB before
adding AFB1; for the other, the intermolecular base-pairing reaction of MB molecules
would cause fluorescence quenching before adding AFB1 and invalidate the “signal-off”
response of MB to AFB1. Therefore, it is necessary to make some advancements to this
detection proposal.

Herein, we have presented a complementary DNA (cDNA)-chain-assisted molecular
beacon method for the rapid detection of AFB1. As illustrated in Scheme 1, in the absence of
AFB1, aptamer hybridized with its complementary DNA (cDNA) strand to form a duplex
structure, resulting in fluorescein (FAM) and fluorescent quencher (BHQI), is completely
separated, and no fluorescence quenching occurs. Upon the addition of AFB1, aptamer
prefers to bind with AFB1 rather than the cDNA strand, forming a stem-loop structure in
which FAM and BHQI are in close proximity, and fluorescence quenching occurs. The cDNA
strand could reduce fluorescence quenching before the addition of AFB1 and enhance the
initial fluorescence strength of the MB probe. With the assistance of a cDNA strand, MBs
signal change caused by AFB1 was enhanced and detection performance was improved.
Under optimized conditions, we quantitatively achieved the detection of AFB1 in a range
of 1 nM to 3 μM, with a detection limit of 1 nM which was lower than that (8 nM) obtained
without cDNA’s assistance. The specificity of this method for AFB1 was demonstrated.
We successfully detected that AFB1 spiked in 50-fold diluted beer, 50-fold diluted serum
and 10-fold diluted tap water by using this method, respectively. This shows its applicable
potential in real-sample analysis.

 
Scheme 1. Picture illustrating the principle of this proposal. With the assistance of a complementary
DNA (cDNA) strand, the molecular beacon (MB) hybridizes with the cDNA to form a duplex structure,
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in which FAM labeled at its 3′ end is apart from BHQI labeled at its 5′ end, and there is no fluorescence
quenching. Upon the addition of AFB1, the MB prefers to bind with AFB1 rather than cDNA, and
adapts into a hairpin structure in which FAM and BHQI are in close proximity, and fluorescence
quenching occurs. Detection of AFB1 can be rapidly achieved by measurement of fluorescence
intensity decline. Without cDNA, signal response and sensitivity of the MB probe are weak.

2. Materials and Methods

2.1. Materials and Reagents

DNA chains listed in Table 1 were synthesized and purified via HPLC by Sangon Bioteh
Co., Ltd. (Shanghai, China, https://www.sangon.com/ (accessed on 28 January 2022)).
Target mycotoxin aflatoxin B1 (AFB1) and non-target mycotoxins including ochratoxin A
(OTA), zearalenone (ZAE) and deoxynivalenol (DON) were obtained from Sangon Bioteh
Co., Ltd. (Shanghai, China, https://www.sangon.com/ (accessed on 28 January 2022)).
Normal human serum was purchased from Beijing Solarbio Life Science Co., Ltd. (Beijing,
China, https://www.solarbio.com/ (accessed on 28 January 2022)). Beer was bought from
a local supermarket. Assay buffer (pH 7.5) contained 20 mM Tris-HCl, 200 mM NaCl and
20 mM MgCl2, and 0.01% (v/v) tween20 was used for analysis. Aqueous solutions were
prepared with ultrapure water where resistance was more than 18.2 MΩ·cm.

Table 1. Information of different DNA chains.

Name Base Sequence (5′ to 3′) Labels

MB CGTGTTGTCTCTCTGTGT CTCG 5′-BHQ1, 3′-FAM
FDNA CGTGTTGTCTCTCTGTGT CTCG 3′-FAM
BDNA CGTGTTGTCTCTCTGTGT CTCG 5′-BHQ1
cDNA GAGACAACACG no

BHQ1 is the abbreviation for black hole quencher I; FAM is the abbreviation for fluorescein.

2.2. Analysis Procedures for AFB1 Detection

Firstly, the AFB1 sample, MB probe and cDNA chain were mixed in assay buffer
solution. Unless otherwise specified, final concentrations of MB probe and cDNA were
20 nM. After incubation for 20 min at 4 ◦C, 200 μL of the reaction mixture solution was
transferred into a microvolume quartz cuvette with 10 mm pathway length, and fluo-
rescence intensity was measured immediately using a fluorescence spectrophotometer
(Edinburgh FLS980-STM, U.K.). For fluorescence intensity measurement, the excitation
wavelength was 485 nm and the emission wavelength was 518 nm. Three repeated mea-
surements were carried out and the average data were used for quantitative analysis
of AFB1.

2.3. Specificity Tests

To assess specificity of this proposal method, non-target mycotoxins including OTA,
ZAE, DON and their mixtures were tested as interferences. In detail, these non-target my-
cotoxins were mixed with MB and cDNA. After 20 min incubation at 4 ◦C, the fluorescence
intensity of MB was measured. The analysis procedures and conditions were the same as
described above for the AFB1 detection.

2.4. Detection of AFB1 Spiked in Complex Matrix

We detected different concentrations of AFB1 spiked in 50-fold diluted beer, 50-fold
diluted human serum and 10-fold diluted tap water, respectively. Prior to analysis, the
beer, serum and tap water were ultrasonicated to degas, and then filtered through a syringe
filter (0.22 μm) before dilution with the assay buffer. After dilution via the assay buffer
and adulteration with standard AFB1 solution, the filtrate was used as a complex matrix
sample for analysis.
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3. Results and Discussions

3.1. Inspiration and Feasibility of This Proposal

According to the previous reports, the anti-AFB1 aptamer selected by Le et al. has
a hairpin structure that is critical to its binding function; we have fabricated a molecular
beacon (MB) capable of rapid analysis of AFB1, using a deliberately designed aptamer
with a hairpin structure. This MB could bind with the AFB1 molecule through chemical
forces including hydrogen bond, π-π stacking, electrostatic, van der Waals and hydrophobic
interactions, and an MB conformational change occurred. As an assumption (bottom section
of Scheme 1), the presence of AFB1 would cause the MB molecule to adjust into a stable
stem-loop structure, in which FAM would be close to BHQ1 and fluorescence quenching
would occur so that AFB1 could be detected by measuring the reduction in fluorescence
intensity. However, we found that a large proportion (~90%) of FAM fluorescence had been
quenched before the addition of AFB1, causing poor efficiency. This may have resulted
from two possibilities: (a) most of the MB molecules stayed in a tertiary structure which
brought FAM and BHQ1 to be adjacent in space, rather than in a formation that separated
FAM and BHQ1, in the absence of AFB1; (b) intermolecular hybridization occurred among
MBs, which caused FAM from one MB molecule and BHQ1 from another MB molecule to
come into a close, causing fluorescence quenching. To verify or falsify these possibilities,
we measured the fluorescence intensities of samples containing different reagents (Figure 1).
The fluorescence intensity of the sample containing only MB (Figure 1c) is much lower than
that of the sample containing only FDNA (Figure 1a), which is similar to that of the sample
containing FDNA and BDNA (Figure 1b). These results imply that MB molecules had
already stayed in a hairpin structure before the addition of AFB1, which is the major reason
that caused low initial fluorescence intensity. This major reason further resulted in less of
a reduction in fluorescence intensity upon the addition of AFB1. To resolve the problem
and enhance the fluorescence response, we employed a cDNA chain to hybridize with MB
and hoped to increase the initial fluorescence intensity before the addition of AFB1. As
a result, fluorescence intensity of the sample containing only MB and cDNA (Figure 1e)
was obviously higher than that of the sample containing only MB (Figure 1c), meaning
this resolution is viable. Then, AFB1 was added. The fluorescence intensity of the sample
containing MB, cDNA and AFB1 (Figure 1f) decreased in comparison to that of the sample
containing MB and cDNA (Figure 1e). This means that AFB1 detection could be achieved
via this proposal.

Figure 1. Fluorescence intensities of samples containing different reagents: (a) FDNA; (b) FDNA and
BDNA; (c) MB; (d) MB and AFB1; (e) MB and cDNA and (f) MB, cDNA and AFB1. Concentrations of
FDNA, BDNA and MB were 20 nM. Concentration of AFB1 was 500 nM. Excitation and emission
wavelengths set for fluorescence measurements were 485 nm and 518 nm.

3.2. Optimization of Experimental Conditions

We optimized some key factors of this experiment. Figure 2a depicts the influences
of the concentration ratio between cDNA and MB (CcDNA:CMB) on the detection perfor-
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mance of this proposal. The fluorescence intensity of the sample without AFB1 (Fblank)
and the fluorescence intensity of the sample containing AFB1 (FAFB1) both increased by
increasing the ratio of CcDNA:CMB, demonstrating that much more MB hybridized with
cDNA. However, too much cDNA might increase the hybridization reaction possibility
of MB and subsequently decrease its binding with AFB1. To obtain a better competition
between cDNA and AFB1 for MB, the optimal CcDNA:CMB was determined to be 20 nM:20
nM, as the signal descent degree (1 − (FAFB1/Fblank)) × 100% caused by AFB1 approached
the maximum at this ratio (Figure S1 in the electronic Supplementary Material (ESM)).

C C

Figure 2. Optimizations of experimental conditions. (a) Fluorescence intensity of samples with or
without AFB1 obtained with different concentration ratios between cDNA and MB; (b) fluorescence
intensity of samples with or without AFB1 obtained with different concentrations of MB, when ratio
value of CcDNA:CMB was fixed at 1:1; (c) fluorescence intensity of samples with or without AFB1
using assay buffer containing different concentrations of MgCl2 and (d) fluorescence intensity of
samples with or without AFB1 under different incubation temperatures.

The influences of molecular beacon (MB) probe concentration on detection perfor-
mance were researched under the CcDNA:CMB ratio value fixed at 1:1. The results are shown
in Figure 2b. Fblank, FAFB1 and fluorescence reduction (Fblank-FAFB1) caused by AFB1 all
increased with an increase in MB concentration. Finally, 20 nM MB was chosen to be used,
since signal descent degree (1 − (FAFB1/Fblank)) × 100% was largest at this concentration
(Figure S2 in ESM).

Effects of cations (Mg2+ and Na+) in assay buffer were also tested. Figure 2c shows
the effects of Mg2+ cations in assay buffer on detection performance. In a lower MgCl2
concentration range, Fblank and FAFB1 all decreased with an increasing concentration of
MgCl2. This might be due to the fact that Mg2+ can induce MB to form a stable hairpin
structure, which causes fluorescence quenching. When 20 mM MgCl2 was used, the value of
(1 − (FAFB1/Fblank)) × 100% was the largest (Figure S3 in ESM), meaning better sensitivity.
Therefore, assay buffer containing 20 mM MgCl2 was used in this study. Figure S4 in
ESM shows the effects of NaCl in assay buffer containing 20 mM MgCl2. When AFB1 was
absent, a proper amount of NaCl could reduce the non-specific adsorption. Finally, NaCl at
200 mM in the assay buffer was chosen and applied to the further experiments.
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The experimental temperature, which could transform DNA conformation and sub-
sequently alter the binding affinity of the aptamer target, was also optimized. A certain
concentration of AFB1 was detected under different incubation temperatures of 4 ◦C and
25 ◦C, respectively (Figure 2d). A larger signal change (Fblank-FAFB1) was obtained at 4 ◦C,
meaning better sensitivity.

3.3. Sensitivity Analysis of Novel Aptameric Sensor against AFB1

Under optimal conditions obtained above, we detected different concentrations of
AFB1 using this MB with or without cDNA, respectively. As Figure 3 shows, with the
assistance of the cDNA chain, the MB generated a much higher initial fluorescence intensity
before the addition of AFB1, in comparison to that without cDNA assistance. Additionally,
a more-than-ten-times-larger decrease in fluorescence intensity caused by the addition of
AFB1 was observed when cDNA was used, which means an enhanced response and better
sensitivity. In the concentration range of 1 nM to 125 nM, a linear relationship between
fluorescence intensity and AFB1 concentration (Y = 12841X + 35922, R2 = 0.99685, where Y is
the fluorescence intensity and X is the logarithm of AFB1 concentration) was obtained with
cDNA assistance. The limit of detection (LOD) determined by signal/noise being more than
three (S/N > 3) was 1 nM, lower than the LOD (8 nM) obtained without cDNA assistance.
This detection performance is better than or comparable to some of the previous literature
listed in Table S1. Additionally, this aptasensor shows advantages in easy operation, rapid
analysis and large signal change.

Figure 3. Fluorescence intensities corresponding to different concentrations of AFB1, with or without
cDNA assistance. Assay buffer (pH 7.5) containing 20 mM Tris-HCl, 20 mM MgCl2, 200 mM NaCl
and 0.1% (v/v) tween20 was used. MB probe concentration was 20 nM. cDNA concentration was
20 nM. Excitation/emission was 485 nm/518 nm. Incubation was carried out at 4 ◦C for 20 min.

3.4. Specificity of This Detection Method

To demonstrate the specificity of this method for AFB1 detection, some non-target
mycotoxins were also detected using this method. Results are shown in Figure 4. In
comparison with the blank sample, AFB1 addition caused an obvious decrease in the
fluorescence intensity. In contrast, the addition of these non-target mycotoxins OTA, ZAE
and DON caused a neglectful change in fluorescence intensity, compared with the blank
sample. Co-exists of these non-target mycotoxins had no interference on AFB1 detection.
These results imply a good specificity of this method toward AFB1.
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Figure 4. Fluorescence intensities corresponding to samples containing different mycotoxins. Assay
buffer (pH 7.5) containing 20 mM Tris-HCl, 20 mM MgCl2, 200 mM NaCl and 0.1% (v/v) tween20 was
used. Concentrations of MB probe and cDNA were 20 nM. AFB1 concentration was 500 nM. Concen-
trations of OTA, ZAE and DON were 1 μM. Excitation/emission was 485 nm/518 nm. Incubation
was carried out at 4 ◦C for 20 min.

3.5. Complex Matrix Interference Tests

To assess the application ability of this detection protocol in a complex matrix, different
concentrations of AFB1 spiked in 50-fold diluted beer, 50-fold diluted serum and 10-fold di-
luted tap water were detected by using this method, respectively (Figure 5). Corresponding
to any of these matrixes, fluorescence intensity declined with the increasing spiked amount
of AFB1. A dynamic range of 1 nM to 3 μM and LOD of 1 nM were also achieved. These
detection performances were comparable to those in a pure assay buffer system. These
results imply the good anti-interference ability of this method, and its application potential
in real-sample analysis.

 
Figure 5. Fluorescence intensities corresponding to various concentrations of AFB1 spiked in 50-fold
diluted beer, 50-fold diluted serum and 10-fold diluted tap water, respectively.

4. Conclusions

We have developed a simple aptamer-based molecular beacon method for the rapid
detection of AFB1, in which a cDNA chain was employed to increase the initial fluorescence
intensity of a molecular beacon (MB) probe before the addition of AFB1. Compared with the
use of the MB probe alone, a larger fluorescence signal change caused by AFB1 and a lower
detection limit were obtained, with the assistance of a cDNA chain. The detection range
of this proposed method was 1 nM to 3 μM AFB1. This method showed good specificity
toward AFB1, and resistance ability to the complex matrix interference.
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Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/bios13020195/s1: Figure S1: selection of concentration
ratio between molecular beacon and complementary DNA strand; Figure S2: selection of MB concen-
tration; Figure S3: optimization of MgCl2 concentration in assay buffer; Figure S4: effects of NaCl
concentration in assay buffer on detection performance of this proposal [35–41].
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Abstract: A typical colorimetric sandwich-type sensor relies on dual antibodies/aptamers to specifi-
cally visualize the targets. The requirement of dual antibodies/aptamers and low signal intensity
inevitably increases the design difficulty and compromises the sensing sensitivity. In this work,
a novel sandwich-type aptasensor was developed using single aptamer-functionalized magnetic
nanoparticles as a specific recognition unit to target cancer cells and a bimetallic metal–organic
frameworks (MOFs)-based nanozymes as a colorimetric signal amplification unit. The well-defined
crystalline structure of UIO-66 MOFs enabled the introduction of Fe/Zr bimetal nodes, which pos-
sessed integrated properties of the peroxidase-like nanozyme activity and direct coordinately binding
to the cell surface. Such a novel construction strategy of sandwich-type aptasensors achieved sim-
ple, sensitive, and specific detection of the target cancer cells, which will inspire the development
of biosensors.

Keywords: metal–organic frameworks; sandwich-type; single aptamer; coordination bond;
colorimetric detection

1. Introduction

Cancer remains a major threaten to human life in the world [1]. Current clinical practice
suggests that early detection of cancer cells contributes to monitoring the progressions of
cancer and conducting precise therapy [2]. Consequently, it is desirable to develop simple,
sensitive, and specific technologies to quantify cancer cells. Among all the developed detection
strategies, colorimetric sandwich-type methods have attracted considerable attention due
to the advantages of high specificity, easy operation, as well as bare-eye-based readout [3].
In general, the colorimetric sandwich-type assay is carried out by using two specific anti-
bodies/aptamers to recognize the targets and using appropriate labels to provide detectable
signals [4,5]. However, the requirement of two antibodies/aptamers inevitably increases the
design difficulty. In fact, the use of single high-affinity antibody/aptamer fully meets the
need of specific recognition of target cells [6–8]. In addition, low colorimetric signals greatly
compromise the response sensitivity of visual analysis.

Metal–organic frameworks (MOFs) are a type of highly ordered porous crystalline
material constructed by reasonable self-assembly of metal ions and organic ligands [9,10].
The well-defined crystalline structure of MOFs offers an excellent alternative to design
metal nodes to acquire metal-related physicochemical properties, which holds great po-
tential in colorimetric sandwich-type analysis. For instance, the introduction of Fe atoms
might endow the resulting Fe-containing MOFs with intrinsic peroxidase-like catalytic

Biosensors 2023, 13, 225. https://doi.org/10.3390/bios13020225 https://www.mdpi.com/journal/biosensors312



Biosensors 2023, 13, 225

activity [11], which could significantly increase the colorimetric analysis sensitivity via
accelerating H2O2-mediated oxidation of chromogenic substrates. The coordination affinity
between Zr4+ and PO4

3− contributes to identifying the cellular phospholipid bilayer using
Zr-containing MOFs [12]. Correspondingly, developing bimetallic MOFs with a given
ionic ratio offers an interesting candidate to obtain integrated properties from different
metal nodes.

Herein, a novel sandwich-type aptasensor was prepared for colorimetric analysis of
cancer cells using single aptamer-modified magnetic nanoparticles to selectively capture
and separate target cells, followed by direct binding of bare bimetallic metal–organic-
framework-based nanozymes. By adjusting the added amount of metal precursors among
the synthesis of a given UIO-66 MOF, UIO-66(Fe/Zr) bimetallic MOFs were prepared with
integrated properties, including the peroxidase-like nanozyme activity from Fe nodes and
direct binding to cell surface based on the Zr-involved coordination bond. Such a single
aptamer-dependent colorimetric sandwich-type aptasensor facilitated simple, sensitive,
and specific detection of target cancer cells even in complex biological systems.

2. Experimental Section

2.1. Materials

Ferric chloride hexahydrate (FeCl3·6H2O) was purchased from Shanghai Yien Chemi-
cal Technology Co., Ltd. (Shanghai, China). Zirconium tetrachloride (ZrCl4), ferric oxide
nanoparticles (Fe3O4 NPs), and (1-(3-dimethylamino-propyl)-3-ethylcarbon diamide hy-
drochloride (EDC) were obtained from Aladdin Reagent Co., Ltd. (Shanghai, China). Ethyl
orthosilicate (TEOS) was purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China); 3-Aminopropyltriethoxysilane (APTES) and N, N-dimethylformamide (DMF) were
attained from Titan Technology Co., Ltd. (Shanghai, China). Hydrogen peroxide (H2O2,
30 wt%), acetic acid, ammonia (NH3·H2O), and 2-propanol were provided by Xilong Chem-
ical Co., Ltd. (Guangzhou, China); 3,3′,5,5′-Tetramethylbenzidine (TMB) was purchased
from Tokyo Chemical Industry Co., Ltd. (Shanghai, China). Dulbecco’s modified Eagle’s
medium (DMEM) and 1640 cell culture media were acquired from Thermo Fisher Scientific
Inc. (Cleveland, OH, USA); 2-(N-morpholino)ethanesulfonic acid (MES) buffer (100 mM,
pH 4.8), Cy3 dyes, and carboxylated AS14111 aptamer (from 5′ to 3′: HOOC-TTT TTT
TTT GGT GGT GGT TGT GGT GGT GGT GG) were provided by Sangon Biotech Co., Ltd.
(Shanghai, China). The human serum sample was kindly provided from a healthy volun-
teer, and all related experiments were approved by the Institutional Ethical Committee
(IEC) of Guangxi Normal University.

2.2. Instrumentation

Transmission electron microscopy (TEM) images were acquired from a Talos 200S
transmission electron microscope (Thermo Fisher Scientific Inc., Cleveland, OH, USA). Scan-
ning electron microscope (SEM) and energy dispersive spectroscopy (EDS) were performed
with a FEI Quanta 200 scanning electron microscope (Hitachi, Japan). Inductively coupled
plasma mass spectrometry (ICP-MS) was conducted on Agilent 7700ce (Agilent, Santa Clara,
CA, USA). Fourier transform infrared (FT-IR) spectrum was obtained using a Spectrum
Two UATR FT-IR spectrometer (Perkin-Elmer, Waltham, MA, USA). Zeta potential was
measured using a Nano ZS-90 Malvern Particle size potentiometer (Malvern Instruments,
Worcestershire, UK). X-ray diffraction (XRD) patterns were collected on Rigaku D/max
2550 VB/PC X-ray diffractometer (Rigaku Company, Tokyo, Japan). Ultraviolet−visible
(UV−vis) absorption spectra were collected on a Cary 60 spectrometer (Agilent, Santa
Clara, CA, USA). Cell imaging was performed using a LSM 710 confocal laser scanning
microscope (Zeiss, Jena, Germany).

2.3. Preparation of UIO-66(Fe/Zr)

The UIO-66(Fe/Zr) NPs were synthesized following a previously reported method [13].
In brief, 0.8 mM ZrCl4, 0.8 mM FeCl3·6H2O, and 0.8 mM H2BDC were mixed into 25 mL
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of DMF, followed by the addition of 5 mL of acetic acid. After ultrasonic treatment at
ambient temperature, the mixture was transferred to a 50-mL Teflon-lined hydrothermal
reactor and reacted at 120 ◦C for 12 h. Subsequently, the obtained products were washed
with ultrapure water and ethanol three times, respectively. After drying the products at
60 ◦C overnight, UIO-66(Fe/Zr) powder was collected for further use. For the preparation
of Cy3-dye-incorporated UIO-66(Fe/Zr), 9.7 mg of UIO-66(Fe/Zr) NPs were mixed with
0.03 mM Cy3 dyes, followed by stirring for 24 h.

2.4. Preparation of AS1411-Functionalized Fe3O4@SiO2

First, Fe3O4@SiO2 core-shell NPs were synthesized using a reported sol-gel strat-
egy [14]. Typically, 0.15 g of Fe3O4 NPs were ultrasonically dispersed into a mixture
solution containing 70 mL of ultrapure water, 280 mL of ethanol, and 5.0 mL of NH3·H2O
(28 wt%), followed by a slow addition of 4.0 mL of TEOS. After stirring for 10 h, the result-
ing Fe3O4@SiO2 NPs were collected after magnetic separation and washing with ultrapure
water and ethanol.

Then, 0.3 g of Fe3O4@SiO2 NPs were mixed with 303 mL of 2-propanol containing 3 mL
of APTES. After stirring at 70 ◦C for 6 h, Fe3O4@SiO2-NH2 NPs were obtained by magnetic
separation. Subsequently, the carboxylated aptamer AS1411 and Fe3O4@SiO2-NH2 (250 μL,
5 mg/mL) were added to 500 μL of MES (100 mM, pH 4.8) solution containing 9.6 mg of
EDC. After incubation at 37 ◦C overnight, the obtained AS1411-functionalized Fe3O4@SiO2
(Fe3O4@SiO2-Apt) NPs were magnetically isolated and resuspended in Tris-HCl buffer
(10 mM, pH 7.4) for future use.

2.5. Assessment of Peroxidase-Like Nanozyme Activity

To investigate the peroxidase-like nanozyme activity, UIO-66(Fe/Zr) or Fe3O4@SiO2-
Apt were added into 200 μL of NaAc-HAc buffer (10 mM, pH 3.5) containing TMB (50 μL,
10 mM) and H2O2 (50 μL, 20 mM). After reacting at 37 ◦C for 30 min, the catalytic reaction
was terminated using 1 M H2SO4. The resulting solution was photographed and measured
using an UV-vis spectrophotometer.

2.6. Cell Culture

Human cervical cancer HeLa cells were cultured in 1640 medium containing 10% FBS
and 1% penicillin-streptomycin. For the cases of human hepatoma HepG2 cells and mouse
fibroblast L929 cells, DMEM medium was used. All the cell lines were incubated in a
humidified atmosphere of 5% CO2 at 37 ◦C.

2.7. Colorimetric Detection of Cancer Cells

First, HeLa cells with different concentrations (5 × 102, 1 × 103, 2 × 103, 3 × 103,
5× 103, 8× 103, 9× 103, 1× 104, 2× 104, 3× 104 cells/mL) were cultured in 1640 medium
overnight. Then, fresh cell medium containing Fe3O4@SiO2-Apt was added and incubated
for 2 h. After washing with PBS (10 mM, pH 7.4), the cells were digested and magnetically
collected. Subsequently, UIO-66(Fe/Zr) were added into the resulting cells and incubated at
37 ◦C for 30 min. After removing free UIO-66(Fe/Zr), 200 μL of NaAc-HAc buffer (10 mM,
pH 3.5) containing TMB (50 μL, 10 mM) and H2O2 (50 μL, 20 mM) was added and reacted
at 37 ◦C for 30 min. After terminating the reaction using 1 M H2SO4, the absorbance spectra
were collected by an UV-vis spectrophotometer. To investigate the potential in detecting real
samples, HeLa cells with different concentrations (5 × 103, 8 × 103, 1 × 104 cells/mL) were
spiked into 1000-fold diluted human blood, respectively, followed by colorimetric analysis.

3. Results and Discussion

3.1. Principle of Colorimetric Sandwich-Type Detection of Cancer Cells

As shown in Figure 1A, UIO-66(Fe/Zr) NPs were synthesized by a one-step hydrother-
mal method using ZrCl4 and FeCl3·6H2O as metal precursors and H2BDC as organic
ligands. In order to guarantee selective detection of target cancer cells, a novel sandwich-
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type aptasensor was proposed using aptamer-functionalized Fe3O4@SiO2 core-shell NPs
to selectively capture and magnetically separate cancer cells from complex biological sys-
tems (Figure 1B). Considering bare Fe3O4 NPs also own peroxide-like nanozyme activity,
Fe3O4@SiO2 core-shell NPs originating from the silylanization of Fe3O4 NPs were adopted
here to improve the signal-to-noise ratio toward cancer cell analysis. Taking advantage of
the Zr-O-P coordination bond between phosphate units in the phospholipid bilayer of the
cell membrane and zirconium nodes on MOFs, UIO-66(Fe/Zr) could directly bind to the cell
surface. In addition, UIO-66(Fe/Zr) possesses a strong peroxidase-like nanozyme activity,
which can catalyze H2O2-mediated oxidation of colorless TMB to form yellow-colored
oxidized ones (oxTMB) with the aid of 1 M H2SO4, providing an excellent alternative for
colorimetric analysis of cancer cells.

Figure 1. Schematic illustration of (A) UIO-66(Fe/Zr) synthesis and (B) their application in construct-
ing a single aptamer-dependent sandwich-type biosensor for colorimetric detection of cancer cells.

3.2. Characterization of UIO-66(Fe/Zr) and Fe3O4@SiO2-Apt

After a simple hydrothermal process, UIO-66(Fe/Zr) NPs were successfully prepared
with a size ranging from 70 nm to 96 nm (Figure 2A). Observed from the EDS (Figure 2B) and
elemental imaging (Figure 2C), the elements of C, O, Zr, and Fe were uniformly distributed
among the bimetallic MOFs. Furthermore, the molar ratio of Fe and Zr was calculated
to be 1:32 according to the ICP-MS analysis. Observed from the FT-IR (Figure 2D), the
stretching vibration of the C=O bond in the H2BDC organic ligand displayed a characteristic
absorption peak at 1660 cm−1 [15], while the vibration of Zr-O-Zr yielded triple peaks at
766, 662, 482 cm−1 [16]. Powder XRD results demonstrated the prepared UIO-66(Fe/Zr)
exhibited a similar crystal structure to that of simulated UIO-66, as evidenced by the
characteristic diffraction peaks at 7.36◦, 8.48◦, and 25.72◦ assigned to the (111), (002), and
(224) crystal planes (CCDC-1507786), respectively (Figure 2E) [17]. These results indicated
that the introduction of additional Fe nodes was unable to disturb the intact metal–organic
framework of UIO-66(Zr), consistent with that reported previously [13]. Taken all the
above results into consideration, it can be concluded that a part of the Zr nodes in the
UIO-66 framework were carefully displaced by Fe nodes, and the similar Fe-O-Fe bond to
Zr-O-Zr bond ensured a comparable spatial configuration of the UIO-66(Fe/Zr) to that of
UIO-66(Zr).
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Figure 2. (A) Transmission electron microscopy (TEM) image, (B) elemental analysis, (C) EDS
images, and (D) FT-IR spectrum of the prepared UIO-66(Fe/Zr). The inset shows the corresponding
percentage of elements C, O, Fe, and Zr. (E) XRD patterns of the prepared UIO-66(Fe/Zr) and
simulate UIO-66.

Next, Fe3O4@SiO2 core-shell NPs were prepared via sonication-assisted coating of
a silica shell on Fe3O4 NPs core. As shown in Figure S1, spherical Fe3O4 NPs had a
mean diameter of approximately 320 nm. After being coated with a thin silica shell
(approximately 32 nm), an obvious core-shell structure was observed for the obtained
Fe3O4@SiO2 NPs. Strong asymmetric stretching peaks of the Si-O-Si bond at 1207 and
1079 cm−1 appeared [18], accompanied by the disappearance of the characteristic peak of
the Fe-O-Fe bond at 593 cm−1 [19], which indicated the successful coating of SiO2 on the
surface of Fe3O4 NPs (Figure S2A). For the formed Fe3O4@SiO2 core-shell NPs, aminated
treatment gave rise to a positive zeta potential (Figure S2B). However, further functional
modification with aptamer AS1411 molecules induced the resultant Fe3O4@SiO2-Apt NPs
to be negative-charged.

3.3. Assessment of Peroxidase-Like Nanozyme Activity

The peroxidase-like nanozyme activity was visually evaluated using the typical TMB-
H2O2 colorimetric system [7]. As shown in Figure 3A, under the condition of the acetate
buffer, the mixture of TMB and H2O2 almost remained colorless with a low absorption
peak intensity at 450 nm, indicating a relatively slow reaction efficiency (inset b). After
introduction of UIO-66(Fe/Zr) (inset d), the solution color of the TMB+H2O2 system
turned to be yellow. Since UIO-66(Fe/Zr) NPs alone exhibited negligible absorption at
450 nm (inset c), the above-mentioned yellow solution was, thus, attributed to the catalytic
decomposition of H2O2 by UIO-66(Fe/Zr) NPs to promote the oxidation of TMB (Figure 3B).
Furthermore, the absorption peak intensity was positively related to the added amount
of UIO-66(Fe/Zr) NPs (Figure 3C), revealing the feasibility of visual analysis using a
UIO-66(Fe/Zr)-mediated colorimetric system.
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Figure 3. (A) UV-vis absorbance spectra of different solution. The insets showing the images of their
corresponding solution. (B) Schematic illustration of UIO-66(Fe/Zr)-mediated catalytic oxidation
of TMB-H2O2 system. (C) UIO-66(Fe/Zr) concentration-dependent UV-vis absorbance spectra of
TMB-H2O2 system. The insets show the images of their corresponding solution.

In order to obtain a low background signal, Fe3O4@SiO2-Apt were expected without
peroxidase-like activity. As anticipated, bare Fe3O4 NPs did catalyze the decomposition
of hydrogen peroxide to accelerate TMB oxidization (inset b, Figure S3). For the case
of Fe3O4@SiO2-Apt, effective coverage of Fe3O4 with a thin shell of SiO2 resulted in a
significant decrease in the number of catalytic sites, and the peroxidase-like activity was
almost lost (insets c and d, Figure S3).

3.4. Construction of a Single-Aptamer-Based Sandwich-Type Biosensor

The direct binding of bare UIO-66(Fe/Zr) to target cancer cells was of vital importance
for constructing a single-aptamer-based sandwich-type biosensor. To this end, Cy3-dyes-
incorporated UIO-66(Fe/Zr) NPs were prepared for fluorescence-assisted positioning of
their binding sites (Figure S4). As a proof-of-concept assay, we attempted to incubate human
cervical cancer HeLa cells with Cy3-dyes-incorporated UIO-66(Fe/Zr) NPs. As imaged by
confocal laser scanning microscopy (CLSM), the outline of the HeLa cell was clearly lighted
up, taking advantage of the luminance of Cy3 (Figure 4A), which proved the successful
binding of bare UIO-66(Fe/Zr) NPs to the surface of HeLa cells. The resultant HeLa cell
maintained the original morphology, which demonstrates the excellent biocompatibility of
UIO-66(Fe/Zr) NPs.

Inspired by the direct binding of bare UIO-66(Fe/Zr) NPs to HeLa cells, a colorimetric
sandwich-type aptasensor was then designed using Fe3O4@SiO2-Apt to selectively capture
and magnetically separate HeLa cells through specific recognition of aptamer AS1411 to
the overexpressed nucleolin [20,21]. To achieve the colorimetric detection of HeLa cells,
Fe3O4@SiO2-Apt were first incubated with HeLa cells at 37 ◦C for 2 h, followed by the
addition of UIO-66(Fe/Zr) NPs and incubation at 37 ◦C for another 30 min. After magnetic
separation of the free nanozymes, the formed sandwich-type structure was added into the
TMB+H2O2 system. Without HeLa cells or UIO-66(Fe/Zr), the solution color of TMB+H2O2
system in the presence of Fe3O4@SiO2-Apt was nearly colorless, and weak absorption at
450 nm was generated (curves a and b, Figure 4B). For the colorimetric system treated with
a stable sandwich-type structure (curve c, Figure 4B), the yellow solution appeared with an
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over 7-fold absorbance intensity compared to that of the blank sample (inset c, Figure 4B),
which demonstrates the feasibility of colorimetric detection of HeLa cells.

Figure 4. (A) Bright-field image, fluorescence image, and overlay of the fluorescence and bright-field
images of HeLa cells after incubation with bare Cy3 dyes-incorporated UIO-66(Fe/Zr) NPs. (B) UV-
vis absorbance spectra of TMB-H2O2 system after different treatments. The insets show the images of
their corresponding solution.

3.5. Colorimetric Detection of Cancer Cells

As the concentration of HeLa cells increased from 0 to 2 × 104 cells/mL, the colori-
metric system gradually darkened in solution color (the inset, Figure 5A). By measuring
the absorption intensity at 450 nm, quantitative analysis further confirmed a positive corre-
lation between HeLa cell concentration and the oxidation efficiency of TMB (Figure 5A).
These results were originated from the fact that the presence of more HeLa cells meant more
cell membrane-bound UIO-66(Fe/Zr) nanozymes, resulting in a higher catalytic reaction
dynamic of TMB oxidation by H2O2. As illustrated in Figure 5B, a good linear relationship
was attained between the absorption intensity at 450 nm and the cell concentration ranging
from 103 to 104 cells/mL. The detection limit (LOD) was calculated to be 481 cells/mL
based on 3σ/k (σ and k representing the standard deviation of blank signal and the curve
slope, respectively).

To further verify the sensing selectivity toward HeLa cells, a same concentration
of human hepatoma HepG2 cells and mouse fibroblast L929 cells were tested with the
proposed colorimetric sandwich-type aptasensor, respectively. When compared with the
blank sample, the group of L929 cells caused no apparent color change, while a significant
yellow solution was produced for the samples of HepG2 and HeLa cells (Figure 5C).
Higher response sensitivity toward cancer cells might be ascribed to a higher expression
level of nucleolin on cancer cells than that on normal cells [8], which verifies the sensing
specificity of the colorimetric sandwich-type aptasensor. Furthermore, this aptasensor
could accurately distinguish HeLa cells from an analogue biological environment via
mixing HeLa and L929 cells (light-blue column, Figure 5C).

Encouraged by the excellent selectivity, the developed aptasensor was employed for
the analysis of real samples by spiking different concentrations of HeLa cells into 1000-fold
diluted healthy human blood. A satisfactory recovery rate between 96.8% and 106.0% with
an acceptable relative standard deviation (RSD) value was obtained (Figure 5D), which
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fully demonstrated the accuracy and reliability of the developed aptasensor in analyzing
target cancer cells in the complex biological system.

Figure 5. (A) The absorbance intensity response of TMB-H2O2 system at 450 nm toward various
concentrations of HeLa cells (5 × 102, 1 × 103, 2 × 103, 3 × 103, 5 × 103, 8 × 103, 9 × 103, 1 × 104,
2 × 104, 3 × 104 cells/mL). The insets show the images of their corresponding solution. (B) Linear
relationship of the absorbance intensity versus HeLa cell concentration from 103 to 104 cells/mL.
(C) Specificity of the colorimetric sandwich-type aptasensor toward different interference cells. The
insets show the images of their corresponding solution. (D) The recovery assays.

4. Conclusions

In summary, a novel single aptamer-dependent sandwich-type biosensor was pro-
posed for simple, sensitive, and specific detection of HeLa cells using Fe3O4@SiO2-Apt to
selectively capture and magnetically separate target cancer cells, and using UIO-66(Fe/Zr)
NPs to output amplified colorimetric signals. Through designing appropriate metal nodes
in the given MOFs, the prepared UIO-66(Fe/Zr) NPs show desirable integrated properties,
that is, the intrinsic peroxidase-like activity originated from Fe nodes, and direct binding
to the cell surface using the Zr-O-P coordination bond between phosphate units in the
phospholipid bilayer of the cell membrane and zirconium nodes. These unique properties
ensured high sensing sensitivity and broke through the limitation of the requirement of
labeling two antibodies or aptamers. The constructed colorimetric aptasensor could achieve
visual detection of HeLa cells in the range of 103-104 cells/mL with a detection limit of 481
cells/mL. Such a novel single aptamer-dependent colorimetric sandwich-type biosensor
has great potential in the diagnosis and treatment evaluation of cancer.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/bios13020225/s1, Figure S1: TEM images of Fe3O4 and
Fe3O4@SiO2 NPs; Figure S2. (A) FT-IR spectra of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2-NH2. (B) Zeta
potential of Fe3O4@SiO2, Fe3O4@SiO2-NH2, Fe3O4@SiO2-Apt; Figure S3. UV-vis absorbance spectra
of the TMB-H2O2 system after different treatments; Figure S4. Fluorescence emission spectra of
UIO-66(Fe/Zr) before and after incubation with Cy3 dyes.
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Abstract: An integrated dual-signal bioassay was devised to fulfil thrombin (TB) ultrasensitive detection
by integrating visualization with the photoelectrochemical technique based on G-quadruplex/hemin.
During the process, branched sheet embedded copper-based oxides prepared with illumination
and alkaline condition play a vital role in obtaining the desirable photocurrent. The switchover
of photoelectrochemical signal was realized by the adjustable distance between electron acceptor
G-quadruplex/hemin and interface materials due to dissociation of the Cu/Mn double-doped cerium
dioxide (CuMn@CeO2)/DNA caused by the addition of TB. Then, CuMn@CeO2 transferred onto
visual zones triggered catalytic reactions under the existence of 3,3′,5,5′-tetramethylbenzidine and
hydrogen peroxide, making a variation in color recognized by the naked eye and providing visual
prediction. Under optimized conditions, this bioassay protocol demonstrated wide linear ranges
(0.0001–50 nM), high selectivity, stability, and reproducibility. More importantly, the proposed
visual/photoelectrochemical transduction mechanism platform exhibits a lower background signal
and more reliable detection results, which also offers an effective way for detecting other proteins
and nucleic acids.

Keywords: photoelectrochemical; colorimetric; thrombin; paper-based device; Cu2O/CuO; CuMn@CeO2

1. Introduction

Thrombin (TB), as a member of the serine protease group, has been identified to be
expressed in various cardiovascular diseases including cerebral ischemia and infarction.
Considering the importance of TB assays, an efficient sensing strategy for fast and sensitive
TB detection is highly desired [1,2]. Up to now, numerous analytical methods were re-
ported, including chemiluminescence [3], electrochemiluminescence [4,5], fluorescence [6],
electrochemistry [7,8], and photoelectrochemistry (PEC) [9,10]. Among these protocols,
PEC, as an emerged analytical method with high sensitivity and a low background signal,
has received substantial attention [11,12]. However, most of them relied on a signal out-
put model, which still need to be improved to decrease the influence of systematic error.
To achieve a more accurate and reliable analysis, an alternative method is to combine a
naked-eye colorimetric strategy with the PEC transduction mechanism.

As an essential portion in colorimetric reaction and the PEC process, nanomateri-
als with catalytic and photoactive activity have a great impact on the obtained signal
strength [13–16]. Cerium oxide (CeO2), simultaneously existing Ce3+ and Ce4+ oxidation
states on the lattice surface, could catalyze 3,3′,5,5′-tetramethylbenzidine (TMB) to convert
colorless to blue with assistance of H2O2 due to oxygen vacancy [17,18]. However, the
capacity is relatively low to be used for low-concentration analytes detection. It is a good
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method to dope CeO2 with metal to expand their application as colorimetric reaction
probes [19,20]. As a consequence, double-doped CeO2 (CuMn@CeO2) was prepared with
superior catalytic performance for more accurate detection. Furthermore, to obtain a desir-
able PEC signal, a cuprous oxide–cupric oxide (Cu2O/CuO) composite was introduced as a
photoactive material owing to its abundance, affordable price, environmental acceptability,
and low band-gap energy [21,22]. The fabrication process was carried out under normal
temperature and pressure, with low-cost and high-quality products. The introduction of
an external stimulus can promote the reduction process significantly, and the obtained
Cu2O in such a strong redox photochemical surrounding possessed the intrinsic superior-
ity to endure photocorrosion in a kinetically more favorable way [23]. Furthermore, the
well-designed overall architecture of the branched sheet embedded nanocubic Cu2O/CuO
complex not only provides more active sites and a larger surface area, but also helps
Cu2O to overcome its high carrier recombination caused by short electron diffusion length
(20–100 nm) [24,25].

Apart from desirable initial PEC performance, an efficient electron transfer-regulated
strategy is also of vital importance in broadening the application range of the PEC sys-
tem [9,26]. G-quadruplex/hemin, which forms between single-stranded guanine-rich
aptamer and hemin, has been utilized to act as an electron acceptor and mediate the cat-
alytic reduction of dissolved oxygen [9,27]. Thus, this special structure could be employed
as an effective way to realize off-on transformation in the PEC detecting process. In addition,
to operate the whole process, an easy-to-operate platform was necessary. Cellulose paper,
owning virtues of unique structure, low cost, large specific surface area, and portability, has
aroused widespread interest [28–30]. Concretely, it is easy to be folded to satisfy diverse
demand when applied as micro-reactors. Combined with the abovementioned factors, an
integrated paper-based platform was fabricated to functionalize the working electrode and
implement a multi-module microfluidic device.

Hence, a dual-signal output paper-based sensing strategy integrating the PEC tech-
nique with visualization in two spatially separated working areas, gold nanoparticles
(AuNPs)-modified PEC working electrodes (PWE) and visual areas, was proposed for TB
detection (Scheme 1). Concretely, TMB and H2O2 were applied on the visual areas for chro-
mogenic reactions, while branched sheet-like nanocubic Cu2O/CuO and hemin-DNA1 were
applied on the PWE surface with excellent PEC performance due to G-quadruplex/hemin.
With addition of Cu/Mn-doped cerium dioxide/DNA2 (CuMn@CeO2-DNA2), the specific
double-stranded structure based on hybridization of DNA1 and DNA2 and steric hindrance
of CuMn@CeO2 could dramatically decrease the photocurrent, thus the “signal-off” trend
for PEC signal can be triggered. After that, with the application of TB, DNA2 could hy-
bridize with TB, causing free CuMn@CeO2-DNA2. Then, the released CuMn@CeO2 could
catalyze H2O2 on visual areas, forming the hydroxyl radical that can make TMB effectively
develop colors, which offers visual prediction for thrombin concentration. Meanwhile,
due to a DNA2-TB binding event, dissociation of CuMn@CeO2 facilitated the electrons
transfer and G-quadruplex/hemin could accept electrons from the illuminated Cu2O/CuO,
resulting in the increase of PEC intensity and switchover from off to on mode of the PEC
signal. Such a distance-based PEC sensing system between electron acceptor and interface
materials endows detection methods with lower background signal. Accordingly, the
paper-based analytical device with a dual-signal output sensing mechanism was success-
fully fabricated, which could be introduced as quantitative platform for screening of other
proteins and nucleic acids.
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Scheme 1. Schematic illustration of (A) off−on switchover of PEC areas and (B) visual detection
of TB.

2. Experimental Section

2.1. Design of Paper-Based Device

The prepared whole device was made with four units: detection tab, photoreaction
auxiliary tab, fluid transfer tab, and electrode tab, as depicted in Figure 1A,B. Two working
zones (8 mm in diameter) for the establishment of the sensing platform were patterned
on the detection tab (I for PEC system, II for chromogenic reaction). In order to form a
densely distributed nanosized oxide layer, more growth solution that exceeded the capacity
of a single working area was required. Thus, the photoreaction auxiliary tab, where the
white area was designed to be hollow while the green area is hydrophobic, was added to
the device to hold more solutions in the light reaction process after folding (Figure 1C).
When the device was folded as shown in Figure 1D, the branch channel (3.0 mm × 5.0 mm)
on the fluid transfer tab is favorable to connect two working zones which are ready for
fluid transfer. The carbon working electrode (WE) was printed on the back of the detection
zone, while the carbon counter electrode (CE) and Ag/AgCl reference electrode (RE) are on
the hydrophilic zone (8 mm in diameter) of the electrode tab. Finally, a three-dimensional
device for visual and PEC detection was successfully constructed after the electrode tab
folded under the detection tab, as displayed in Figure 1E.

2.2. Preparation of CuMn@CeO2-DNA2

Firstly, 0.1 g CuMn@CeO2 (the synthesis process can be found in the Supporting
Information) was redispersed in 10 mL ethanol and stirred for 30 min. Then, 0.1 mL
3-aminopropyltriethoxysilane was injected into the above solution and refluxed at 70 ◦C
for 90 min. After the obtained solution was centrifugated and washed with ethanol and
deionized water, 100 μL glutaraldehyde (1%, w/w) was added to activate the amino groups
on the CuMn@CeO2 surface. To obtain CuMn@CeO2-modified DNA2, 15 μL of DNA2 was
first added in the dispersed 2 mL CuMn@ CeO2 solution with stirring for 12 h at 4 ◦C.
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Next, the above solution was diluted with 25 mM Tris-HCl and 0.3 M NaCl, followed
by centrifugation at 12,000 rpm for 10 min to remove unconjugated DNA. The resultant
CuMn@CeO2-DNA2 was stored at 4 ◦C when not in use.

 

Figure 1. Schematic layout of (A) prepared device and (B) the fabricated device with screen−printed
electrodes. Assembly illustration of prepared device during (C) photoreaction, (D) fluid transfer, and
(E) sensing platform.

2.3. Fabrication of Dual-Signal Sensing Platform

PWE were prepared as shown in the Supporting Information. In order to achieve a
desirable PEC signal, nanocubic Cu2O was first coated on PWE by the light-induced pho-
tochemical synthesis approach [23]. Briefly, 1 mL as-prepared copper tungstate (CuWO4)
solution (0.15 M, the preparation process can be found in the Supporting Information)
was coated onto PWE by a spin coater, then 50 μL solution containing 0.3 M NaOH and
0.1 M glucose was dropped onto the surface of PWE with a photoreaction auxiliary unit.
Next, the assembled photochemical reaction device was irradiated by a 300W Xe lamp for
60 min and then rinsed with distilled water. After that, the electrode dealt with 50 μL 0.2 M
NaOH for 30 min. Subsequently, 50 μL chitosan aqueous solution (0.08 wt%) in 1% acetic
acid was applied onto the working electrode and reacted for 60 min. After drying, 5 wt%
glutaraldehyde was added to activate the electrode, and the final electrode was denoted
as PWE/Cu2O/CuO. Finally, 20 μL acetic acid (pH 4.5), 20 mM TMB, and 20 μL of 0.5 M
H2O2 were dropped onto the II visual area.

2.4. Analysis Process of TB

The dual-signal mechanism detection was performed by the following procedure.
Firstly, 50 μL of 1 μM DNA1 and 1 μM hemin was dropped onto the PWE and kept for
80 min, followed by adding 50 μL of 1 μM CuMn@CeO2-DNA2. After the PEC electrode
was incubated with different concentrations of TB for 50 min, the device was folded as
depicted in Figure 1D and the above mixed solution’s fluid flow from PWE to the II visual
zone could be generated along the hydrophilic channel on the fluid transfer tab. The
electrode was carefully cleaned with 0.01 M phosphate buffer saline (PBS, pH 7.4) after
each step. Finally, color variance could be signaled and the PEC signal was recorded by a
three-electrode system (−0.1 V).
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3. Results and Discussion

3.1. Structure Characterization

The morphology evolution of nanomaterials was investigated by scanning electron
microscope (SEM) as illustrated in Figure 2. Clearly, it could be found that intercon-
nected fibers of the bare sample zone displayed porous architecture with high surface area
(Figure 2A), which provided a special micro-environment for AuNPs’ growth. Pyknotic
AuNPs were modified onto the cellulose by an in situ growth technique and they were
distributed onto the fibers’ surface uniformly (Figure 2B). Moreover, the conductivity of the
paper-based electrode was measured by a four-probe tester (Agilent U1251B multimeter),
with the results shown in Figure S1. Significantly, PWE displayed lower resistance (0.385 Ω)
than that of new clean FTO (2.017 Ω) and ITO (1.337 Ω). Then, deposition of Cu2O/CuO
on the PWE was conducted by an in situ synthesis approach with two steps. To better
survey the preparation process of the Cu2O, samples were gathered at diverse stages of
photochemical reaction time. At first, layered substances (Figure S2A) with a particle struc-
ture were clearly observed adsorbing on the surface of the PWE. After 15 min irradiation,
a small amount of crystals similar to microcubes were sparsely distributed on the fibers
(Figure S2B). To additionally probe the existing elements, energy-dispersive X-ray spec-
troscopy (EDS) and element mapping analysis were performed. Clearly, it could be seen
that peaks of tungsten are observed in the EDS spectra (Figure S3) for working electrodes
and Figure S2B1–B4 reveals that Cu, W, O, and C elements were uniformly distributed on
the fibers. Hence, layered substances were presumed to be CuWO4. In addition, with the in-
crease of illumination time, the distribution of cubes became more and more intensive until
it reached optimum at the photoreaction time of 60 min (Figures S2C,D and 2D). Only Cu,
O, and C peaks were collected for PWE/Cu2O (Figure 2C) and they were evenly distributed
on the fibers (Figure 2E). The fact that no spectrum pertaining to the tungsten element was
found in EDS patterns of electrodes with 60 min photoreaction time demonstrated that
CuWO4 was gradually converted to oxides of microcubes with the increasement of photore-
action time. The more microscopic morphology of cubes was observed by zoom-in SEM
with ~400 nm diameter (inset in Figure 2D). Moreover, there was a sparse distribution of
cubes on the PWE (Figure S2E) without the photoreaction auxiliary unit for photochemical
processes, verifying that the existence of the photoreaction auxiliary unit was necessary.
The separate working electrode only has a growth fluid capacity of 50 μL, whereas the
electrode with the photoreaction auxiliary unit could hold up to 1.0 mL. Moreover, the SEM
image of the working electrode without illumination showed unsatisfactory performance
(Figure S2F), illustrating the necessity of illumination. In the subsequent reaction process
under alkaline condition, Cu2O in cubes was gradually partly transformed into intersecting
sheet CuO (Figure 2F).

The phase structure and the crystallization details of the sample were further re-
searched with X-ray diffraction (XRD) and Raman spectroscopy. A peak at 22.89◦ gathered
from the original working zone of the paper-based device was assigned to (002) planes of
cellulose [31], as depicted in Figure 3A. For PWE, four additional peaks at 38.18, 44.39, 64.58,
and 77.55◦ were well-matched with characteristic peaks of Au NPs (JCPDS 04-0784). Except
for naked papers and Au NPs peaks, other distinguishable peaks in curve c could be well-
indexed to the pristine cubic phase of Cu2O shown in Figure S4A. The PWE/Cu2O/CuO
electrode exhibited apparent diffractions of cubic Cu2O and additional diffraction peaks
at 35.49◦ of CuO, illustrating successful preparation of Cu2O/CuO. Furthermore, Raman
spectra of above electrodes were shown in Figure 3B. Similar to that of cellulose paper, no
obvious characteristic peaks were recorded in the Raman pattern of PWE. After the first pho-
toreaction, three peaks were collected for the Cu2O-functionalized PWE. Peaks at 217 and
636 cm−1 resulted from the second-order Raman-allowed mode and the red-allowed mode
of Cu2O, meanwhile another presented at 413 cm−1 corresponding to the four-phonon
mode. Both Cu2O and CuO peaks were recorded simultaneously for PWE/Cu2O/CuO.
Apart from the peak of Cu2O at 217 cm−1, the other three peaks at 280, 326, and 617 cm−1
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were assigned to Ag, Bg, and Bg mode of CuO. All these peaks exhibited sharpness,
indicating preferable crystallization of the synthesized materials.

Figure 2. SEM images of (A) sample zone, (B) PWE, (D) PWE/Cu2O, and (F) PWE/Cu2O/CuO at
different magnifications. (C) EDS and (E) elemental mappings of PWE/Cu2O.

 

Figure 3. (A) XRD patterns and (B) Raman spectra (a) cellulose paper, (b) PWE, (c) PWE/Cu2O,
and (d) PWE/Cu2O/CuO. (C) XPS survey scan of (a) PWE/Cu2O and (b) PWE/Cu2O/CuO.
(D) High−resolution XPS spectra of Cu 2p of (a) PWE/Cu2O and (b) PWE/Cu2O/CuO.
High−resolution XPS spectra of (E) O 1S and (F) Au 4f of PWE/Cu2O/CuO.

X-ray photoelectron spectroscopy experiments were further operated to gain chemical
composition information of the PWE/Cu2O and PWE/Cu2O/CuO. As shown in Figure 3C,
the presence of Cu, O, and Au elements could be attributed to the product of the photo-
chemical reaction and conductive Au NPs. To explore the chemical state of the Cu element,
the Cu 2p core-level spectra of PWE/Cu2O and PWE/Cu2O/CuO were compared as
displayed in Figure 3D. For Cu2O-modified PWE, the characteristic peaks at the binding
energies of 932.8 and 952.6 eV were associated with the Cu 2p3/2 and Cu 2p1/2 of Cu2O,
respectively [32]. As a contrast, PWE/Cu2O/CuO showed two additional obvious peaks at
934.8 and 954.6 eV, which corresponded to Cu 2p3/2 and Cu 2p1/2 of CuO. Additionally,
three weak satellite peaks at 940.8, 943.8, and 962.3 eV originated from multiple excitations
in copper oxides and were attributed to the open 3d9 shell of Cu2+ in CuO [33]. As shown in
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Figure 3E, the peak at 529.9 eV was related to the lattice oxygen from both Cu2O and CuO
phases and the other peak at 531.8 eV marked the surface hydroxyl group, which was con-
sistent with the reported literature [34]. Moreover, Au 4f 7/2 and Au 4f 5/2 peaks presented
at 84.3 and 87.9 eV were observed (Figure 3F), which were similar to the counterpart for the
standard Au (0) [35]. Moreover, the solution’s color change in the whole process was also
favorable evidence for the successful preparation of Cu2O/CuO (Figure S4B). All of these
results matched each other, demonstrating the successful fabrication of PWE/Cu2O/CuO.

3.2. Ce-Based Materials Characterization

The SEM technique was characterized to explore the morphology of the beacon in
colorimetric reactions. Obviously, uniform-size nanospheres with a rough surface were
found and the average size of CuMn@CeO2 was around 60 nm (Figure 4A). To probe the
elements, EDS and mapping were conducted, with the results displayed in Figure 4B,C,
respectively. It could be observed that Ce, Cu, Mn, and O elements were collected and
they were evenly distributed in the nanospheres. Furthermore, the main peak of CeO2
in Raman spectra at about 463 cm−1 was attributed to the F2g Raman mode (Figure 4D).
Compared with that of pure CeO2, the peak shifts to lower frequency at around 459 cm−1,
indicating occurrence of defects in the CeO2 lattice structure after doping with Cu and
Mn metals [36]. Meanwhile, additional peaks at 368 and 544 cm−1 were collected, which
correspond to oxygen vacancies for CuMn@CeO2, confirming that extra oxygen vacancies
existed in CuMn@CeO2 with excellent catalytic performance.

 

Figure 4. (A) SEM image, (B) EDS, and (C) mapping of CuMn@CeO2. (D) Raman spectra of (a) CeO2

and (b) CuMn@CeO2. Michaelis–Menten curves at (E) fixed concentration of H2O2 (2 mM) and
various concentrations of TMB (0–0.7 mM) and (F) fixed concentration of TMB (0.6 mM) and various
concentrations of H2O2 (0−0.4 mM) (inset: corresponding Lineweaver−Burk plots).

Additionally, steady-state kinetic constants measurement experiments were carried
out to verify catalytic performances of CuMn@CeO2 (Figure 4E,F). During the process,
TMB and H2O2 concentration were variables. Obtained data were fitted by the Michaelis–
Menten kinetic equation, v = (vmax × [S])/(Km + [S]), where a smaller Km value means
a higher affinity of enzyme to substrate. Compared with that of horseradish peroxidase
(Km(H2O2) = 3.7 mM, Km(TMB) = 0.434 mM), the values for CuMn@CeO2 towards H2O2
and TMB were 0.15 mM and 0.12 mM, indicating that CuMn@CeO2 had a stronger affinity
for H2O2 and TMB than enzyme and provided accessible active sites for analytes.

3.3. EIS and PEC Behavior

Electrochemical impedance spectroscopy (EIS) was an effective technique to verify
the manufacturing procedure of the sensing platform [37]. As magnified in Figure 5A,
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PWE showed a small electron-transfer resistance (Ret) due to great conductivity of AuNPs
(curve a). With the nanomaterial modification progress, the Ret increased dramatically for
PWE/Cu2O and PWE/Cu2O/CuO (curves b and c) due to low conductivity of Cu2O and
CuO. As expected, the Ret showed an upward trend when hemin-DNA1 and CuMn@CeO2-
DNA2 were attached onto the PWE surface in turn (curves d and e). It could be explained
as the steric hindrance of hemin-DNA1 and CuMn@CeO2-DNA2 that prevented the charge-
transfer rate of redox. Furthermore, the transient photocurrent responses of modified
PWE were monitored. As revealed in Figure 5B, PWE/Cu2O/CuO (curve b) displayed an
obvious enhancement of PEC recovery compared with PWE/Cu2O (curve a) due to the
heterojunction formation of Cu2O/CuO. Significantly, PEC performance of a paper-based
electrode with greater immobilization capacity for photoelectric materials caused by special
three-dimensional interlaced fibers was superior to FTO/ITO-based electrodes (Figure S5).
As the electrode incubated with hemin-DNA1, the value of photocurrent increased dra-
matically due to the presence of G-quadruplex/hemin (curve c). With the addition of
CuMn@CeO2-DNA2, a reduced photocurrent was acquired (curve d) caused by enhanced
steric hindrance and reduced electron transfer efficiency, indicating that the biosensor was
successfully prepared as expected.

 
Figure 5. (A) EIS spectra of (a) PWE, (b) PWE/Cu2O, (c) PWE/Cu2O/CuO, (d) PWE/
Cu2O/CuO/hemin−DNA1, and (e) PWE/Cu2O/CuO/hemin−DNA1/CuMn@CeO2−DNA2 in
5 mM [Fe(CN)6]3−/4− solution containing 0.1 M KCl. (B) Photocurrent responses of (a) PWE/
Cu2O, (b) PWE/Cu2O/CuO, (c) PWE/Cu2O/CuO/hemin−DNA1, and (d) PWE/Cu2O/
CuO/hemin−DNA1/CuMn@CeO2−DNA2 in 0.01 M PBS solution.

3.4. Analytical Performance

The well-designed signal output paper-based device was employed to realize the quan-
titative detection by analyzing the PEC signals and color intensity with the variety of TB con-
centrations. Excellent catalytic performances toward H2O2 of CuMn@CeO2 can offer visual
prediction for analytes. Under optimal conditions (Figure S6), color intensity and photocur-
rent witnessed an upward trend along with the elevated concentration of TB, and a dynamic
range was obtained from 0.0001 to 50 nM (Figure 6A,B). Meanwhile, the excellent linear
relationship between logarithmic value of TB concentrations (Figure 6C) and photocur-
rent response could be fitted and the linear regression was −ΔIPEC (μA) = 2.30 lgc + 10.99
(R = 0.994), and the detection limit was calculated as 0.035 pM (S/N = 3). Compared with
single-signal readout strategies (Table 1), the paper-based visual/PEC biosensor exhibited
apparent merits in wide response range and dual-signal sensing mode, providing a more
accurate and effective method for TB detection.

3.5. Specificity, Stability, and Reproducibility

To further assess the feasibility of the present protocol, three significant criterions
for biosensors, the selectivity, stability, and reproducibility, were explored. The specificity
of the dual-signal bioassay was investigated by incubation with 0.1 nM TB, human im-
munoglobulin G (HIgG), carcinoembryonic antigen (CEA), bovine serum albumin (BSA),
and their mixture. The highest photocurrent response was obtained for samples containing
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TB (Figure 7A), demonstrating gratifying specificity. The stability of the as-prepared sensing
device was measured by applying 0.1 nM TB as samples and monitoring the photocurrent
responses intermittently (every 2 days). As expected, experimental results revealed accept-
able stability (Figure 7B). Furthermore, the reproducibility was investigated by testing five
independent electrodes, and the relative standard deviation of photocurrent response was
4.3%, demonstrating acceptable precision and repeatability.

Figure 6. (A) Calibration curve between color intensity and logarithm of TB concentration (inset:
color intensity). (B) Photocurrent of sensing device at different TB concentrations (0.0001, 0.001,
0.01, 0.1, 1, 10, 50 nM) and (C) corresponding calibration curve between −ΔIPEC and logarithm of
TB concentration.

Table 1. Comparison of the biosensor with other analytical strategies.

Method Materials Liner Range (nM) Detection Limit (pM) References

Electrochemiluminescence Graphene oxide and carbon nanotubes 0.001–5 0.23 [38]
Electrochemical Au NPs 0.005–50 1.1 [39]
Electrochemical Au electrode and methylene blue 0.005–1 1.7 [40]
Fluorescence Zinc selenide quantum dots 0.1–20 25 [41]
PEC Au-ZnO Nanoflowers 0.001–30 0.37 [7]
Visual/PEC Cu2O/CuO and CuMn@CeO2 0.0001–50 0.035 This work

 
Figure 7. (A) Photocurrent of the bioassay in the presence of 0.1 nM sample. (B) Photocurrent
responses of constructed PEC sensing platform with 0.1 nM TB.

4. Conclusions

Herein, Cu/Mn-doped CeO2 and branched sheet embedded Cu-based nanocubes
were prepared for fabrication of an effective visual/PEC paper-based sensing platform
to obtain sensitive analysis of TB. The rapid chromogenic reactions were achieved by the
release of CuMn@CeO2 with the addition of TB, which provides a simple visual prediction.
Meanwhile, the presence of TB led to dissociation of CuMn@CeO2 and the electrons-
acceptable distance of G-quadruplex/hemin, which then contributed to the switchover
of the original PEC signal caused by branched sheet embedded nanocubic Cu2O/CuO.
Undoubtedly, such dual-signal output strategy with good performance was capable of
making detection results more sensitive and accurate. Additionally, it was anticipated
that the approach shows potentiality in designing numerous biosensors with excellent
performance for analytes detection.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios13020227/s1, Figure S1: Physical photos of (A) FTO, (B) ITO,
and (C) PWE sheet resistance; Figure S2: SEM images of PWE with photoreaction progresses at
(A) 0 min, (C) 30 min, (D) 45 min. (B–B4) Elemental mappings of PWE with photoreaction pro-
gresses at 15 min. SEM images of (E) PWE/Cu2O without photoreaction auxiliary unit and (F) the
electrode without illumination; Figure S3: EDS spectra of PWE with photoreaction progresses at
15 min; Figure S4: (A) XRD pattern of Cu2O and CuO. (B) Photographs of photoreaction progresses
at (a) 0 min, (b) 15 min, (c) 30 min, (d) 45 min and (e) 60 min; and (f) the obtained Cu2O/CuO
photograph; Figure S5: Photocurrent response of (a) FTO/Cu2O/CuO, (b) ITO/Cu2O/CuO, and
(c) PWE/Cu2O/CuO; Figure S6: Effect of TB incubation time. References [42,43] are cited in the
Supplementary Materials.
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Abstract: Nanozymes are nanomaterials with enzyme-like activity, possessing the unique properties
of nanomaterials and natural enzyme-like catalytic functions. Nanozymes are catalytically active,
stable, tunable, recyclable, and versatile. Therefore, increasing attention has been paid in the fields of
environmental science and life sciences. In this review, we focused on the most recent applications
of nanozymes for environmental monitoring, environmental management, and environmental pro-
tection. We firstly introduce the tuning catalytic activity of nanozymes according to some crucial
factors such as size and shape, composition and doping, and surface coating. Then, the application
of nanozymes in environmental fields are introduced in detail. Nanozymes can not only be used to
detect inorganic ions, molecules, organics, and foodborne pathogenic bacteria but are also involved
in the degradation of phenolic compounds, dyes, and antibiotics. The capability of nanozymes
was also reported for assisting air purification, constructing biofuel cells, and application in marine
antibacterial fouling removal. Finally, the current challenges and future trends of nanozymes toward
environmental fields are proposed and discussed.

Keywords: nanozyme; sensing; monitoring; environmental pollutant; catalytic activity

1. Introduction

Most life activities in nature involve enzymes. Natural enzymes are macromolecular
biocatalysts composed of most proteins and a few nucleic acids that run through the
metabolism of life [1]. They have high catalytic efficiency, good substrate specificity, and
biocompatibility [2]. Therefore, they are widely used in various fields, including disease
diagnosis, clinical treatment, agricultural engineering, paper and leather, textile industry,
and food processing. However, most natural enzymes are easy to inactivate or their
activities are inhibited under nonphysiological conditions, which severely limits the wide
application of enzymes. In addition, enzymes also have defects such as storage stability
and recovery difficulties, complex production as well as purification processes, and high
costs [3,4]. With the rapid development of nanoscience and life science, simulating the
structure and catalytic activity of natural enzymes to construct substitute products has
gradually become a new direction in which to expand the application of natural enzymes.

The term “artificial enzymes” was coined by Ronald Breslow for enzyme mimics. An
“artificial enzyme” combines a metal catalytic group and a hydrophobic binding cavity [5].
In 2004, Scrimin and his colleagues created the term “nanozyme” and used gold nanoparti-
cles functionalized by triazetidine as the catalyst for the transphosphorylation reaction [6].
In 2007, Yan’s team found that magnetic nanoparticles (Fe3O4 MNPs) have a catalytic
activity similar to horseradish peroxidase (HRP), indicating that some inorganic nanopar-
ticles can also have peroxidase-like properties [7]. In 2013, Wei and Wang used the term

Biosensors 2023, 13, 314. https://doi.org/10.3390/bios13030314 https://www.mdpi.com/journal/biosensors334



Biosensors 2023, 13, 314

“nanozyme” to describe some nanoscale materials with enzyme-like characteristics, namely,
nanozyme is a kind of nanomaterial with similar natural enzyme catalytic activity and
enzymatic reaction kinetics [8]. In the ten years since then, nanozyme experienced a period
of rapid development and application in various fields. Based on advanced nanotechnology,
a variety of nanozymes with catalytic activity comparable to that of natural enzymes have
been explored. Compared with natural enzyme, nanozyme has the following obvious ad-
vantages: (I) High stability: inorganic nanomaterials are less fragile than natural enzymes,
which enables the use of nanozymes under a wide range of pH (3–12) and temperature
(4–90 ◦C) conditions. In contrast, natural enzymes are usually inactivated under extreme
pH and temperature conditions. (II) Low cost: the production process of enzymes is usually
complex and expensive, while inorganic nanomaterials are easy to produce, with high
efficiency and low cost. (III) Recycling: Nanozymes are recyclable, and there is no substan-
tial loss of catalytic activity in subsequent cycles. (IV) Easily multifunctional: Nanozymes
have sufficient surface area to allow them to be coupled with multiple ligands to achieve
multifunctionability [9]. (V) High catalytic activity: The level of activity is comparable to
that of biological enzymes with the help of advanced nanotechnology. At the same time,
a variety of factors influence the level of activity such as size, shape, composition, crystal
surface, charge, and hydrophilicity. Although nanozymes have the above advantages, some
nanozymes have the disadvantages of toxicity, low specificity, and poor dispersion. During
the degradation and protection of environmental pollutants by nanozymes, nanozymes
inevitably contact with water, animals and plants, soil, and air. Therefore, the safety of
nanozymes is crucial. For example, some heavy metal nanozymes (Au, Cu, Ce, Fe, etc.)
will be absorbed into soil and water, causing ecological pollution [10]. The continuous
enrichment of heavy metals will eventually endanger human health through the food chain.
In addition, graphene, quantum dots, copper–carbon dots and other nanomaterials have
their own toxicity, and their dispersion will be strengthened during trial, which will make
them more easily absorbed by aquatic plants and water bodies [11]. Toxicity can be reduced
by reducing the size of nanozyme [12]. In addition, we can control the surface charge of
nanozyme to regulate its permeability to cells in the human body [13]. The metal core is
the source of toxicity, so it can be prevented from leakage by mixing other metal ions and
chemical sealing [14,15].

The International Enzyme Commission (I.E.C.) specifies that natural enzymes can
be classified into six categories by the enzymatic reaction as oxidoreductases, hydrolases,
isomerases, lyases, ligases, transferases. Since nanozymes are a class of nanomaterials
that mimic the catalytic activity and enzyme kinetic characteristics of natural enzymes,
the categories also similar to that of natural enzymes could divide nanozymes into the
following six categories: redox nanozyme, hydrolyzing nanozyme, lytic nanozyme, transfer
nanozyme, isomeric nanozyme, and linked nanozyme. Currently, the reported nanozymes
are mainly in the redox nanozyme family, whose members are oxidase (OXD) [16], per-
oxidase (POD) [17], catalase (CAT) [18], and superoxide dismutase (SOD) [19] (Figure 1).
Oxidase catalyzes the oxidation of substrates using oxygen as the electron acceptor. Subse-
quently, O2 is reduced to water or hydrogen peroxide. Peroxidase nanozyme can catalyze
peroxides whose substrate is usually used as an electron donor. In biomedicine, it defends
against pathogens and removes the toxicity of reactive oxygen [20]. Catalase often catalyzes
H2O2 to produce oxygen and water. It is found that many metal materials and even metal
oxides have catalase-like activity. Superoxide dismutase disproportionates superoxide
radicals into oxygen and hydrogen peroxide and alleviates oxidative stress generated
from cell metabolism. There is also a family of hydrolyzing nanozymes including phos-
phatases [21], nucleases, and proteases. They catalyze the separation of phosphate groups
and the hydrolysis of phosphate diester bonds and peptide bonds. The family of lytic
nanozyme comprises the carbonic anhydrase [19]. Nanozymes mostly catalyze the optical
signal transmission of chromogenic substrates, so that other three types of nanozymes are
rarely reported. It is hoped that the design of nanozymes can break through more types
and functions limitations.
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Figure 1. Nanozyme as a promising tool from environmental monitoring and environmental man-
agement to environmental protection.

The reported nanozymes can be classified into four categories according to the ma-
terials, such as metal-based, metal oxide-based, carbon-based, MOF-based, and other
material-based. Currently reported carbon-based nanozymes include fullerenes, carbon
nanotubes (CNTs), graphene, graphene oxide (GO), carbon dots (CDS), graphitic quantum
dots (GQDS), and carbon nitrides [22]. Because of their special electronic and geometric
properties, they can mimic the catalytic center of natural enzymes and possess catalytic
activities such as oxidase, peroxygenase, superoxide dismutase, and catalase. On account
of the intrinsic enzymatic activity of carbon nanomaterials, they can be combined with
other materials or modified and functionalized to enhance enzymatic activity. Ye et al. [23]
reported a highly specific N-doped nanozyme with HBF as a porous carbonaceous and
nitrogen-containing precursor to prepare N-doped carbon nanozymes named HBF-1-c800
by high temperature pyrolysis with N-doping efficiency up to 5.48%, which is higher than
the value of most reported N-doped carbon nanozymes. As a result, they found that the
apparent POD activity of HBF-1-c800 shows a three to seven-fold enhancement over tradi-
tional carbon nanozymes and a five-fold enhancement over the reported N-doped graphene.
Consequently, it has been widely used in environmental monitoring and environmental
remediation. Although slightly inferior to metal-based nanozymes in terms of catalytic
activity, its catalytic activity has been improved, and some excellent designed carbon-based
nanozymes show comparable or even better results than that of natural enzymes.

Metal-based nanozymes are one of the most widely used nanozymes. They have
unique optical and electrical properties at the nanoscale as well as excellent catalytic
properties [24] and exhibit good activity tunability and high stability. They have been found
to exhibit a variety of enzyme-like properties, including oxidase-, peroxidase-, catalase-,
and/or superoxide dismutase-like activities [25]. Metallic nanomaterials commonly include
Au, Ag, Pt, PD, Rh, Ru, and Ir. For metal-based nanozymes, the catalytic mechanism arises
from the adsorption, activation, and electron transfer of the substrate onto the metal
surface, in contrast to the mechanisms occurring by changes in the metal valence of the
nanomaterial, as in the case of other metal compound-based nanozymes [22]. Studies have
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found that the surface state of metal-based nanomaterials is one of the important factors
affecting their catalytic activity. Therefore, much attention has been focused on how to
optimally control the surface of metal-based nanozymes for high electrical conductivity. It
can be classified into monometallic nanozymes, bimetallic nanozymes, and multimetallic
nanozymes, which are distinguished, as the name implies, by having several metal cores.
Bimetallic nanomaterials (BNMS) usually exhibit stronger catalytic performance than
monometallic nanomaterials due to the synergistic effect [26], among which platinum-based
BNMS have been extensively studied in the field of catalysis for many years. Multimetallic
NPs composed of at least three different metals have more possibilities in modulating the
activity, selectivity, and stability of surface catalyzed reactions. Hence, the rational design
and controllable synthesis of multimetal nanozymes are of great significance.

Transition metals other than noble metals (Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Al, Mo, and
W) usually exist stably in the form of their complex ions, among them the oxide form, thus
constituting metal oxide-based nanozymes. Metal oxide-based nanozymes including CeO2,
Fe2O3, Fe3O4, Co3O4, Mn2O3, and Mn3O4 all exhibit multienzyme activities, such as perox-
idases, oxidases, hydrolases, and catalases. In addition, they show other physicochemical
properties such as fluorescence quenching, dielectric properties, and magnetism [27]. It
is worth noting that most metal oxide nanomaterials exhibit lower Km than HRP, which
provides the possibility for a wide range of applications. Metal-organic frameworks (MOFs)
are porous coordination crystalline materials formed by the self-assembly of metal ions (or
metal clusters) and organic ligands through the principles of coordination chemistry [28].
In recent years, some MOFs exhibit their own good enzyme mimicking properties, mim-
icking the functions of a variety of enzymes, including oxidases, peroxidases, catalases,
superoxide dismutases, and hydrolases. The high specific surface area, homogeneously
dispersed active sites, structural diversity, and pore size tunability of MOFs can facilitate
the efficient contact of reaction substrates to the catalytic sites and, in turn, enhance the
catalytic efficiency of subsequent processes. Therefore, its pore size, size, modification, and
composition are important factors for regulating enzyme activity. In addition, it can also
participate in regulation by external conditions pH, temperature, H2O2, and so on [29].
The development of other nanomaterials with different structures and properties has pro-
vided new sources for artificial enzyme research, such as perovskites, metal sulfides, metal,
dichalcogenides, methyl hydroxides, metal phosphates, and polymeric nanostructures [22].
The development of other types of nanomaterials has provided new sources for artificial
enzyme research, such as perovskites, metal sulfides, metal, dichalcogenides, methyl hy-
droxides, metal phosphates, polymeric nanostructures, and others. They can also mimic the
enzymatic activity properties of the oxidoreductase family and have received much atten-
tion for their unique structures or properties that are different from those of carbon-based
nanomaterials, metal-based nanomaterials, and metal oxide nanomaterials and applica-
tions in environmental monitoring and remediation. As a carbon nitride, MXENEs have
large surface areas, metallic conductivity, antimicrobial activity, and biocompatibility [30]
and have been found to possess intrinsic peroxidase-like and oxidase-like activities and
can be enhanced by single stranded DNA (ssDNA) adsorbed onto nanosheets. Li et al.
constructed a simple label-free colorimetric sensing platform for TB-selective detection
based on Ti3C2@ssDNA. The sensor exhibited good selectivity and sensitivity with a wide
linear range of 1.0 × 10 −11 to 1.0 × 10−8 m and a low detection limit of 1.0 × 10−11 M [31].

In this review, we summarize the most recent applications of nanozymes for environ-
mental monitoring, environmental management, and environmental protection (Figure 1).
We firstly introduce the tuning catalytic activity of nanozymes according to some crucial
factors such as size and shape, composition and doping, and surface coating. Then, the
application of nanozymes in environmental fields is introduced in detail. Nanozymes can
not only be used to detect inorganic ions, molecules, organics and foodborne pathogenic
bacteria but are also involved in the degradation of phenolic compounds, dyes, and an-
tibiotics. The capability of nanozymes was also reported for assisting air purification,
constructing biofuel cells, and application in marine antibacterial fouling removal. Finally,
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the current challenges and future trends of nanozymes toward environmental fields is
proposed and discussed.

2. Tuning Catalytic Activity

Nanozymes are alternatives to natural enzymes but remain slightly inferior in catalytic
activity. Thus, we need to focus on several important factors that affect the enzymatic
activity of nanozymes as well as current strategies to enhance activity, thereby laying a
theoretical foundation for the design of nanozymes.

One of the distinct features of enzymes are their ultrahigh reaction rate. Correspond-
ingly, nanozymes with comparable or even superior activity are long-standing pursuits.
Two strategies are discussed here to improve the activity of nanozymes: (I) increasing the
inherent activity by delicate design and (II) boosting the activity by confinement effect or
external stimulators [32]. The main factors affecting the intrinsic activity of nanozyme are
size, composition, doping, shape, and surface modification. External stimulus factors, such
as pH, substrate concentration, temperature, and light, affect the catalytic activity. Factors
determining the activity of nanozymes need to be optimized for specific conditions in order
to achieve maximum efficiency in applications involving detection of target analytes.

2.1. Size and Shape

Size, shape, and atomic arrangement can lead to changes in the catalytic performance
of materials. It was found that the catalytic activity and stability of nanozyme increased
with the increase in surface volume ratio. For example, Valden et al. [33] prepared gold
clusters with a diameter of 1 to 6 nm on the single crystal surface of titanium dioxide
under ultrahigh vacuum to investigate the size dependence of their low-temperature
catalytic oxidation of carbon monoxide. It was found that the gold cluster with the largest
carbon monoxide oxidation activity was 3 nm. In another case, Zhou et al. [34] used
Au nanoparticles with various sizes (2–15 nm) to catalyze the reduction of resazurin,
showing that Au nanoparticles of 6 nm exhibited the highest activity. However, small
gold nanoparticles tend to aggregate and lose their activity. Scientists often anchor gold
nanoparticles to carbon, silica, graphene, and other supporting materials to improve
the dispersion of bare Au. Kalantari et al. [35] adjusted the delayed addition time of
the thiolated organosilica precursor to control the nanostructure and the thiol density.
Moreover, for the first time, they demonstrated that the peroxidase-like activity of T-
Dendritic Mesoporous Silica Microspheres (DMSNs)-Au depended on nano-Au size. In
addition, the highest activity was achieved at the Au particle size of 1.9 nm (Figure 2).

Figure 2. Schematic illustration of the effects of (A) delayed addition time on the structures of the
final product and (B) Nano-Au size on the peroxidase-like activity [35]. Reproduced with permission
from Ref. [35], Copyright 2019 American Chemical Society.
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The catalytic performance of nanozymes can also be modulated by adjusting the shape
of the nanostructures. Biswas et al. [36] compared the catalytic efficiency of gold nanorods
(GNRs), gold nanoparticles (GNPs), and horseradish peroxidase (HRP). It was proved that
the peroxidase activity of gold nanorods with a length diameter ratio of 2.8 was 2.5 times
higher than that of HRP and gold nanoparticles, which showed stability in a wide range of
pH and temperature. Based on this, a colorimetric sensor for malathion was developed,
whose sensitivity of the assay was 1.78 μg/mL. A comparative study of VO2 nanoparticles
with different morphologies (nanofibers, nanosheets, and nanorods) was conducted and
applied to the sensitive colorimetric detection of H2O2 and glucose by Tian et al. [37]. Ac-
cording to the typical Michaelis–Menten curve obtained for VO2 nanozymes, the apparent
KM values of VO2 nanofibers with H2O2 as the substrate were lower than that of VO2
nanorods and VO2 nanosheets. It shows that the VO2 nanofibers have a higher affinity
for H2O2 compared with VO2 nanosheets and VO2 nanorods. Moreover, compared with
VO2 nanorods and VO2 nanosheets, the VO2 nanofibers demonstrated the most sensitive
response during the H2O2 and glucose sensing.

2.2. Composition and Doping

Some researchers have shown, based on the synergistic effect, that combining a variety
of nanomaterials or conjugating several nanomaterials to form a hybrid can provide a
catalytic center [38], improve the electron transfer between the nanozyme and the substrate,
and generate additional active sites, which can adjust the catalytic activity of the catalyst.

Zhu et al. [39] combined TiO2, CuInS2, and CuS into a ternary metal sulfide-based hy-
brid. Owing to the synergistic effect among TiO2, CuInS2, and CuS components, compared
with the control sample of Fe3O4/rGO, TiO2/rGO, Fe3O4, TiO2, and rGO, the prepared
TiO2/CuInS2/CuS nanofibers showed excellent peroxidase (POD)-like activity. They subse-
quently developed a sensor for the detection of dopamine with a detection limit of 1.2 μM.
Wang et al. [40] incorporated iron oxide nanoparticles (Fe3O4NPs) into the heterodimer
composed of gold and platinum to form a hybrid nanomaterial with good peroxidase-like
activity. The formation of an alloy between platinum and gold can significantly improve
the activity and selectivity of platinum-based catalysts. The nature of the peroxidase-like
activity of the Fe3O4@Au-Pt hybrid nanomaterial originates from their ability to transfer
electrons between the reducing substances and H2O2. The colorimetric sensor with a lower
detection limit of 0.0018 μM was developed for glucose. Another form of composition is
loading. Zhao et al. [41] covalently fixed the carbon point (C-dots) on the inner surface of
the amino terminated dendritic silica sphere (dSs) while coupling the gold nanoclusters
(Au NCs) on the outer surface. It not only maintains the superoxide dismutase-like enzyme
activity of the carbon point but also improves the peroxidase-like-activity of the gold
nanoparticles. Furthermore, adjusting the loading ratio of the two kinds of nanozymes can
meet different functional requirements.

2.3. Surface Coating

The surface modification of nanozyme not only plays a connecting role in the combi-
nation of nanomaterials but also is of great importance to the regulation of catalytic activity.
The surface catalytic reaction process can be described by several basic reaction steps, in-
cluding substrate adsorption, substrate diffusion on the surface, chemical reaction, and then
product desorption to regenerate the active site [42]. Each step will be affected by surface
modification. Thus, some general strategies can be adopted for surface modification, such
as changing the electronic structure of the surface, regulating the surface acidity, blocking
surface contact, promoting product desorption, mediating the exposure of active sites to
regulate substrate binding, and applying effective methods for surface electronic structure.

Surface modifiers can be divided into three categories: ions, small molecules, and
macromolecules. Lee et al. [43] introduced Mn(acetate)2 during the synthetic step of N-
doped carbon dots to improve the enzymatic properties of metal-induced N-doped carbon
dots (N-CDs). Its influence on the enzymatic properties of Mn-induced N-CDs (Mn:N-CDs)
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was investigated. Finally, the addition of Mn(acetate)2 to the reaction solution seemed to
generate more functional groups at the edge of carbogenic domains in Mn:N-CDs than
in N-CDs, resulting in improved peroxidase-like properties (Figure 3a). Mn:N-CDs with
strong enzymatic effects can be applied as a colorimetric sensor probe for the detection
of gamma-aminobutyric acid (GABA). Surface modification can also change the intrinsic
enzyme activity of nanomaterials. Zeolitic imidazolate framework-8 (ZIF-8) is a monatomic
nanozyme with peroxidase activity. Sun et al. [44] introduced amino acid (AA) to regulate
the growth of ZIF-8 crystal, thus simulating the structure and function of natural carbonic
anhydrase (CA). Amino acid as a capping agent regulates the shape and size of ZIF-8 and
forms a hydrophobic region on the surface of ZIF-8 to simulate the hydrophobic pocket
of natural carbonic anhydrase (Figure 3b). Compared with natural carbonic anhydrase,
Val-ZIF-8 not only has excellent esterase activity but also has better hydrothermal stability.
Surface coating may also weaken or even lead to loss of enzyme activity. Jain et al. [45]
reported the replacement of cetyl trimithyl ammonium bromide (CTAB) by 11-MUA from
the surface of Au-core CeO2-shell NP-based nanozyme studied for exhibiting multiple
enzyme-like activities such as peroxidase, catalase, and superoxide dismutase. They found
that 11-MUA coating AuNPs lost the SOD and catalase-like activity, which compromise the
multifunctional property of chitosan nanoparticles (CSNPs).

Figure 3. (a) Schematic of the peroxidase mimetic activity of Mn:N-CDs [43]. (b) Molecular structures
of carbonic anhydrase II (CAII) and its active center as well as schematic illustration of the ZIF-8
structure and its CA-mimetic active center [44]. Reproduced with permission from (a) Ref. [43],
Copyright 2021 Multidisciplinary Digital Publishing Institute; (b) Ref. [44], Copyright 2022 American
Chemical Society.

2.4. Other Factors

Except regulating the intrinsic enzyme activity of nanozyme to control catalytic activity,
external factors can also affect the final enzyme activity. The pH and temperature are the
main external influencing factors. A lot of studies have confirmed that acidic conditions
are suitable for peroxidase-like activity, while neutral and alkaline conditions are favorable
for superoxide dismutase and catalase. For example, the esterase activity of Val-ZIF-8
synthesized by Sun et al. [44] would greatly increase with the increase in temperature. The
enzyme activity at 80 ◦C was about 25 times higher than that at 25 ◦C. Gao et al. [46] reported
a new strategy for controlling plaque biofilm with a peroxidase-like nanozyme (CAT-NP).
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CAT-NP showed a strong dependence on acidic conditions. It killed 99% of bacteria in the
acidic microenvironment simultaneously in a short time for biofilm control and prevention
of dental caries. However, several studies have broken through the limitation of optimal pH
for different nanozymes. Li et al. [47] developed the copper-based nanozyme (CuCo2S4),
which showed enhanced peroxidase-like activity and antibacterial ability under neutral
conditions (Figure 4). This would be used for infected wounds with pH close to neutral.

3. Improvement of the Specificity

At present, the research of nanozyme is not only to improve catalytic activity but also
to improve specific recognition ability to realize the replacement of natural enzyme. The
activity change of nanozyme is related to the action mechanism of nanozyme, while the
catalytic specificity of nanozyme affects the accuracy of target capture. Most applications
of nanozymes are based on the discovery and simulation of nanozyme activity, but there is
still a lack of catalytic specificity. The simulation of catalytic activity mostly comes from
the functional replica rather than the remodeling of the active center structure of natural
enzyme, so the catalytic specificity is greatly reduced. In the years of rapid development
of nanozyme, some strategies have been explored to solve these problems: (I) to simulate
the active center and binding site of natural enzyme more precisely from the chemical
structure at the design and construction of nanozyme and (II) to combine some specific
molecular-assisted recognition.

The premise for natural enzyme to work is to combine it with the substrate, that is, to
capture the substrate. It mostly depends on the primary structure and spatial configuration
of protein or RNA to realize the complementarity with specific substrate. Therefore, the
research on the specificity of nanozyme can start from this point. Currently, there have been
many reports on biomimetic research of nanozyme [48–50]. For example, Zhou et al. [48]
proposed a chiral COF nanozyme with highly ordered active centers and substrate binding
sites that is mainly used to simulate horseradish peroxidase (HRP). The active site of HRP
contains porphyrin heme as the catalytic active center and the distal L-histidine (L-His)
residue as the binding site. Biomimetic COF enzyme is mainly constructed by mixing iron 5,
10, 15, 20-tetra (4′-tetraphenylamino) porphyrin unit (Fe-ATPP) into the COF skeleton as the
active center and modifying L-His as the substrate binding site for chiral recognition. COF
can be used as the skeleton of nanozyme. The well-dispersed Fe-ATPP unit in the skeleton
endows COF nanozyme with high enzyme-like activity, which is 21.7 times higher than
HRP. At the same time, the incorporation of L-/D-Hiss imparts the COF nanozyme with
enantioselectivity in the oxidation of L-/D-dopa enantiomers and displays a preference
for dopa. Changing the content of L-/D-Hiss can also optimize the selectivity of COF
nanozyme. This work can easily adjust the activity and stereospecificity of COF chiral
nanozyme by changing the doped amino acid and its content.

Although the biomimetic simulation of active centers and binding sites can be car-
ried out according to the analysis of the three-dimensional structure of natural enzymes,
the biological affinity and structural simulation of nanomaterials are still limited, which
still need to be assisted by biological molecules with specific recognition ability. In this
method, the biological recognition element and nanozyme are coupled to achieve the dual
improvement of catalytic activity and specificity. Biorecognition elements mainly include
antibody, DNA, aptamer, molecularly imprinted polymer (MIP), and biological enzyme.
Molecularly imprinted polymer (MIP) is a polymer processed by molecular imprinting tech-
nology, which leaves a cavity in the polymer matrix and has affinity for selected “template”
molecules [51]. Molecular recognition sites of specific target molecules are created in MIP
to obtain solid materials with high selectivity for specific target molecules. Zhang et al. [52]
initiated polymerization on the surface of the nanozyme substrate conjugate by adding a
variety of polymerization monomers, thus forming a molecular imprinted hydrogel layer.
Remove the imprinted substrate molecule to obtain the substrate specific recognition site
constructed on the periphery of the nanozyme (Figure 4a). In addition, the incorpora-
tion of functional monomers and charges further improved the activity and specificity of
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nanozyme. Under the optimum conditions, the specificity can reach 100 times. A variety of
nanozyme materials, including ferric oxide, gold, cerium dioxide, and other nanomaterials
with peroxidase or oxidase activity, can be significantly improved by molecular imprinting.

Figure 4. (a) Schematic diagram of molecularly imprinted nanozyme preparation [52]. (b) Schematic
diagram of the PEC immunoassay using high-activity Fe3O4 nanozyme as signal amplifier. Repro-
duced with permission from (a) Ref. [52], Copyright 2017 American Chemical Society; (b) Ref. [53],
Copyright 2019 Elsevier.

The biological enzyme–nanozyme cascade sensing system combined with biological
enzyme is mostly used in the application of peroxide–nanozyme. Biological enzymes
combine to oxidize specific substrates and produce H2O2, which in turn triggers peroxide
nanozyme color or fluorescence reaction to realize signal sensing. Although biological
enzymes can selectively capture target molecules, just like the reason for the birth of
nanozymes, biological enzymes are limited by pH, temperature, reaction system, and
other factors. At present, two kinds of enzymes are often linked on the same carrier for a
cascade reaction. The ratio of enzyme content, immobilization method, and intermediate
loss all affect the catalytic efficiency and sensing accuracy. The highly variable region
of the antibody endows the antibody with the ability to recognize antigen specifically.
Researchers often use nanozyme to replace the biological enzyme in ELISA to provide
color signals. In addition to recording optical (colorimetric, fluorescent, chemilumines-
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cence) signals for analysis, nanozyme catalysis can also trigger changes in temperature,
volume, mass and pressure to form a new sensing mode. The detection methods are not
confined to colorimetric detection but can also use electrochemical detection and Raman
analysis. Li et al. [53] used high-activity Fe3O4 nanozyme as a signal amplifier to develop
an ultrasensitive photoelectronic (PEC) immunoassay. In short, ZnO nanorods (ZnO-NRs)
growing vertically on a bar indium–tin oxide (ITO) electrode were dispersed with ZnIn2S4
nanocrystals, producing a ZnIn2S4/ZnO-NRs/ITO photoelectronic as the PEC material
mix to modify and capture PSA antibodies (Ab1). Histidine-modified Fe3O4 (His-Fe3O4)
nanozyme acts as a signal amplifier and connects with the signal PSA antibody (Ab2) to
form His-Fe3O4@Ab2 conjugate, which is anchored by a specific sandwich immune reac-
tion (Figure 4b). Labeled His-Fe3O4 nanozyme as a peroxidase induced the production of
insoluble and insulating precipitation, resulting in a significant reduction of photocurrent
signal. Finally, the ultralow detection limit of prostate specific antigen (PSA) 18 fg/mL was
achieved. Recently, the methods that can be used for the biological coupling of nanozyme
and an antibody are still limited. The technology that can effectively biocouple nanozyme
with an antibody or antigen is not mature [19], and the reproducibility of nanozyme-labeled
immunosensor is not good, and the large-scale commercial application technology still
needs to be developed.

Deoxyribonucleic acid (DNA) and aptamers are other biological recognition elements
that assist nanozymes to achieve high specificity. DNA, which follows the principle of
complementary base pairing and has a specific sequence, can accurately identify the target,
which is widely used in biological and medical fields. However, there are some problems
to be solved in the nanozyme labeled with single-stranded DNA (ssDNA). ssDNA endows
the surface of nanozyme with more negative charges, which will further affect the adsorp-
tion kinetics of substrate and the catalytic activity of nanozyme. It has been found that
the modification of DNA changes the surface charge state of Fe3O4NPs, thus promoting
the combination of nanozyme and substrate [54]. In addition, chemical modification or
physical adsorption of DNA may also block the active site of nanozyme, resulting in the
reduction of catalytic efficiency. Therefore, the length, concentration, and two-dimensional
structure of DNA and the surface charge distribution of nanozyme affect the catalytic
activity of nanozyme [55]. Although there have been many research outputs of DNA-
modified nanozymes, we still do not know enough about the mechanism of the interaction
between the DNA chain on the surface of the nanozyme and the nanozyme. Most of the
results are due to the trial and error of scientific researchers. Understanding the mechanism
may better control the application of DNA in the field of nanozymes. The aptamer is
a short DNA sequence screened in vitro, which is also highly specific. There are many
aptamer sensors based on nanozyme. A simple and low-cost colorimetric analysis was
established for a highly sensitive determination of Kanamycin (KAN) through integrat-
ing boron nitrate quantum dots-anchored porous CeO2 nanorods (BNQDs/CeO2) and
aptamer by Zhu et al. [56] due to the large specific surface area and synergistic interac-
tion between BNQDs and CeO3, which can effectively catalyze the oxidation of 3,5′,5,2′-
tetramethylbenzidine (TMB). In addition, the catalytic activity of BNQDs/CeO2 nanozyme
was significantly enhanced because of the dispersion of BNQDs/CeO2 nanozyme and the
increase in substrate affinity after the substrate was combined with KAN-specific aptamer.
KAN can combine with the aptamer to reduce the catalytic efficiency. The proposed colori-
metric method realized the low detection limit of 4.6 pM. DNA and aptamer are superior
to other biological recognition molecules in cost and stability, and aptamer can also further
improve the detection specificity. However, there is also a complex interaction between
the aptamer and the catalytic performance of nanozyme. Mechanism analysis and rule
summary need to be obtained.

4. Environmental Monitoring

Over recent years, with the development of industry, environmental pollution has
become increasingly serious, especially water pollution, which directly threatens human
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health. Common pollutants include heavy metal ions, dyes, phenols, pesticides, antibiotics,
drugs, plasticizers, and other organic substances due to biological pollutants such as bio-
logical pathogenic bacteria or toxin pollution (Table 1). Hence, monitoring environmental
pollutants has become a global concern.

4.1. Toxic Ions

With the rapid development of manufacturing industry around the world, overex-
ploitation of minerals and groundwater, and industrial wastewater discharge, toxic ion
pollution has become an unavoidable environmental problem. Toxic ions mainly refer
to heavy metal ions, including mercury, cadmium, lead, chromium, arsenic, and other
elements with potential biological toxicity. Because it cannot be degraded, it can only be
converted into different chemicals through abiotic or biological mechanisms and can be
amplified through the food chain, posing a serious threat to the ecosystem and human
health [57]. At present, many methods based on nanozyme detection of toxic ions have
been explored. Most of the sensors are miniaturized and portable to be used in point-of-care
testing (POCT).

Wang et al. [58] loaded Au NPs onto HS-rGO to modify a glass carbon electrode (GCE)
as a sensing platform. Au Pd-modified zirconium metal organic skeleton (AuPd@UiO-67)
labeled with signal chain (Apt2) is used as signal enhancer to capture Hg2+ based on T-Hg
(II)-T structure (Figure 5a). With the increase in modified Hg2+ concentration, the amount
of Apt2-AuPd@UiO-67 is increased, thus realizing the detection of Hg2+. The electro-
chemical sensor has a wide linear range (1.0 nmol/L–1.0 mmol/L) and a low detection
limit (0.16 nmol/L). Except for electrochemical detection methods, colorimetry is the most
commonly used method to detect Hg2+. A graphene oxide nanosheet (CGO) based on
L-cysteine functionalization was found to have a strong peroxidase-like activity compared
with graphene oxide [59]. The introduction of more S and N species can effectively produce
more surface defects and active sites, thus endowing carbon high peroxidase-like properties.
The nanozyme can be used to realize the microdetection of Hg2+, and its sensing principle
is mainly based on the competitive adsorption between Hg2+ and photothermal properties
of 3,3′,5,5′-tetramethylbenzidine (TMB). Because Hg2+ hinders the combination of TMB
and CGO, TMB is catalyzed by H2O2 to produce more colored oxidation products, resulting
in a more significant colorimetric response (Figure 5b), meaning, therefore, good detection
of Hg2+. Zhong et al. [60] used the peroxidase-like activity of iron hydroxide (FeOOH)
nanorods to detect As(V) by colorimetry. Unlike TMB, the catalytic substrate is ABST,
and its oxidation product is green and reaches the maximum absorption peak at 418 nm.
As(V) can be adsorbed onto FeOOH nanorods through electrostatic interaction and an
As-O bond, so the oxidation is gradually embedded. Finally, the colorimetric determination
with response of 0–8 ppb and 8–200 ppb and detection limit of 0.1 ppb is realized. Ag+ is
also a heavy metal ion. Zhang et al. [61] utilized the excellent colorimetric and TMB to
construct photothermal and colorimetric double-readout sensors for Ag+ analysis. MnO2
nanosheets (NSs) were used to catalyze the oxidation of TMB to oxTMB. However, the
reduction of MnO2 NSs by glutathione (GSH) can reduce the catalytic capacity of MnO2
NSs (Figure 5c). In this method, a specific combination of Ag+ and GSH is utilized to inhibit
this reduction process. According to this principle, the Ag+ concentration can be converted
into temperature and color signals. Consequently, the Ag+ content can be determined both
with the naked eye and with a portable thermometer. It is very suitable for POCT in the
process of environmental detection.
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Figure 5. (a) Schematic diagram for fabricating the designed electrochemical aptasensor to detect
Hg+ [58]. (b) Schematic of CGO preparation and the principle of color rendering [59]. (c) Schematic of
the proposed MnO2 NSs-GSH-TMB colorimetric and photothermal platform for the Ag+ analysis [61].
Reproduced with permission from (a) Ref. [58], Copyright 2022 Elsevier; (b) Ref. [59], Copyright 2022
Elsevier; (c) Ref. [61], Copyright 2019 Springer.

4.2. Organic Pollutants

Herbicides and pesticides used in agriculture to increase food production will cause
serious pollution of soil and water quality. At present, most pesticides on the market are
not degradable organophosphorus pesticides. If the metabolites or degradation products
of pesticides exceed the maximum residue, they will cause pollution. In addition, antibiotic
residues are also considered as typical organic pollution. Because of their longer half-life,
they are more threatening to humans and other organisms. Another common organic
pollutant, phenolic compounds, are common in dye, pharmaceutical, photo development
and other industrial fields and is difficult to degrade in the aquatic ecological environment.

Parathion is an organophosphate (OP) insecticide, and it is also an irreversible in-
hibitor of nervous system function. Chen et al. [62] designed a bimetallic nanozyme (Au@Pt:
gold@platinum) catalytic competitive sensitive biological bar code immunoassay. This
novel biobarcode immunoassay contained three types of probes: (I) mAbs and ssDNA-
labeled AuNP probes, (II) parathion OVA-hapten-modified immunomagnetic nanoparticle
(MNP) probes, and (III) C-ssDNA-labeled Au@Pt probes (Figure 6a). The Au@Pt probe
reacts with the AuNP probe through complementary base pairing. Parathion then com-
petes with the MNP probe to bind mAb onto the AuNP probe. Finally, Au@Pt nanozyme
is released from the complex to catalyze the color development of TMB. The most com-
mon and efficient platform to detect OPs is the enzyme biosensor, which is based on OPS
to inhibit acetylcholinesterase (AChE) activity. In another work, lactate dehydrogenase
(LDH)-based ZIF-8 nanocomposite was prepared by Bagheria et al. [63], utilizing the for-
mation of a simple complex between Zn2+ and 2-methylimidazole. This process leads
to the formation of highly dispersed ZIF-8 nanostructures on the surface of ZnFe-LDH
nanosheets (LDH@ZIF-8). Moreover, the peroxidase-mimicking behavior of the prepared
nanocomposites is improved compared to pristine LDHs and MOFs. LDH@ZIF-8 signifi-
cantly contributes to the CL emission intensity of the H2O2 rhodamine B (RhoB) system.
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When organophosphorus pesticides (OPS) were present, AChE activity was inhibited, and
reduced production of H2O2 eventually led to the attenuated chemiluminescence of RhoB
(Figure 6c). This detection method achieved highly sensitive sensing of OPS indirectly by
detecting the change of the hydrogen peroxide content. Apart from the chemilumines-
cence strategy, photoelectrochemical biosensors are another emerging analytical method.
Song et al. [64] used the double amplification strategy to construct the photoelectrochemical
aptamer sensor. The sensor realizes signal sensing mainly based on Co9S8@In-CdS NTs
and PtNi nanozymes acting as signal amplifiers. Because sulfamethazine (SMZ) has a
stronger affinity with the aptamer, the aptamer tends to combine with SMZ and escape
from the electrode through the dissociation of the double chain structure, generating a
photocurrent response. SA-modified PtNi nanostructures further increase the spatial steric
resistance of the electrode surface. The insoluble 4-CD precipitate formed by incubation
with 4-CN in the presence of H2O2 seriously hinders electron transfer and again changes
the photocurrent response to achieve sensing of SMZ (Figure 6b).

 
Figure 6. (a) Schematic presentation of the colorimetric biobarcode immunoassays for parathion
based on amplification using Au@Pt and HRP [62]. (b) Schematic illustration of the preparation
process of Co9S8@In-CdS NTs and the proposed PEC aptasensor for SMZ detection [64]. (c) Detection
of OPs by LDH@ZIF-8-assisted RhoB-H2O2 CL-based system [63]. Reproduced with permission
from (a) Ref. [62], Copyright 2020 American Chemical Society; (b) Ref. [64] Copyright 2022 Elsevier;
(c) Ref. [63], Copyright 2019 Elsevier.

In order to make detection and environmental assessment portable and fast, some
researchers bind sensors and smartphones to achieve mobile data transmission. This
kind of combination can be used for POCT. Sun et al. [65] synthesized a three-layer
FeOx@ZnMnFeOy @Fe Mn bimetallic organism with excellent multienzyme activity (per-
oxidase, oxidase, and catalase). Therefore, this sensing platform can complete the four
functions of detecting H2O2, citric acid (CA), norfloxacin (NOR), and gallic acid. Moreover,
smartphones are also used for automatic quantitative detection of CA and NOR, and the
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detection limit of norfloxacin is as low as 52 nM. Nanozyme with multienzyme activity
was also used in the detection of phenolic compounds. A highly efficient mimic catalyst
of Co1.5Mn1.5O4 with four enzyme activities (peroxidase, oxidase, catalase, laccase) was
used to detect dihydroxybenzene isomers. Finally, a dual function colorimetric sensor
was constructed using TMB [66]. Ye et al. [67] constructed NiCo2O4@MnO2 with p–n
junctions, which not only has the photoelectric effect brought by the p–n junctions but also
has inherent oxidase and peroxidase-like activities. The result is an excellent minimum
detection limit of 0.0042 μM for hydroquinone.

4.3. Foodborne Pathogens

Biological pollution mainly refers to environmental pollution caused by various or-
ganisms that pose a threat to human health. The biological pollution in the water and
soil environment mainly comes from untreated domestic sewage, industrial wastewater,
garbage, and feces, which eventually leads to the excessive content of foodborne pathogens.
In history, Vibrio cholerae once polluted the water environment as a foodborne pathogen,
which eventually led to the global epidemic of cholera in the 1930s. Intestinal bacteria
such as Escherichia coli, Streptococcus faecalis and Clostridium are the main bacteria that
pollute water. Hepatitis also erupts through fecal sewage.

The first microorganism to be detected in drinking water is the content of Escherichia
coli (E. coli). Thus, the detection of foodborne pathogens is increasingly urgent. In the detec-
tion of E. coli, β-Galactosidase (β-Gal) is applied. A multicolor colorimetric platform trig-
gered by a designed enzyme nanozyme cascade reaction was designed and prepared [68].
MnO2 nanoparticles with oxidase-like activity can catalyze the oxidation of TMB. Then
TMB2+ quickly etched the gold nanorods (Au NRs), and the longitudinal local surface
plasmon resonance peak appeared as an obvious blue shift and the polychromatic change
of Au NRs. The presence of E. coli will hydrolyze p-aminophenyl β-d-galactopyranoside
(PAPG) to produce p-aminophenol (PAP) through β-galactose, thereby mediating the re-
duction of MnO2 nanosheets, destroying their oxidase-mimicking activity, and affecting the
production of TMB2+. Consequently, sensing systems that exhibit different colors can be
easily observed for different concentrations of E. coli. A colorimetric sensor based on Ps-Pt
nanozymes for the detection of Salmonella typhimurium was reported by Jiao et al. [69].
The sensor combines immunosensing and magnetic separation techniques. They cova-
lently bound streptavidin first to Ps-Pt. Then the bacteria were recognized by coupling a
biotinylated antibody of S. typhi onto PS Pt through the high affinity between streptavidin
and biotin. Moreover, the magnetic beads conjugated antibodies were also prepared to
facilitate the subsequent bacteria separation test, thus making the detection simple and
fast. Similarly, Ps-Pt nanozyme with peroxidase activity has also been used to detect
Staphylococcus aureus (S. aureus) on paper-based analytical equipment with a detection limit
of 9.56 ng/mL [70]. Targeting S. aureus, Luo et al. [71] constructed a PEC sensor for S. aureus
with a wide linear range between 10 and 108 CFU/mL and a limit of detection (LOD) as
low as 3.40 CFU/mL based on “signal off” using the Cu-C3N4-TIO2 heterostructure as
the photoactive material and Cu-C3N4 peroxidase-like nanozymes as signal amplifiers.
During the detection, Cu-C3N4 (Cu-C3N4@Apt) and benzo-4-chlorohexanedione (4-CD)
produced by the oxidation of 4-chloro-1-naphthol (4-CN) in the presence of hydrogen
peroxide participated in decreasing the photocurrent signal (Figure 7b). Polyoxometalates
(POMS) of different structures have also been noted to possess peroxidase activity, among
which P2Fe4W18 enzyme activity was reported by Zhang et al. [72] Polydopamine (PDA)
as an emerging biomimetic adhesive polymer combines with P2Fe4W18 to enhance enzyme
activity (Figure 7a). Ultimately, Fe4P2W18/PDA achieved the detection of E. coli O157:H7
with a detection limit of 4.2 × 102 CFU/mL.
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Figure 7. (a) Construction of the PEC sensor and detection of S. aureus [72]. (b) Schematic illustration of
the synthesis procedure and the peroxidase activity of the P2W18Fe4/PDA nanozyme [71]. Reproduced
with permission from (a) Ref. [72], Copyright 2022 Elsevier; (b) Ref. [71], Copyright 2021 Elsevier.

Table 1. Summary of the application of nanozymes in environmental monitoring.

Category Analyte Nanozyme Activity Detection Mode
Detection

Range
LOD Ref.

Toxic ions

Fe2+/Pb2+ MnO2 CAT Colorimetric

0.001~0.02
mmol/L
0.05~0.4
mmol/L

0.5 μmol/L
2 μmol/L [73]

F− AgPt-Fe3O4 POD Colorimetric 50~2000 μM 13.73 μM [74]
Nitrite AuNP-CeO2 NP@GO OXD Colorimetric 100~5000 μM 4.6 M [75]

Cl−, Br−, I− Ag3Cit OXD Colorimetric / 26, 12, 7 nM [76]
Cu2+ E-ChlCu/ZnO POD Colorimetric 0–1/1–15 μM 0.024 μM [77]

As3+ Pd-DTT OXD Colorimetric 33~3.333 ×
105 ng/L 35 ng/L [78]

Fe2+ C-dots/Mn3O4 NCs OXD Colorimetric 0.03~0.83 μM 0.03 μM [79]
Nitrite His@AuNCs/RGO POD Electrochemical 2.5~5700 μM 0.5 μM [80]

Hg2+ MXene/DNA/Pt
NCs POD Colorimetric 50~250 nM 9.0 nM [81]

Fe3+ NCD/UiO-66 NCs SOD
POD Colorimetric 0~0.1 mM / [82]

Cr6+ PEI-AgNCs OXD Colorimetric / 1.1 μM [83]

Fe2+ AuRu aerogels OXD
POD Colorimetric 5~250

μmol/L 0.7 μmol/L [84]

Hg2+ CS-MoSe2NS POD
OXD Colorimetric 0.1~4.0 μM 3.5 nM [85]

Fe3+ MoSe2@Fe POD Colorimetric 25~300 μM 1.97 μM [86]
F− R-MnCo2O4/Au NTs POD SERS 0.1~10 nM 0.1 nM [87]

Sn2+ nano-UO2 POD Colorimetric 0.5–100 μM 0.36 μM [88]
PO4

3− MB@ZrHCF POD Colorimetric 10~200 μM 2.25 μM [89]
Cr3+ GdOOH Phospholipase Colorimetric 5.0~200 μM 0.84 μM [90]
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Table 1. Cont.

Category Analyte Nanozyme Activity Detection Mode
Detection

Range
LOD Ref.

Toxic ions

Hg2+ AuPd@UiO-67 POD Electrochemical 1~106 mM 0.16 nmol/l [58]

Al3+ Single atom Ce-N-C Laccase Colorimetric 5–25 μg/mL 22.89 ng/mL [91]
Cr6+ CD/g-C3N4 POD Colorimetric 0.3–1.5 μM 0.31 μM [92]

Hg2+ CuS HNS POD Colorimetric 50~4 × 105

ng/mL
50 ng/L [93]

As3+ CoOOH POD Electrochemical 0.1~200 μg/L 56.1 ng/L [94]
Cr6+ Cu-PyC MOF POD Colorimetric 0.5–50 μM 0.051 μM [95]

Cr6+
Ni/Al LDH

(Ni/Al–Fe(CN)6
LDH)

POD Colorimetric 0.067~10 mM 0.039 mM [96]

Pb2+ Tannic Acid@Au NPs POD Colorimetric 25~500
ng/mL 11.3 ng/mL [97]

S2− MoS2/g-C3N4HNs POD Colorimetric 0.1~10 μM 37 nM [98]
S2− PDA@Co3O4NPs CAT Colorimetric 4.3~200 μM 4.3 μM [99]

As3+ AuNPs POD Colorimetric 0.01~11.67
mg/L 0.008 mg/L [100]

S2− GMP-Cu Laccase Colorimetric 0~220
μmol/L 0.67 μmol/L [101]

Hg2+ Ag2S@GO OXD Colorimetric 5.0~120.0 ×
10−8 M

9.8 × 10–9

mol/L
[102]

Cu2+ MMoO POD Colorimetric 0.1~24 μM 0.024 μM [103]
Cr6+ MOF OXD Colorimetric 0.1~30 μM 20 nM [104]
Cr6+ CuS-frGO POD Colorimetric 0–200 nM 26.60 nM [105]
Cr6+ SA-Fe/NG POD Colorimetric 30~3 μM 3 nM [106]
Cr3+ CuFe2O4/rGO POD Colorimetric 0.1~25 μM 35 nM [107]
Hg2+ L-cysteine@GO POD Colorimetric 0~200 μg/L 5 μg/L [59]
Hg2+ PtNPs POD Colorimetric 20~3000 nM 10.5 nM [108]

Hg2+ Au-HBNz POD Colorimetric 0.008~20
μg/mL 1.10 ng/mL [109]

Hg2+ AuPt@DSN POD Colorimetric 0.1~103 nM 8.58 pM [110]
Hg2+ MVC-MOF OXD Colorimetric 0.05~6 μM 10.5 nM [111]

Hg2+ Citrate-capped Cu
NPs POD Colorimetric 0.100~6.000

μM 0.052 μM [112]

Hg2+ Fe-MoS2@AuNPs POD Electrochemical 0.5~200 nM 0.2 nM [113]

Hg2+ Ag NWs OXD Colorimetric 25∼5000
μg/L 19.9 ng/L [114]

Hg2+ Cys-Fe3O4 POD Colorimetric 0.02–90 nM 5.9 pM [115]
Hg2+ His-AuNCs OXD Colorimetric 0.05–0.8 μM 8 nM [116]
Ag+ MnO2 NSs OXD Colorimetric 0.02~1.0 μM 6.7 nM [61]

As5+ FeOOH POD Electrochemical 0.04~200
μg/L 12 ng/L [60]

Al3+ Nanoceria Phosphatase Electrochemical 30~3.5 × 103

nM
10 nM [117]

H2O2 MA-Hem/Au-Ag POD Colorimetric 0.010–2.50
mM 2.5 μM [118]

H2O2 Pt/CeO2/NCNFs CAT Electrochemical 0.0005–15 mM 0.049 μM [119]

Phenolic

Phenol
Compounds

1-
Methylimidazole/Cu

Nanozyme
Laccase Colorimetric 0.5~4 μg/mL 0.57 μg/ml [120]

2,4-dinitrophenol polymer-Fe-doped
ceria/Au NC POD Colorimetric 1~100 μg/mL 2.4 μM [121]

Hydroquinone NiCo2O4@MnO2 POD OXD Colorimetric 0~24 μM 0.042 μM [67]
Hydroquinone Co1.5Mn1.5O4 OXD Colorimetric 0.05∼100μM 0.04μM [66]

2,4,6-TNT 2H–MoS2/Co3O4 OXD Electrochemical / 1 pM [122]

Hydroqui-none Fe3O4@COF POD Colorimetric 0.5~300 μmol
L 0.12 μmol L [123]

2,4-DP AMP-Cu Laccase Colorimetric 0.1~100
μmol/L 0.033 μmol/L [124]

2,4-DP MnCo@C NCs Laccase Electrochemical 3.1~122.7 μM 0.76 μM [125]

2,4-DP NiFe2O4 POD Colorimetric 0.218~3.282
μg/mL 0.311 μg/mL [126]
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Table 1. Cont.

Category Analyte Nanozyme Activity Detection Mode
Detection

Range
LOD Ref.

OPs

Carbendazim MoS2/MWCNTs OXD Electrochemical 0.04~100 μM 7.4 nM [127]

parathion ethyl C-Au NPs POD Colorimetric 11.6~92.8
ng/mL 5.8 ng/mL [128]

Dichlorvos γ-MnOOH NWs OXD Colorimetric 0~15 ng/mL 3 ng/ml [129]
Diazinon LDH@ZIF-8 POD Colorimetric 0.5~300 nM 0.22 nM [63]

Paraoxon 2D MnO2
OXD
POD Electrochemical 0.1~20 ng/mL 0.025 ng/mL [130]

Benomyl AgNPs/MWCNTs/GO OXD Electrochemical 0.2~122.2 μM / [131]
Dimethoate Pt NPs POD Colorimetric 0.5~9 μg/mL 0.15 μg/mL [132]

Naphthalene
acetic acid Ti3C2-MXene/BP OXD Electrochemical 0.02~40 μM 1.6 nM [133]

Parathion NiO-SPE OXD Electrochemical 0.1~30 μM 0.024 μM [134]
MeHg NA-CDs/AuNPs POD Colorimetric 0.375~75 μg L 0.06 μg L [135]

Chlorpyrifos Ag-Nanozyme POD Colorimetric 35~210 ppm 11.3 ppm [136]

Omethoate SACe-N-C POD Colorimetric 100~700
μg/mL 55.83 ng/mL [137]

Methyl-paraoxon Nanoceria Laccase Colorimetric 0.42~126 μM 0.42 μmol/L [138]

Methyl-paraoxon CeO2
POD
OXD Electrochemical 0.1~100

μmol/L 0.06 μmol/L [139]

Methyl-parathion Fe3O4/C-dots@Ag-
MOFs / Electrochemical 5 × 10−11~2

× 10−9 mol/L
1.16 × 10−11

mol/L
[140]

Atrazine Fe3O4-TiO2/rGO POD Colorimetric 2~20 mμ g/L 2.98 μg/L [141]
Glyphosate Au@PN POD Colorimetric 0.5~20 nM 0.24 nM [142]
Glyphosate Porous Co3O4 POD Colorimetric 8~80 μg/L 2.37 μg/L [143]

Glyphosate Fe3O4@C7/PB POD Colorimetric 0.125~15
μg/mL 0.1 μg/mL [144]

Carbaryl NH2-MIL-101(Fe) POD Colorimetric 2~100 ng/mL 1.45 ng/mL [145]
Chlorophenols Fe3O4@MnOx OXD Colorimetric 10~1600 μM 0.85 μM [146]

Fipronil ZIF-8 POD Colorimetric 0.2~4μM 0.036 μM [147]
Malathion Fe-N/C SAzyme OXD Colorimetric 0.5~10 nM 0.42 nM [148]

Antibiotic
residues

Sulfamethazine PtNi NCs POD Photoelectrochemical 0.05~103

pg/mL
37.2 fg/mL [64]

Sulfonamides 2D Cu-TCPP (Fe) POD Electrochemical 1.186~28.051
ng/mL 0.395 ng/mL [149]

Streptomycin Au@Pt NPs POD Lateral Flow
Immunoassays

0.062~0.271
ng/mL 1 ng/mL [150]

Tetracycline Cu-doped-g-C3N4 POD Colorimetric 0.1~50 μM 31.51 nM [151]
Tetracycline Fe3O4@MIP POD Colorimetric 2~225 μM 0.4 μM [152]
Tetracycline MIL-101(Fe/Co) POD Colorimetric 1–8 μM 0.24 μM [153]

Norfloxacin FO@ZMFO@FM-
MOG

CAT
OXD
POD

Colorimetric 0.415–6.21 μM 52 nM [65]

Kanamycin CoFe2O4NPs POD Electrochemical 1~10−6 μM 0.5 pM [62]

Chloramphenicol Co3O4 POD Electrochemilumi-
nescence

5 × 10−13~4
× 10−10

mol/L

1.18 × 10−13

mol/L
[154]

Kanamycin WS2 Nanosheets POD Colorimetric 0.1–0.5 μM 0.06 μM [155]

Metronidazole

MIL-53 (Fe)@
molecularly

imprinted polymer
(MIP)

POD Colorimetric 1~200 μM 53.4 nM [156]

Foodborne
pathogens

Staphylococcus
aureus Cu-C3N4-TiO2 POD Photoelectrochemical 10~108

CFU/mL
3.40 CFU/mL [71]

Staphylococcus
aureus Pd@Pt NPs POD Lateral Flow

Immunoassays
10–300
ng/mL 9.56 ng/mL [70]

Salmonella
typhimurium IPs-Pt POD Colorimetric 104~106

CFU/mL 103 CFU/mL [69]

Escherichia coli Au NRs OXD Colorimetric
1.0 × 102~1.0

× 105

CFU/mL
22 CFU/mL [68]

E. coli O157:H7 Au-Pt dumbbell NPs POD Colorimetric 10~107

CFU/mL
2 CFU/mL [157]

E. coli O157:H7 man-Pediatric lead
(PB) POD Lateral Flow

Immunoassays
102~108

CFU/mL 102 CFU/mL [158]

E. coli O157:H7 P2W18Fe4/PDA POD Colorimetric 103~106

CFU/mL
4.2 × 102

CFU/mL
[72]
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5. Environmental Management

Over these years, industrial development and natural resource exploitation have
brought economic prosperity, but at the same time, all over the world, it has also faced
serious environmental governance challenges. Most pollutant residues are found in water
sources and soils on which mankind depends for survival. Furthermore, the common
degradation methods of pollutants are of three types: (I) biodegradation, (II) physical
adsorption, and (III) chemical oxidation. Nanozymes as an emerging research outcome
in the 21st century exhibit excellent qualities in environmental governance. They (I) can
handle compounds that are often difficult to biodegrade, (II) can operate independently of
pollutant concentration, (III) can operate over a wide range of pH, temperature, and salinity,
(IV) are not inhibited by biofouling, (V) are relatively simple and easy to control, and (VI)
are highly stable and recyclable [57]. Environmental monitoring Table 2 demonstrates the
application of nanomaterials in the degradation of various pollutants.

Table 2. Summary of the application of nanozymes in environmental management.

Category Pollutant Activity Nanozyme Removal Efficiency Ref.

Dyes

RhB POD Sulfur-doped graphdiyne >98% [159]
Methyl orange POD CNZ 93% [160]
Rhodamine B OXD FeBi-NC SAzyme 99% [161]

Methylene Blue POD ZnNi-MOF/GO NCs 95% [162]
Methylene Blue POD Cu2+-HCNSs-COOH 80.7% [163]

Methylene Blue POD
OXD PdNPs/PCNF 99.64% [151]

Amido Black Laccase Cu/H3BTC MOF 60% [164]
Malachite green Laccase Fe3O4@C-Cu2+ 99% [165]

Organic dyes POD Fe3O4@Gel 99% [166]

Antibiotics Tetracycline POD Sulfur-doped graphdiyne >69% [159]

Toxic ions
Cr6+/As3+ CAT NanoMn3O4 >98% [167]

Hg2+/Cl− POD AgRu@β-CD-co-GO 94.9%
93.8% [168]

H2O2
CAT
POD DMNS@AuPtCo >95% [169]

Phenolic

Hydroquinone Laccase

Aminopropyl-
functionalized copper

containing phyllosilicate
(ACP)

100% [170]

Phenol POD MNP@CTS >95% [171]

Phenol CAT
POD DMNS@AuPtCo 90% [169]

2,4-DP Laccase Fe1@CN-20 65% [172]
2,4-DP Laccase AMP-Cu 65% [124]
2,4-DP Laccase CH-Cu 82% [173]
2,4-DP Laccase Cu-Cys@COF-OMe >75% [174]
2,4-DP Laccase CA-Cu NPs 90% [175]

DEHP phthalic acid esters Hydrolase Zn-heptapeptide
bionanozymes 86.80% [176]

Microplastics POD Fe3O4NPs 100% [177]

Pathogens

Escherichia coli Phospholipase PAA-Cnp >80% [178]
Escherichia coli POD Au-Pt dumbbell NPs 95% [157]
Escherichia coli OXD w-SiO2/CuO 90% [179]

Gram-negative bacteria POD SA-Pt/g-C3N4-K >99.99% [180]

OPs
Simazine POD Fe3O4/DG 99% [181]
Atrazine POD Fe3O4-TiO2/rGO 98% [141]

Cinosulfuron POD CP@CA 96.25% [182]
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Currently, most of the substances that nanozymes are able to degrade are organic such
as phenolic compounds, herbicides, insecticides, dyes, and antibiotics. A few nanozymes
are used to degrade inorganic heavy metal ions. Citric acid-modified copper peroxide
nanodots (CP@CA) synthesized by Yang et al. [182] are an autocatalytic nanozyme. Un-
der acidic conditions, they can decompose into H2O2 and Cu2+ in water or soil, while
H2O2 would further decompose into •OH, capable of degrading nicosulfuron, based on
a Fenton-like reaction. Its degradation rate can reach 97.58% within 1 h. Furthermore,
after CP@CA was involved in pollutant degradation, the ecotoxicity of most degradation
intermediates was reduced to a lower level compared with nicosulfuron. Moreover, CP@CA
had little effect on the active components of the soil bacterial community. Photocatalytic
degradation is another pathway for the degradation of pollutants. Baruah et al. synthesized
magnetic Fe3O4 NPs on the surface of polydopamine functionalized RGO sheets (FDGs)
for photocatalytic degradation of the hazardous pesticide simazine. Due to its excellent
photocatalytic activity and magnetic separability, this makes the degradation rate of this
nanozyme 99% and highly sustainable. The specific mechanism of its degradation relies
on the formation of •OH under photocatalysis. The graphene sheets with good optical
properties enhanced Fe3O4 with very high electron hole pair recombination characteristics.
Dopamine-functionalized graphene sheets (DG) have high electron carrier capacity through
their π-bond network, resulting in FDG nanozymes with high photocatalytic activity. Upon
light irradiation, nanozymes absorb photons and undergo redox reactions by elevating
electrons from the valence band (VB) to the conduction band (CB) (Eqn 8). The electrons
in the CB can be easily transferred to the DG surface, forming a hole in the VB (Eqn 8).
The electrons on the surface of DG simultaneously trap dissolved molecular oxygen and
lead to the formation of superoxide radical anions (O•2−) (Eqn 9). Superoxide radical
anions directly interact with water molecules to form •OH (Eqn 10–12). Similarly, the holes
(H+) can be in contact with water molecules producing •OH (Eqn 13). •OH decomposes
simazine pesticides into nontoxic inorganic molecules and ions [181].

There are few recent studies on the removal of heavy metal ions by nanozyme, but
there are still several methods with high removal efficiency. AgRu bimetal mesoporous
nanozyme costabilized by β-CD and GO (AgRu@ β-CD co GO) was first constructed [168].
The nanozyme has a porous microstructure and a large number of hydroxyl and GO
aromatic rings, which can enrich and adsorb a large amount of Hg+ and Cl− in water. The
authors, through a 0.22 μm commercial millipore filtration membrane, repeatedly filtered
the mixed solution containing Hg+, Cl−, and nanozyme three times, and the Hg2+ and
Cl− removal efficiency reached more than 95.4% and 93.8%, respectively. In another work,
Su et al. [167] investigated the microbial sensitivity regulation mechanism (MSRM) on
typical paddy field heavy metal pollution (As3+ and Cr6+) using nanozyme nanoMn3O4-
coated microbial populations (NMCMP) and proved that Flavoisolibacter and Arthrobacter
were two main bacteria related to heavy metal (As3+ and Cr6+) pollution remediation. In
addition, NMCMP can enhance the reduction of Cr6+ level and inhibit the release and rapid
oxidation of As3+ during the repair process of As2H2S3 (Figure 8b). Methyl orange is a
typical dye in industrial wastewater selected as a typical dye pollutant because it is not
easily degraded. CNZ was applied to the degradation of methyl orange pollutants [160]. At
a high temperature of 60 ◦C and pH value of 3.93%, the degradation rate can be obtained in
less than 10 minutes. In addition, the nanozyme showed excellent reusability and storage
stability. However, Pd@ZnNi-MOF/GO nanocomposites with high peroxidase-like activity
took only 8 min to completely degrade the methyl blue dye, and the catalytic degradation
efficiency was as high as 95% [162].
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Figure 8. (a) Schematic diagram of MNP@CTS nanozyme-catalyzed degradation of phenol [171].
(b) Experimental design and process on NMCMP (NMCMP: nanozyme nanoMn3O4-coated microbial
populations) [167]. (c) Schematic diagram of Fe3O4 nanozyme-catalyzed degradation of microplas-
tics [177]. Reproduced with permission from (a) Ref. [171], Copyright 2018 Elsevier; (b) Ref. [167],
Copyright 2022 Elsevier; (c) Ref. [177], Copyright 2022 Wiley Online Library.

Decomposition of phenol and phenolic compound purification of the environment
is the focus of social attention. The degradation of phenol and phenolic compounds
using ferromagnetic nanoparticles (MNPs) has many advantages. Ferromagnetic chitosan
nanozymes (MNP@CTS) have the ability to catalyze the production of reactive oxygen
species from hydrogen peroxide. Under the action of reactive oxygen species, the substrate
phenol can be rapidly oxidized into various small molecules. Meanwhile, CTS can improve
the catalytic efficiency and increase the degradation rate and degradation effect (Figure 8a).
The removal efficiency is higher than 95% within 5 h [171]. Microplastics have a high surface-
to-volume ratio, and they can act as a carrier for invading microorganisms, heavy metals,
and other contaminants. Some of the long-term deleterious effects of microplastics include
infertility, degradation of microplastics, and cancer. Therefore, it is crucial to remove and
degrade microplastics in water resources. Hydrophilic bare Fe3O4 nanoaggregates allowed
efficient removal of the most common microplastics including high-density polyethylene,
polypropylene, polyvinyl chloride, polystyrene, and polyethylene terephthalate [177]. The
bare Fe3O4 nanoaggregates with peroxidase-like activity further catalyzed the degradation
of microplastics with nearly 100% efficiency by adsorbing to microplastics via hydrogen
bonding (Figure 8c).

6. Other Environmental Protection Applications

6.1. Air Purification

Air pollution does great harm to people who breathe with their lungs. Formalde-
hyde is particularly harmful. Newly decorated rooms often face the problem of too much
formaldehyde and cannot be occupied. Ecological nanozymes can catalyze the decompo-
sition of formaldehyde. The average purification rate of formaldehyde in two hours was
91.9% [57]. The composite material is made of activated carbon fiber (ACF) and porous
polymer composite and is also equipped with an antibacterial agent. When formaldehyde
molecules are sucked into the nanospace, the nanozyme will react with the oxygen in the
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air to produce highly active superoxide ions with active oxygen structure. Due to the
large contact area between the ecological enzyme catalyst and the adsorbed formaldehyde
molecules in the nanopores, the active catalyst molecules quickly combine with formalde-
hyde molecules. After a series of oxidation-reduction enzyme catalyzed reactions, different
peroxyintermediate oxidation molecules are formed. Finally, the formaldehyde molecules
are oxidized into water and carbon dioxide molecules [57]. However, the ecological en-
zyme quickly returned to its original state and combined with oxygen molecules in the air
again. The process of “combination with oxygen molecules– formation of active oxygen
molecules–combination with formaldehyde molecules–enzymatic decomposition” keeps
repeating so as to remove formaldehyde, bacteria, and other organic molecules in the air.
This can keep the composite material clean for a long time.

6.2. Antibacterial and Antifouling Agent

Marine biofouling refers to the process in which marine microorganisms, animals, and
plants continuously enrich and grow on artificial surfaces to form biofouling, which is a
worldwide problem affecting maritime transport and communication facilities and coastal
power plants [183]. The microfouling organisms on the substrate surface form a hetero-
geneous biofilm, which is composed of a variety of heterotrophic bacteria, cyanobacteria,
diatoms, protozoa, and fungi [184]. Biofouling can increase hull roughness and weight,
increase navigation resistance, greatly increase fuel consumption, cause economic losses of
billions of dollars every year, increase carbon dioxide emissions, and intensify the room
temperature effect [185]. In addition, organisms attached to distant ships will enter different
sea areas, causing potential “species invasion” and affecting the marine ecological balance.
When they block the mesh of mariculture cages, they can cause large-scale death of fish
and shrimp. For a long time, the method to solve the pollution of marine organisms mainly
depended on the toxic effect of heavy metal ions, which also causes serious pollution of the
marine environment. In recent years, the research and development of nanozyme provides
a new solution to prevent and remove marine biological fouling.

A semiconducting nanozyme consisting of chromium single atoms coordinated on
carbon nitride (Cr-SA-CN) that performs bifunctional roles of nonsacrificial H2O2 photosyn-
thesis and haloperoxidase-mimicking activity for antibiofouling was constructed [186]. The
bifunctional Cr-SA-CN nanoplatform promotes the sustainable formation of HOBr under
visible light radiation, so it has excellent antibacterial ability. Moreover, the nanozyme can
continuously produce H2O2 from underwater and oxygen under visible light irradiation for
enzymatic reaction. Field tests in seawater show that Cr-SA-CN, as an antibacterial additive
for environmental protection coatings, can prevent the colonization of marine microorgan-
isms on inert surfaces. In addition, the disinfection efficiency of Cr-SA-CN + Br− against
Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and Vibrio vulnificus
was, respectively, 97%, 96%, 92%, and 95%. This study not only proved the ability of
monatomic nanozyme to resist biological pollution and sterilization but also provided a
strategy for designing more innovative nanozymes with multifunctionality. Nanozyme
antifouling agents with the same principle also include photothermal nanozyme with Mo
single atom as the active site (Mo SA-N/C), which also has halogen oxide enzyme-like
activity [187]. It catalyzes the oxidation of Br– and H2O2 to produce cytotoxic HOBr. At
the same time, the photothermal effect induced by visible light greatly accelerates the
reaction process. Attapulgite (ATP) is a kind of natural and available nanomineral that has
a special layered chain structure, large specific surface area, strong adsorption capacity,
and surface dynamic properties. It provides rapid mass transfer and abundant accessible
sites for efficient catalytic reactions [188]. Feng et al. [189] synthesized iron and copper-
doped ATP (Fe Cu/ATP) with POD-like activity. The addition of Fe and Cu improves the
conversion efficiency of H2O2, thus showing enhanced POD-like activity. The bactericidal
mechanism is to produce reactive oxygen species to attack bacterial populations (Figure 9a).
The antibacterial rate of Fe Cu/ATP against Escherichia coli and Staphylococcus aureus is
100% and has a long-term effect. Wei et al. [190] synthesized Fe3O4@MoS2-Ag made great
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efforts in bacterial adsorption and toxic attack. Topological structure of MoS2 nanosheets
and S-vacancy enabled Fe3O4@MoS2-Ag to have strong adhesion with bacteria by forming
chemical bonds, which shortens the diffusion distance of free radicals and enhances the
antibacterial effect (Figure 9b). The nanocomposite has the characteristics of peroxidase
simulation and can catalyze H2O2 to produce living oxygen to attack bacteria. In addition,
the released Ag+ plays an auxiliary role while attacking the bacterial membrane. Under
near-infrared radiation, local hyperthermia and peroxidase simulation can further enhance
the sterilization effect. Magnetism also makes it reusable. The method has broad-spectrum
antibacterial performance against Gram-negative bacteria, Gram-positive bacteria, drug-
resistant bacteria, and fungal bacteria.

Figure 9. (a) Attapulgite doped with Fe and Cu nanooxides as peroxidase nanozymes for antibac-
terial coatings [189]. (b) The schematic preparation of Fe3O4@MoS2-Ag with antibacterial func-
tion [190]. Reproduced with permission from (a) Ref. [189], Copyright 2022 American Chemical
Society; (b) Ref. [190], Copyright 2021 Elsevier.

6.3. Enzyme-like Nanomaterial (Nanozyme)-Based Biofuel Cells

Human beings are facing environmental problems caused by the excessive exploitation
of fossil energy. In recent years, countries all over the world have focused on sustainable and
environment-friendly new energy. Biofuel cells have become an alternative energy conver-
sion device [191]. Biofuel cells can be divided into three categories: microbial biofuel cells
(MBFC), enzyme biofuel cells (EBFC), and enzyme-like nanomaterial (nanozymes)-based
biofuel cells (NBFC). MBFC have many advantages in waste treatment and environmental
protection [192], but the key disadvantage limiting their wide application and commercial-
ization is that their power output is significantly low, and they are extremely difficult to
control the internal electron transfer of microorganisms. Unlike MBFC, EBFC catalyze the
oxidation of biofuels to generate electricity with the help of natural enzymes. The biofuels
of EBFC are usually sugar relatives, such as glucose, sucrose, fructose, alcohols (including
ethanol and methanol), organic acids, and organic salts (such as sulfite). However, glucose-
based EBFC have many limitations derived from natural enzymes, such as variability
and instability, high production cost, and difficult electron transfer [193,194]. In this case,
compared with natural enzymes, nanozymes have become potential catalytic materials for
developing glucose biofuel cells due to their inherent characteristics (such as long-term
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stability, easy synthesis, low cost, and adjustable enzyme mimic activity). Gu et al. [195]
found that black phosphorus (BP) showed glucose dehydrogenase (GDH)-like activity and
could catalyze the oxidation of glucose without any by-products. BP is a strong alternative
candidate for sustainable biofuel cells. Finally, nanozyme-based EBFC consisting of BP an-
odes for glucose oxidation and Cu2+/carbon nanotube (Cu2+/CNT) cathodes for reducing
O2 under natural conditions were successfully constructed (Figure 10a). The power output
of BP-based EBFC is higher than that of GDH-based EBFC. BP nanosheets maintained
structural integrity before 360 ◦C, while the protein structure of GDH was destroyed after
250 ◦C. More important, EBFC based on nanozyme still showed high stability after 30 days
of operation. This work provides more possibilities for the application of BP in the field of
nanozyme. Compared with metal-based nanozymes, metal oxide nanozymes can be easily
synthesized at low cost. Ho et al. [196] proposed interesting NBFC based on metal oxides,
in which CoMn2O4/carbon was used as a GOx-like anode catalyst in biofuel cell systems.
NBFC show a power output of 2.372 mW/cm2, which is comparable to the commercial
platinum/carbon-based biofuel cell system.

Figure 10. (a) Schematic illustration of the as-constructed EBFCs based on BP anode for glucose
oxidation and Cu2+/CNT cathode for O2 reduction [195]. (b) Diagram of the photo-switch working
mechanism based on C-dots and TMB [197]. Reproduced with permission from (a) Ref. [195],
Copyright 2020 American Chemical Society; (b) Ref. [197], Copyright 2022 Elsevier.

In the traditional design of EBFC, once the fuel is added to the anode, the generation
of electric energy will start and continue until the fuel is exhausted or the circuit is cut off.
This uncontrollable way will lead to energy waste when EBFC are not used. Li et al. [197]
proposed a novel optical switch for EBFC by controlling the electron acceptor in the cathode.
When the stable TMBred was oxidized by singlet oxygen activated by the C point under
light conditions, the medium can accept the electrons generated by the enzyme anode,
thus leading to the formation of a path for the external circuit. Without radiation, TMBred
cannot be converted into TMB198ox. A limited amount of electron acceptors is rapidly
depleted, resulting in almost zero current and power density. Here, the C-point nanozyme
was used as a photosensitizer of oxygen, and TMB is added to the cathode chamber as an
electron acceptor. Theoretically, without lighting, there should be no current in the external
circuit, showing a completely “off” state. The EBFC can be precisely and easily adjusted
by the optical switch with light as the input signal (Figure 10b). Therefore, it avoids the

356



Biosensors 2023, 13, 314

damage to the anode enzyme caused by the traditional pH switch. This optical switch
can adjust the power output of EBFC according to specific optical signals and promote the
“intelligent” application of EBFC.

Enzymes such as nanomaterial (nanozyme)-based biofuel cells mainly use noble metal-
based nanozymes, metal oxide-based nanozymes, and electron-receiving laccase that can
mimic natural GOx and catalase. NBFC are stable and have a long service life. The high
catalytic activity of glucose oxidation can output enough power, which can be synthesized
on a large scale and has low production cost. The use of nanozymes in glucose biofuel cell
systems has significantly improved the power generation performance. The utilization of
NBFC will continue to improve.

7. Conclusions and Prospects

To summarize, we reviewed the application of nanozyme in the environmental field
from three aspects: environmental monitoring, environmental management, and other
environmental applications. The influencing factors of nanozyme catalytic activity were
briefly summarized as well. The size, structure, composition combination, doping, and
surface modification of nanozyme can adjust the catalytic activity of nanozyme. The
specificity of nanozyme is mainly improved by biological recognition molecules (biological
enzyme, MIP, DNA, antibody, aptamer) and the simulation of the active center and binding
site of the biological enzyme. In addition to its own intrinsic enzyme activity, it can also
affect the catalytic efficiency through pH, temperature, light stimulation, and so on. In
terms of environmental monitoring and treatment, the detection and degradation of heavy
metal ions, phenolic compounds, dyes, plasticizers, pesticides, and antibiotics all involve
nanozymes. Moreover, nanozymes can be used as antibacterial and antifouling agents and
biofuel cells to indirectly protect the environment. Great development and applications of
nanozyme have been promoted in the field of environmental science.

Nanozyme has been developed for more than 20 years. Nanomaterials with new
enzyme activities have been continuously explored. The design strategy of nanozymes has
been constantly improved. However, nanozyme still has some limitations regarding the
direction of development in the future.

• At present, the types of nanozymes are still too few, and they are mainly con-
centrated in the oxidoreductase family and hydrolase family. Compared with
the six categories of natural enzymes, there is still an urgent need to unlock
more simulated enzymes with different catalytic activities to expand the scope
of application.

• Nanozymes are a succedaneum for natural enzymes, but the catalytic activity of
most nanozymes is far inferior to natural enzymes. Hence, strategies need to be
continuously explored to improve their catalytic activity.

• Nanozymes can show good performance in the laboratory. Nevertheless, they
are still disadvantaged because they cannot be used on a large scale for the actual
pollutant treatment industry, such as catalytic devices requiring high-precision
technology, short service life, and higher cost than traditional environmental
treatment methods.

• Although some nanozymes that break through the restriction of pH have ap-
peared, most nanozymes are still limited by pH with narrow range. Technologi-
cal breakthroughs are still needed in this regard so that the catalytic activity of
most nanozymes is no longer limited by pH.

• Nanozymes are intrinsically toxic. It is vital to design low-toxicity nanozymes by ad-
justing their physical and chemical properties such as size, shape, surface properties,
surface charge, and chemical composition to avoid secondary contamination.

• In recent years, nanozymes with multienzyme activity have been continuously
developed, which can be used for multifunctional applications. However, at
the same time, facing the challenge that the selectivity of nanozymes with
multienzyme activity is lower than that of single-enzyme live nanozymes, will
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challenge researchers to balance the relationship between "multifunction" and
“high selectivity” as well as achieve a win–win situation.

• Recently, the specificity of nanozyme is much lower than that of natural enzyme.
The design of nanozyme should be committed to better a bionic biological
enzyme’s active center and binding site, and the recognition element should
be stably and effectively connected to the nanozyme. In addition, it is critical
to explore the mechanism and law of interactions between nanozyme and a
recognition element. Meanwhile, it is still necessary to improve the performance
of nanozyme sensors by combining the research results of specific recognition in
other fields and sensing technologies.

• Nanozyme detection mostly relies on colorimetric sensing, but colorimetric
sensing has the problems of large interference and low sensitivity. In addition
to electrochemistry, photoelectrochemistry, and surface-enhanced Raman scat-
tering (SERS), adding more detection modes can have unexpected effects on
environmental monitoring.
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Abstract: An electrochemiluminescence-electrochemistry (ECL-EC) dual-mode sensing platform
based on a vertically-ordered mesoporous silica films (VMSF) modified electrode was designed here
for the sensitive and selective determination of cancer antigen 15-3 (CA 15-3), a specific biomarker
of breast cancer. VMSF was assembled through a rapid electrochemically assisted self-assembly
(EASA) method and plays a crucial role in signal amplification via a strong electrostatic interaction
with the positively charged bifunctional probe Ru(bpy)3

2+. To construct the biorecognition interface,
epoxy functional silane was linked to the surface of VMSF for further covalent immobilization of
the antibody. As a benefit from the specific combination of antigen and antibody, a non-conductive
immunocomplex layer was formed in the presence of CA 15-3, leading to the hinderance of the mass
and electron transfer of the probes. Based on this strategy, the dual-mode determination of CA 15-3
ranging from 0.1 mU/mL to 100 mU/mL with a LOD of 9 μU/mL for ECL mode, and 10 mU/mL to
200 U/mL with a LOD of 5.4 mU/mL for EC mode, was achieved. The proposed immunosensor was
successfully employed for the detection of CA 15-3 in human serum without tedious pretreatment.

Keywords: dual-mode detection; electrochemiluminescence; electrochemistry; cancer antigen 15-3;
vertically ordered mesoporous silica film; immunosensor

1. Introduction

Cancer has become the second major cause of death worldwide [1]. According to
the latest statistics from the International Agency for Research on Cancer (IARC), breast
cancer occurs with the highest incidence and is also the major cause of cancer-related
mortality in females [2], indicating that it is the most common and high-risk cancer globally.
The diagnosis of breast cancer mainly relies on clinical screening or imaging analysis that
often requires invasive means to obtain tissue samples and may bring sufferings to the
patients [3]. The establishment of a noninvasive/minimally invasive, non-radioactive,
simple, and rapid technique for early diagnosis remains a serious challenge and an unmet
demand. Tumor markers, a kind of biological macromolecules existing in accessible body
fluids (e.g., blood, serum, and urine) [4], provide a new standard for cancer diagnosis,
health monitoring and personalized treatment. Cancer antigen 15-3 (CA 15-3) is an acidic
glycoprotein with a molecular weight of 300–450 kDa that is often found in those who
suffer from breast cancer [5,6]. The serum content of CA 15-3 in healthy people is usually
less than 30 U/mL [7]. Abnormally elevated serum CA 15-3 levels indicate a higher risk
of breast cancer. Simple but sensitive identification and quantitation of serum CA 15-3
level is critical for cancer screening, determination of disease progression, and treatment
effect assessment.
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Enzyme-linked immunosorbent assay (ELISA) [8], fluorescent immunoassay (FIA) [9],
and radioimmunoassay (RIA) [10] have been reported for the quantitation of CA 15-3, but
cumbersome instruments, trained operators and time-consuming preprocesses are always
required. The electrochemical (EC) sensing technique has proven itself to be a powerful tool
because of the fast response, simple operation, and ease of integration [11,12] compared
with the traditional immunoassay, despite the hidden risk of inaccurate test results. To
guarantee the accuracy and reliability of the diagnosis, dual-mode bioassays with different
mechanisms and independent signal conversion have been developed. To date, a series of
dual-mode biosensors which incorporate colorimetric-electrochemiluminescence (ECL) [13],
ECL-electrochemical impedance spectroscopy (EIS) [14], fluorescence-colorimetry [15], and
ECL-EC [16,17] have been reported. Among them, the ECL-EC dual-mode that combines
the wider linear range and zero background signal of the former and the fast and easy
operation characteristics of the latter with highly sensitivity, has attracted much attention.
Generally, two different probes for ECL and EC are involved in the reported dual-mode
detection strategy, which requires more laborious procedures. Tris(2,2′-bipyridyl) ruthe-
nium (Ru(bpy)3

2+), as an excellent bifunctional probe with both outstanding EC and ECL
response, is a good candidate for constructing an ECL-EC dual-mode sensor, not only
simplifying the manual work, but also reducing the analysis error effectively [17,18].

In the recent three decades, functional mesoporous materials possessing abundant
unique mesostructures have exhibited tremendous potential in the fields of adsorption,
separation, catalysis, and sensing [19–21]. Among them, the vertically-ordered meso-
porous silica films (VMSF) made of numerous perpendicularly aligned nanochannels with
a ultrasmall and uniform diameter of 2~3 nm has attracted much attention [22,23]. The de-
protonation of plentiful silanols with pKa of ~2 on the VMSF surface endows its negatively
charged property [24,25]. All these characteristics endow VMSF with a good capability of
prominent charge-based permselectivity, high molecular permeability, and outstanding
antifouling ability [26–28]. Therefore, VMSF has been widely used in the construction of
sensing platforms to serve certain functions (e.g., preconcentration through electrostatic
interaction [29], hydrogen bonding [30] or hydrophobic extraction [31], specific recognition
by tailoring recognitive molecules [32], and antifouling ability through size exclusion effect
of nanopores [33]). As a monolayer of modification material with a nanoscale thickness,
diverse VMSF-based sensors have been developed for the determination of biomolecules
(DNA, antibodies, and antigens) [17,34], pharmaceutical molecules [35,36], small organic
pollutants [30,37], and metal ions [38,39] in biofluids (blood, serum, urine, and sweat) and
environmental samples. Su’s group observed a two-orders-of-magnitude ECL intensity
enhancement when equipping indium tin oxide (ITO) electrode with a layer of VMSF
due to the strong electrostatic attraction between the negatively charged nanochannels
and the cationic ECL luminophore Ru(bpy)3

2+ and obtained a high ECL intensity even
with a very low concentration [40]. On the other hand, the existence of silanols with ex-
cellent covalent reactivity towards silane coupling reagents provides the precondition to
construct a recognition interface by introducing certain specific molecules to design a gated
sensing scheme [41,42]. VMSF has become a fascinating material in the construction of
sensing interfaces, demonstrating a great potential for direct and sensitive detection of tar-
gets in complex samples without cumbersome pretreatment processes including filtration,
separation, and pre-enrichment.

In this work, an ECL-EC dual-mode immunosensor constructed on an ITO sub-
strate composed of a layer of mesoporous silica membrane as the signal amplifier, and a
monomolecular layer of anti-CA 15-3 antibody as the recognition element was designed for
the sensitive and selective detection of the breast cancer biomarker CA 15-3. Compared
with medical imaging and pathological biopsy applied to the clinical diagnosis of breast
cancer, this method offers more hope for the early detection of breast cancer rapidly and
conveniently. As shown in Scheme 1, VMSF was first assembled on ITO through the elec-
trochemical assisted self-assembly (EASA) method. The construction of the immune recog-
nition interface for further identifying and capturing targets specifically was achieved by
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immobilizing the antibodies with the assistance of (3-glycidyloxypropyl)trimethoxysilane
(GPTMS) linked to the outer surface of VMSF beforehand. A layer of immunocomplex
with poor conductivity and large size would form in the presence of the CA 15-3 antigen
and hamper the mass transfer and electron transfer of the bifunctional probe Ru(bpy)3

2+,
leading to decreased ECL-EC signal and the final signal-off detection of CA 15-3. The
benefits of the immunosensor lie in the easy fabrication of the modification material which
serves as both a signal amplifier to enrich Ru(bpy)3

2+ and an anti-fouling filter, as well as
in the generalizability of the detection strategy which is suitable for the quantitation of
various targets by simply changing the immobilized bio-receptors.

Scheme 1. Illustration of the preparation of the immunosensor and detection of CA 15-3.

2. Materials and Methods

2.1. Reagents and Solution

CA 15-3, anti-CA 15-3 antibody, carcinoembryonic antigen (CEA), and prostate specific
antigen (PSA) were from Beijing KEY-BIO Biotech. Tetraethyl orthosilicate (TEOS), hexade-
cyl trimethyl ammonium bromide (CTAB), sodium nitrate (NaNO3), sodium hydroxide
(NaOH), potassium ferrocyanide (K4[Fe(CN)6]), potassium ferricyanide (K3[Fe(CN)6]),
bovine serum albumin (BSA), and (3-glycidoxypropyl)methyldiethoxysilane (GPTMS)
were from Aladdin Chemistry Co. Ltd. (China). Tris(2,2-bipyridyl) dichlororuthenium (II)
hexahydrate (Ru(bpy)3Cl2·6H2O) and hexaammineruthenium (III) chloride (Ru(NH3)6Cl3)
were purchased from Sigma-Aldrich. Ethanol (99.8%), hydrochloric acid (HCl, 38%), and
acetone were from Hangzhou Shuanglin Chemical Reagent Co. Ltd. Phosphate buffered
saline (PBS, 0.01 M, pH = 7.4) was obtained by mixing NaH2PO4 and Na2HPO4 in a certain
ratio. All chemicals and reagents were used as received without any further purification.
All the aqueous solutions used here were prepared using ultrapure water (18.2 MΩ cm)
from Milli-Q Systems (Millipore Inc., Massachusetts, America). Serum of healthy men was
obtained from the Center of Disease Control and Prevention (Hangzhou, China) for real
sample analysis.
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2.2. Apparatus and Electrodes

An MPI-E II ECL analytical system (Xi’an Remex Analytical Instrument Ltd., Xi’an, China)
was used to perform ECL measurements. EC measurements, including cyclic voltammetry
(CV), differential pulse voltammetry (DPV), and electrochemical impedance spectroscopy
(EIS) were performed on an Autolab electrochemical workstation (PGSTAT302N, Metrohm,
Switzerland). A traditional three-electrode system was adopted. Bare or modified ITO,
platinum wire or platinum plate, and Ag/AgCl electrode (saturated with KCl solution)
were used as the working electrode, counter electrode and reference electrode, respectively.
Zhuhai Kaivo Optoelectronic Technology provided ITO glasses (<17 Ω/square, thickness:
100 ± 20 nm), which were cleaned ultrasonically with 1 M NaOH, acetone, ethanol and
deionized water, respectively. The geometric surface area of the electrode was fixed to
1 cm × 0.5 cm.

The morphology of VMSF/ITO was investigated on a JEM-2100 (JEOL Ltd., Tokyo,
Japan) transmission electron microscopy (TEM). The thickness of VMSF/ITO was charac-
terized with a SU8010 (Hitachi, Tokyo, Japan) scanning electron microscopy (SEM).

2.3. Procedures
2.3.1. Preparation of VMSF/ITO Electrode

According to the reported electrochemically assisted self-assembly (EASA) method,
an easy and rapid modification of VMSF on the ITO electrode was achieved [43]. A
sol for film electrodeposition was prepared as follows: first mix 20 mL of ethanol and
20 mL of NaNO3 (0.1 M, adjusted to pH = 2.6 by HCl) together, then add 1.585 g of CTAB
and 3050 μL of TEOS. After their complete dissolution, the solution was stirred for 2.5 h
at room temperature for hydrolyzation. The assembly of VMSF was conducted under
a galvanostatic condition (j = −0.70 mA/cm2) for 10 s after immersing the ITO in the
hydrolyzed sol, using an Ag/AgCl (saturated KCl) as reference electrode and a platinum
plate (2 cm × 4 cm) as counter electrode. The as-prepared electrode was rapidly removed
from the sol and washed with copious deionized water, dried with N2 stream, and further
treated overnight at 120 ◦C. The obtained electrodes were denoted SM@VMSF/ITO, which
retained surfactant micelles (SM) templates in the nanochannels. The templates can be
conveniently removed using 0.1 M HCl-ethanol by stirring for 5 min and the obtained
electrode modified with open nanochannels was termed VMSF/ITO.

2.3.2. Characterization of VMSF/ITO Electrode

The morphology of VMSF was characterized with a JEM-2100 TEM with an accelera-
tion voltage of 100 kV. The TEM specimen was prepared by dispersing the VMSF peeled
off from the VMSF/ITO in ethanol through ultrasonication, and finally dropped onto the
copper grids for investigation. The thickness of VMSF was characterized using a SU8010
SEM with an acceleration voltage of 5 kV. Before observation, a fresh cross section was
obtained by breaking up the VMSF/ITO and spraying it with gold.

The integrity and permeability of VMSF were investigated with the CV technique using
Fe(CN)6

3− and Ru(NH3)6
3+, two types of standard redox probes with different charges.

2.3.3. Fabrication of Immunosensor towards CA 15-3

For the immunosensor fabrication, the construction of a biorecognition interface is
of great significance. To immobilize the antibody on the outer surface of the VMSF/ITO
electrode, the bifunctional reagent GPTMS with both epoxy and silyl groups was selected
as the crosslinker [34]. Typically, the SM@VMSF/ITO was immersed in GPTMS (2.26 mM
in ethanol) for 60 min, then the GPTMS was covalently linked to the outer surface in-
stead of the inner channels of the VMSF through silane reaction. The electrode was then
treated with 0.1 M HCl-ethanol to remove the SM templates. The electrode modified with
epoxy-functionalized nanochannels was named O-VMSF/ITO. Anti-CA 15-3 antibodies
(anti-CA 15-3) were further immobilized by covering the O-VMSF/ITO with 50 μL of anti-
CA 15-3 solution (10 μg/mL in PBS) for 90 min at 37 ◦C via the ring opening reaction
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between active epoxy groups on the VMSF and amino residues of the anti-CA 15-3. After
rinsing with PBS, it was incubated with s BSA solution (1%, w/w) for 90 min to block the
nonspecific binding sites. The immunosensor termed as anti-CA 15-3/O-VMSF/ITO was
obtained and was stored at 4 ◦C for further tests. The procedure of the immunosensor
fabrication is illustrated in Scheme 1.

2.3.4. Dual-Mode Tests

Before the ECL and EC tests, the immunosensor was incubated with different concen-
trations of CA 15-3 (50 μL in PBS) for 45 min at 37 ◦C and was noted as CA 15-3/anti-CA
15-3/O-VMSF/ITO, followed by thoroughly washing with PBS. For ECL measurement,
the CA 15-3/anti-CA 15-3/O-VMSF/ITO was placed in PBS containing 10 μM Ru(bpy)3

2+

and 3 mM TPA. The ECL process was triggered by a continuous CV procedure with the
potential range of 0 to 1.25 V at 0.1 V/s, which was recorded simultaneously along with the
ECL signals. The voltage of the photomultiplier tube (PMT) was set at 400 V. For the EC
measurement, the CA 15-3/anti-CA 15-3/O-VMSF/ITO was immersed in PBS including
10 μM Ru(bpy)3

2+ and let to stand for 30 min to preconcentration before recording the
DPV curves.

Real sample analysis was conducted on human serum from healthy adults using the
standard addition method without complex preprocessing. The serum was spiked with a
known amount of CA 15-3, followed by 50-times dilution with PBS, and was analyzed by
the established methods.

3. Results and Discussions

3.1. Morphology and Permeability of VMSF/ITO

As expected, the VMSF was assembled on the surface of the ITO electrode due to
polycondensation of TEOS under the catalysis of hydroxide ions generated from the elec-
troreduction of protons/water and nitrate ions, where CTAB served as the template, and
was proved by TEM and SEM images (Figure 1a,b). VMSF presents a 2D structure of
intact film with a thickness of 90 nm and is free of any cracks. A too thin VMSF would
lead to an inadequate enrichment of Ru(bpy)3

2+, and would finally fail to achieve a high
sensitivity. With the prolongation of electrodeposition time, a much thicker VMSF with
more silica aggregates byproducts on its surface would be obtained, which would restrict
the diffusion of Ru(bpy)3

2+ species across the film to the underlying electrode surface.
According to the many reported works [23,24,28–30], a procedure of electrodeposition
for 10 s at j = −0.70 mA/cm2 was selected here to obtain a VMSF with an appropriate
thickness. This not only achieves an effective electrostatic attraction to Ru(bpy)3

2+, but also
guarantees an efficient and rapid response. The film contains numerous nanochannels that
are highly ordered and hexagonally packed and whose diameter is 2~3 nm.

Considering that VMSF plays the role of the modification material that is on the
electrolyte/electrode interface, it is crucial to determine how VMSF affects the mass
transfer. The permeability is investigated by comparing the electrochemical behaviors
of Ru(NH3)6

3+ and Fe(CN)6
3−/4− on ITO, SM@VMSF/ITO and VMSF/ITO. As shown in

Figure 1c,d, SM@VMSF/ITO exhibited no peak current but only a non-faradic current to-
wards the Ru(NH3)6

3+ probe and a rather large charge transfer resistance (Rct) represented
by the equivalent diameter of Nyquist curve obtained using the EIS technique, a power-
ful tool to study interfacial property [44]. This is due to the hydrophobic SM templates
inside the nanochannels that block the mass transfer of charged probes (Ru(NH3)6

3+ and
Fe(CN)6

3−/4−) and finally hinder the electron exchange. The nanochannels open after the
removal of SM, which facilitates the diffusion of particles, and thus VMSF/ITO shows
a pair of well-defined redox peaks to Ru(NH3)6

3+ and a much smaller Rct. In addition,
VMSF/ITO exhibits a relatively higher peak current towards Ru(NH3)6

3+ than that of
ITO, which derives from the deprotonation of abundant silanol with a pKa of ~2 in the
nanochannel walls that can create a strong electrostatic attraction to positively charged
species [25].
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(a) (b) 

  
(c) (d) 

Figure 1. (a) Top-view of TEM images and (b) SEM image of VMSF. The inset in (a) is the correspond-
ing TEM image with high magnification. (c) CV plots of ITO, SM@VMSF/ITO, and VMSF/ITO in
0.5 mM Ru(NH3)6

3+ and (d) EIS plots of ITO, SM@VMSF/ITO, and VMSF/ITO in 0.1 M KCl solution
containing 2.5 mM Fe(CN)6

3−/4−. The scan rate in (c) was 0.05 V/s. The insets up and down in
(d) are the equivalent circuit and magnified EIS plots of ITO and VMSF/ITO, respectively.

The excellent capability of VMSF to enrich cations was further verified by Ru(bpy)3
2+, a

bifunctional probe with outstanding ECL and EC activities. The ECL process was triggered
by a continuous CV procedure; the mechanism is as follows:

Ru(bpy)3
2+ − e− → Ru(bpy)3

3+

TPA − e− → TPA·+

TPA·+ − H+ → TPA

TPA· + Ru(bpy)3
3+ → Ru(bpy)3

2+*

Ru(bpy)3
2+*→ Ru(bpy)3

2+ + hν (λmax ≈ 620 nm)

During the positive scanning of potential, TPA and Ru(bpy)3
2+ were electrooxidized

to TPA· radical and Ru(bpy)3
3+. The redox reaction between TPA· radical and Ru(bpy)3

3+

led to the generation of excited Ru(bpy)3
2+* that emitted light (λmax ≈ 620 nm) when

turning to the ground state, which was recorded by the photomultiplier. As shown in
Figure 2, the ECL and DPV signals produced by 10 μM Ru(bpy)3

2+ on ITO were very weak
while those obtained on VMSF/ITO were remarkable enhanced thanks to the electrostatic
preconcentration of the nanochannel layer in the positively charged probe. VMSF/ITO
tends to provide an adequate basic signal and exhibits enormous potential in the subsequent
immunosensor fabrication.

372



Biosensors 2023, 13, 317

 
(a) (b) 

Figure 2. (a) ECL curves of ITO and VMSF/ITO in 10 μM Ru(bpy)3
2+ and 3 mM TPA; (b) DPV curves

of ITO and VMSF/ITO in 10 μM Ru(bpy)3
2+.

3.2. Characterization of the Immunosensor Construction

The CV and EIS techniques were employed to monitor the interface features during
the bioelectrode’s stepwise assembly. As shown in Figure 3a, VMSF/ITO showed two well-
defined redox peaks, which were decreased after the modification of GPTMS, indicating the
presence of epoxy group entities. The peak currents were further reduced with the immobi-
lization of antibodies and the capture of CA 15-3 antigens, suggesting that an insulating
protein layer was formed on the electrode surface, creating an obstacle to both mass and
electron transfer. Figure 3b shows the EIS results fitted according to the Randles equivalent
circuit. As shown by the inset, the Randles equivalent circuit contained a solution resistance
(Rs), a double-layer capacitance (Cdl), Warburg impedance (Zw), and an apparent charge
transfer resistance (Rct) that is equal to the equivalent diameter of the semicircle in the
high-frequency region [45]. The Rct of VMSF/ITO was the smallest (141 Ω) and increased
after the crosslinking of GPTMS (329 Ω). The incubation with the antibodies caused an
obstruction to the electron transfer of the redox probe, increasing the Rct of anti-CA 15-3/O-
VMSF/ITO significantly (493 Ω). The bio-recognition and combination of CA 15-3 further
aggravated the blocking effect and CA 15-3/anti-CA 15-3/O-VMSF/ITO had the largest
Rct (607 Ω). The results above indicate the successful fabrication of the immunosensor.

 
(a) (b) 

Figure 3. CV (a) and EIS (b) plots of VMSF/ITO, O-VMSF/ITO, anti-CA 15-3/O-VMSF/ITO, and CA
15-3/anti-CA 15-3/O-VMSF/ITO in a 0.1 M KCl solution containing 2.5 mM Fe(CN)6

3−/4−. The scan
rate in (a) was 0.05 V/s.
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3.3. Dual-Mode Tests of CA 15-3

The specific recognition and combination between the anti-CA 15-3 antibody and
the CA 15-3 antigen formed an antibody-antigen immunocomplex. In analogy with the
aforementioned CV and EIS results, Figure 4a shows decreased ECL responses with the
step-by-step assembling of the bioelectrode, confirming the feasibility of the ECL analysis.
The inset suggested an outstanding stability of the biosensor under continuous CV scanning
with a relative standard deviation (RSD) of less than 2%. The IECL-time curves recorded on
bioelectrodes incubated with a series of different amounts of CA 15-3 are shown in Figure 4b.
With the increase in CA 15-3, more immunocomplex was formed, which perturbed the
mass transfer of Ru(bpy)3

2+ and restrained the electron transfer at the electrode. A linear
relationship for CA 15-3 was obtained from 0.1 mU/mL to 100 U/mL using the equation
IECL = −997.0 logCCA15-3 + 2537 (R2 = 0.991). LOD is defined by the International Union
of Pure and Applied Chemistry (IUPAC) as the concentration (cL) that can be detected
with a reasonable certainty for a given analytical procedure. It can be derived from the
smallest measure (xL), which is calculated with the equation xL = xb1 ± ksb1, where xb1 is
the mean of the blank measures, sb1 is the standard deviation of the blank measures, and k
is a numerical factor commonly recommended as 3. Here, + and − are applied to signal-on
and signal-off sensors, respectively [46]. Thus, the LOD was calculated to be 9 μU/mL
according to the calibration curve equation. Compared with the other reported methods
listed in Table 1, this proposed ECL immunosensor exhibits a relatively wider linear range
and an exceedingly lower LOD for CA 15-3 determination without elaborate and complex
labor during the construction process. Diverse sophisticated nanomaterials and sandwich
strategies are widely used in other related works listed in Table 1. They require a complex
preparation process, several steps of incubation, and consume more high-cost biological
reagents. Our proposed sensor is simple in preparation, does not need multiple incubations
for detection, and is much more economic.

  
(a) (b) (c) 

Figure 4. (a) IECL-potential curves of VMSF/ITO, O-VMSF/ITO, anti-CA 15-3/O-VMSF/ITO, and
CA 15-3/anti-CA 15-3/O-VMSF/ITO in 10 μM Ru(bpy)32+. The inset in (a) shows the corresponding
IECL-time curves. (b) ECL responses of the immunosensor to various concentrations of CA 15-3 from
10−4 U/mL, 10−3 U/mL, 10−2 U/mL, 10−1 U/mL, 1 U/mL, 10 U/mL to 100 U/mL. (c) The corre-
sponding calibration curve. The error bars represent the standard deviation of three measurements
under the same condition.

In addition, considering the excellent electroactivity of Ru(bpy)3
2+, CA 15-3 was

quantified using the DPV method. Similar to the ECL mode, the feasibility of the EC mode
was verified by the gradually reduced DPV response during the bioelectrode fabrication as
shown in Figure 5a. Upon the increase in CA 15-3, a group of peak currents which decreased
linearly with the logarithm of the antigen concentration from 10 mU/mL to 200 U/mL
were obtained (Figure 5b), and the calibration curve was represented in Figure 5c using
the equation I = −0.82 logCCA15-3 + 4.60 (R2 = 0.992). Similar to the ECL mode, the LOD
was calculated to be 5.4 mU/mL (S/N = 3). Although the EC method was inferior in LOD
compared with the ECL mode, a higher detection upper limit was achieved. Although
the LOD of our proposal is not as low as 10−5 U/mL for the sandwich strategy using
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Ab2/HRP-MBs and Ab1/AuE, our immunosensor is free of complex labeling operations
or several steps of incubation. Dual-mode tests that combine the merits of ECL and EC
strategies succeed to broaden the working linear range while achieving an ultrasensitive
LOD. The total cost of a single fabricated immunosensor is approximately 0.366 USD,
which is much lower in cost compared to ELISA which costs around 1.31 USD for a single
sample test. Furthermore, the materials involved here are all commercially available,
indicating its potential for industrialization, as well as the possibility of application in
microfluidic Point-of-Care devices [47,48]. However, the immunosensor is susceptible
to matrix effects, and a dilution is required before testing bio-samples to guarantee the
accuracy in clinical application. In addition, an alkali condition may lead to the hydrolysis
of VMSF as the proposed immunosensor is applicative in neutral medium to keep its
mechanical stability. The current clinical determination of CA 15-3 is mainly based on a
chemiluminescence immunoassay. This method not only involves labeling technology, but
also requires two antibodies, as well as several steps of incubation and washing, which is
high-cost and time-consuming. Our proposed method involves only one step of incubation,
which meets the needs of rapid clinical determination of CA 15-3 at low cost.

   
(a) (b) (c) 

Figure 5. (a) DPV curves of VMSF/ITO, O-VMSF/ITO, anti-CA 15-3/O-VMSF/ITO, and
CA 15-3/anti-CA 15-3/O-VMSF/ITO in 10 μM Ru(bpy)3

2+. (b) DPV response of anti-CA 15-3/O-
VMSF/ITO in the presence of different concentrations of CA 15-3. (c) The corresponding cali-
bration curve. The error bars represent the standard deviation of three measurements under the
same condition.

Table 1. Comparison of various methods for the determination of CA 15-3.

Electrode Mode Classification
Linear Range

(U/mL)
LOD (μU/mL) Ref.

anti-CA 15-3/NH2-SiO2-PTCA/CeO2/Pt/rGO/GCE ECL Label-free 0.012–120 1348 [49]
anti-CA 15-3/Ru(bpy)3

2+@UiO-66-NH2/GCE ECL Label-free 5 × 10−4–500 17.705 [50]
Ab2/AuNPs/CQDs-PEI-GO and

Ab1/AgNPs-PDA/GCE ECL Labeled 5 × 10−3–500 1.7 × 103 [51]

anti-CA 15-3/CS/PtNi NCs-L-Cys-luminol/GCE ECL Label-free 5 × 10−4–500 167 [52]
Ab2/CdTe@CdS/PAMAM and Ab2/Fe3O4@SiO2, ITO ECL Labeled 10−4–100 10 [53]

Ab2/HRP-MBs and Ab1/AuE EC Label-free 1.5 × 10−5–50 15 [54]
anti-CA 15-3/Ag/TiO2/rGO/GCE EC Label-free 0.1–300 7 × 104 [55]

anti-CA
15-3/DAP-AuNPs/P3ABA/2D-MoSe2/GO/SPCE EC Label-free 0.14–500 1.4 × 105 [56]

anti-CA 15-3/O-VMSF/ITO
ECL

Label-free
10−4–100 9

This workEC 10−2–100 5.4 × 103

PTCA: 3,4,9,10-perylenetetracarboxylic acid; rGO: reduced graphene oxide; GCE: glassy carbon electrode; Ab:
antibody; AuNPs: gold nanoparticles; CQDs: carbon quantum dots; PEI: polyethylenimine; GO: graphene oxide;
AgNPs: silver nanoparticles; PDA: polydopamine; PtNi NCs: platinum nickel nanocubes; L-Cys: L-cysteine;
PAMAM: polyamidoamine; HRP: horseradish peroxidase; MBs: magnetic beads; AuE: gold electrode; DAP:
deposited redox dye; P3ABA: poly(3-aminobenzylamine); and SPCE: screen-printed carbon electrode.

375



Biosensors 2023, 13, 317

3.4. Specificity, Selectivity and Stability of the Immunosensor

The proposed immunosensor was expected to be highly specific and selective for
CA 15-3 detection due to the antigen-antibody recognition. Therefore, the bioelectrode
was tested with different possible clinical cancer biomarkers such as the carcinoembryonic
antigen (CEA) and the prostate specific antigen (PSA) (the concentrations of interfering
proteins are both 500 ng/mL). As illustrated in Figure 6, the signal fluctuation caused by
individual interfering proteins was less than 7%; an evident decrease in signal was observed
when incubated with CA 15-3 or the mixture of all proteins. These results indicated the
high specificity and outstanding selectivity of the fabricated immunosensor. The stability
of the anti-CA 15-3/O-VMSF/ITO was evaluated by comparing the signal after several
days of storage at 4 ◦C with the initial signal on the first day. Anti-CA 15-3/O-VMSF/ITO
retained more than 95% of the initial signal after a 15-day storage at 4 ◦C, suggesting a
satisfactory stability.

  
(a) (b) 

Figure 6. Relative ratio of ECL intensity (a) and DPV current (b) before (I0) and after (I) incubation
with buffer (Control), CEA (500 ng/mL), PSA (500 ng/mL), CA 15-3 (25 U/mL), or a protein mixture
(25 U/mL CA 15-3 + 500 ng/mL other proteins). The error bars represent the standard deviation of
three measurements under the same condition.

3.5. Real Sample Analysis

To validate the practical applicability of the established method, the biosensor was
used to determine the CA 15-3 spiked in healthy human serum samples. A series of
known amount of CA 15-3 was added to the samples and then they were diluted with
PBS 50 times. After the incubation with anti-CA 15-3/O-VMSF/ITO, the CA 15-3/anti-CA
15-3/O-VMSF/ITO was obtained for ECL and EC testing. The concentration of CA 15-3
could be calculated by substituting the obtained ECL and EC response into the original
linear equation. The results are listed in Table 2. Satisfactory recoveries ranging from 95.4%
to 104.0% and an RSD below 2.9% were obtained using the ECL-EC dual-mode tests, which
implied the potential for clinical application.
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Table 2. Detection of CA 15-3 in human serum.

Mode Sample * Added (U/mL) Found (U/mL) RSD (%) Recovery (%)

ECL

1
1.00 0.980 2.1 98.0
5.00 4.80 1.5 96.0
10.0 10.1 2.0 101.0

2
1.00 1.04 2.7 104.0
5.00 5.12 2.9 102.4
10.0 9.86 2.0 98.6

EC

1
5.00 4.77 1.0 95.4
50.0 49.5 1.7 99.0

100.0 99.6 2.1 99.6

2
5.00 4.86 1.8 97.2
50.0 51.5 2.0 103.0

100.0 102.2 2.7 102.2

* Diluted by PBS for 50 times and CA 15-3 was added before dilution.

4. Conclusions

In summary, an ECL-EC dual-mode immunosensor with a simple fabrication strategy
was designed for CA 15-3 determination with an efficient biosensing performance. The
VMSF equipped on the electrode surface displays a strong electrostatic attraction to the
positively charged bifunctional probes, and provides a large surface area with good bio-
compatibility for the biorecognition of elements binding with the aid of the crosslinker
GPTMS. Integrating the merits of both the sensitivity of electrochemiluminescence and the
efficiency of electrochemistry, the immunosensor demonstrated a satisfactory performance
with a linear working range of more than 7 orders of magnitude and a LOD of 9 μU/mL.
Furthermore, VMSF exhibits good resistance to foulants thanks to the ultrasmall diameter
of nanochannels. Real sample analysis in human serum was performed, expecting to
provide a new method for clinical CA 15-3 diagnosis.
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Abstract: The demand for a wide choice of food that is safe and palatable increases every day.
Consumers do not accept off-flavors that have atypical odors resulting from internal deterioration
or contamination by substances alien to the food. Odor response depends on the volatile organic
compounds (VOCs), and their detection can provide information about food quality. Gas chromatog-
raphy/mass spectrometry is the most powerful method available for the detection of VOC. However,
it is laborious, costly, and requires the presence of a trained operator. To develop a faster analytic tool,
we designed a non-Faradaic impedimetric biosensor for monitoring the presence of VOCs involved
in food spoilage. The biosensor is based on the use of the pig odorant-binding protein (pOBP) as the
molecular recognition element. We evaluated the affinity of pOBP for three different volatile organic
compounds (1-octen-3-ol, trans-2-hexen-1-ol, and hexanal) related to food spoilage. We developed an
electrochemical biosensor conducting impedimetric measurements in liquid and air samples. The
impedance changes allowed us to detect each VOC sample at a minimum concentration of 0.1 μM.

Keywords: odorant-binding protein (OBP); volatile organic compounds (VOCs); 1-octen-3-ol; trans-
2-hexen-1-ol; hexanal; food safety; biosensors

1. Introduction

Food safety has substantially impacted human health, the economy, and society [1].
One of the main concerns of the food industry is represented by taints and off-flavors, which
may affect consumer food acceptability. Food quality assessment requires the identification
of compounds responsible for taints or off-flavors, defined by a broad, heterogeneous
group of chemicals named volatile organic compounds (VOCs). The decomposition process
that leads to the production of VOCs in food matrices originates from many sources,
such as microbiological degradation [2–4], contaminations from packaging migration [5,6],
contaminated water process, and improper food storage [7], involving the breakdown
of carbohydrates [8–10], proteins [11–13], or lipids [14,15] into their constituents. The
oxidation of fats and oils is one of the most predominant phenomena occurring during food
life. This chemical process produces VOCs, which decisively influence the sensory quality
of foods [16]. Secondary reaction products [17–19] (aldehydes, alkanes, alcohols, esters,
and epoxides) can continue to react, forming tertiary VOCs such as unsaturated 2-alkenals
and 2,4-alkadienals, harmful to human health [20–22]. Among the secondary products,
hexanal is the most critical indicator for the progress of lipid oxidation [23,24]. Therefore,
detecting this rancidity marker can help to characterize the oxidative status of high-fat
content food matrices. Furthermore, technological aspects such as the improper use of
temperature in the food processing line, packaging conditions, and microbial activity can
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promote the increase in the concentration of VOCs such as trans-2-hexen-1-ol, described as
an astringent and unpleasant odor [25], and 1-octen-3-ol [26] perceived as a moldy, musty,
and metallic odor.

Gas chromatography/mass spectrometry (GC/MS) is the methodology of choice
for VOC analysis in food. However, despite its proven robustness, it suffers from some
drawbacks, such as long-term analysis, time-consuming sample preparation, the need for
the presence of a trained operator, and high costs. Hence, novel analytical methods are
increasingly required for monitoring food quality in line with the farm-to-fork strategy
to ensure consumer confidence. In this scenario, biosensing technologies aim to offer
innovative solutions to face the challenges of the food industry.

An example is given by electrochemical biosensors that combine the advantage of
specificity with the simplicity of the operation. Furthermore, due to the progress in elec-
tronics, these devices can be miniaturized as lab-on-chip for on-site monitoring.

The identification of the biomolecule that specifically recognizes the analyte is the key
element in designing a biosensor. Recently, odorant-binding proteins (OBPs) have attracted
increasing interest as sensing elements for odors, given their physiological role as odorant
carriers to the olfactory neurons. These proteins have been identified in both vertebrates
and insects. However, they are structurally unrelated: the first ones belong to the lipocalin
superfamily [27,28] and are folded into a β-barrel structure [29], while the second ones
show mostly α-helical domains [30]. Furthermore, they are characterized by a compact
structure, small size, and extreme thermal and chemical denaturation stabilities [31,32].

In this work, we describe the design of an impedimetric protein-based biosensor
for monitoring the presence of three VOCs (hexanal, trans-2-hexen-1-ol, and 1-octen-3-ol)
involved in food spoilage using as molecular recognition element (MRE) pOBP. Through
direct docking simulation experiments, the binding affinity of pOBP for the selected VOCs
was calculated. A competitive assay, based on fluorescence resonance energy transfer
(FRET), was performed for each VOC molecule. pOBP was covalently attached to the self-
assembled monolayer (SAM) of an α-lipoic acid (ALA)-modified gold surface. The effect of
each VOC molecule on the surface electrical properties was monitored by non-Faradaic
electrochemical impedance spectroscopy (EIS). The binding phenomena occurring at the
electrode interface were observed as a decrease in the imaginary part of impedance with
increasing analyte concentrations. The obtained results show the capability of the biosensor
to detect the presence of the three selected VOCs in a micromolar range. Therefore, a
preliminary study conducted with air contaminated with the selected VOCs shows the
maintenance of pOBP capability to recognize the three VOC molecules and suggests that
the biosensor could be used as an on-off tool for VOC detection in food.

2. Materials and Methods

2.1. Materials

Hexanal, trans-2-hexen-1-ol, 1-octen-3-ol, α-lipoic acid, and solvents were purchased
from Sigma-Aldrich. Sepharose 4 Fast Flow resin for pOBP purification was acquired
from GE Healthcare. DEAE–Sepharose for glutamine-binding protein (GlnBP) purification
was obtained from Sigma-Aldrich. Thin-film gold single electrodes (ED-SE1-Au) were
purchased from Micrux Technologies (Oviedo, Spain). Materials used for protein elec-
trophoresis were obtained from Bio-Rad. All the used reagents were at analytical or higher
grades available. All the solutions were prepared using Milli-Q water.

2.2. Direct Docking Analysis

In order to assess the proper binding conformations of the VOC ligands with pOBP,
direct docking simulation experiments [33] were performed by MGLTools (http://mgltools.
scripps.edu/downloads/ accessed on 8 December 2021), an open-source software suite.
After preparing structure files of the protein and the ligands using AutodockTools (ADT)
1.5.6, Autogrid [34] allowed us to calculate the affinity maps through a 3D grid delimiting
the ligand-receptor complex. Lastly, with the aid of Autodock, the potential binding poses
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were predicted, and binding free energies were calculated. The structure files of the ligands
were downloaded from PubChem [35] in SDF format and converted into PDB by Open
Babel GUI [36]. The structure file of pOBP [37] was obtained by Protein Data Bank [38]
(ID: 1E02). The protein crystal structure was processed by removing water and the co-
crystallized ligand and by analyzing only chain A. All hydrogen atoms, charges, and
atom types were assigned [39,40]. After calculating the ligand torsdof and adding partial
charge to atoms, two different PDBQT files were generated. Next, docking simulations
were performed considering a grid box of 58 × 66 × 46 points, with a spacing of 0.375 Å.
Finally, the affinity maps were computed by Autogrid and saved in a GLG file. The
AutoDock Lamarckian genetic algorithm was chosen to perform 100 docking runs, treating
the protein as rigid and the ligand as flexible. As a result, 30,000 poses were calculated,
and 2,500,000 was set as the maximum energy evaluations. Ultimately, Autodock 4.2
allowed the collection of the docking simulation results in a DLG file consisting of the
three-dimensional coordinates of the generated poses. In addition, the binding free energy
and the pose clustering were calculated and compared to a reference co-crystallized ligand
1-aminoanthracene. Through AutodockTools, it was possible to identify the amino acid
residues involved in binding, exploring the presence of hydrogen bonds or π–π stacking
interactions. The lowest binding energy and the higher number of cluster poses were used
to identify the best ligand–protein complexes.

2.3. Expression and Purification of Recombinant pOBP

The expression and purification of pOBP were performed in accordance with Capo
et al. (2018) [41]. In brief, the recombinant pOBP-GST gene, subcloned into expression
vector pGEX-2TK, was transformed into the Escherichia coli BL21 (DE3) strain. A single
E. coli colony was picked from an LB agar plate and inoculated overnight in 10 mL LB broth
with the selective antibiotic (ampicillin). This starter culture was inoculated in 500 mL of
fresh LB medium containing ampicillin (50 μg/mL) for approximately 3 h at 37 ◦C under
shaking. Cells were grown until the absorbance at 600 nm reached a value of roughly 1.0.
At this point, the expression of pOBP was induced by adding 0.5 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) for 3 h at 37 ◦C. The bacterial suspension was centrifuged at
4000 rpm for 30 min at 4 ◦C. The cellular pellet obtained was resuspended in phosphate
buffer saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3)
and was incubated at 37 ◦C for 30 min before with 0.4% Lysozyme, and after with DNase I
(50 μg/mL per mL of solution), 5 mM MgCl2 (1 mg per mL of solution). Finally, the cells
were lysed using an ultrasonic homogenizer (Misonix Sonicator XL Ultrasonic Processor).
Centrifugation removed the nucleic acid fragments and cell debris at the end of this step.
After filtration, the soluble fraction collected was loaded on a Glutathione Sepharose 4
Fast Flow resin incubated overnight at 4 ◦C under shaking. After the incubation phase,
to remove protein contaminants unbound from the resin, several washes step with PBS
were carried out. Then the column was incubated with thrombin (1 unit of thrombin per
100 μg of fusion protein) for 16 h at 25 ◦C. Finally, after collecting pOBP, the GST tag was
removed from the resin with elution buffer (50 mM Tris-HCl, 10 mM reduced glutathione
pH 8.0). The purity of the collected protein samples was evaluated by Sodium Dodecyl
Sulphate-Poly-Acrylamide Gel Electrophoresis (SDS-PAGE). A single band at about 21 kDa
confirmed that the protein was purified to homogeneity. The protein concentration of
fractions containing pOBP was estimated by measuring UV absorbance at 280 nm using
Jasco V-730 UV/Vis spectrophotometer (molar extinction coefficient 12,200 M−1 cm−1).

2.4. Expression and Purification of Glutamine-Binding Protein

As a negative control of the pOBP-based biosensor, the electrode surface was func-
tionalized with the recombinant glutamine-binding protein (GlnBP). The expression and
purification steps were performed following D’Auria et al. (2005) [42]. In brief, E. coli
cells HB101 expressing GlnBP were grown overnight at 37 ◦C in LB in the presence of
100 μg/mL ampicillin and then were disrupted by osmotic shock. Next, the crude periplas-
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mic preparations were equilibrated with Na phosphate buffer (pH 7.5) and applied to a
DEAE–Sepharose column. Due to the high basicity of GlnBP, there was no adsorption
at this pH value, and the protein was collected in the flowthrough fractions. Finally, the
protein concentration of GlnBP fractions was estimated by measuring UV absorbance
at 280 nm using Jasco V-730 UV/Vis spectrophotometer (molar extinction coefficient
22,920 M−1 cm−1).

2.5. Fluorescence Spectroscopy

Steady-state fluorescence measurements were performed using a Jasco FP-8600 fluo-
rescence spectrometer in a 1.0 cm light path quartz cuvette. Tryptophan (Trp) residues were
selectively excited at 295 nm. Emission spectra were acquired in the range of 320–600 nm
at 1 nm intervals with a scan speed of 500 nm/min by fixing excitation and emission
slit widths at 5 nm. Assays were performed in 500 μL of PBS at pH 7.4 with a volume
concentration of ethanol equal to 0.01% [43]. Fluorescence experiments were performed on
pOBP samples with optical density lower than 0.1 OD at 295 nm [43,44] to avoid the inner
filter effect phenomenon. An ethanolic solution of 1-aminoanthracene (1-AMA) was used
as an extrinsic fluorophore after determining its concentration by the Beer–Lambert law
using an extinction coefficient equal to 35.45 mM−1 cm−1 at 280 nm. Titration experiments
were performed in triplicate by adding increasing amounts of 1-AMA to pOBP samples.
Alcoholic solutions of hexanal, trans-2-hexen-1-ol, and 1-octen-3-ol were tested in competi-
tive binding experiments repeated three times and obtained similar results. Excel 2016 by
Microsoft and OriginPro 2021b software were used to analyze the data.

2.6. Instruments for Electrochemical Experiments

The impedimetric measurements were carried out with a miniaturized all-in-one
electrochemical workstation (MicruX ECStat). The ED-SE1-Au electrochemical sensors are
based on a three-electrodes approach: a working, a reference, and an auxiliary electrode.

2.7. Surface Derivatization and Functionalization

The gold electrodes were functionalized by slightly modifying the derivatization
protocol described by Capo et al. (2022) [45]. Before functionalization, gold electrodes were
cleaned by applying 12 potential cycles between −1.0 and +1.3 V with a 0.1 V/s scan rate
in 0.05 M sulfuric acid. Then, a self-assembled monolayer (SAM) of thiols was prepared
by immersing the clean gold substrates into a 40 mM solution of α-lipoic acid (ALA) for
20 h. Next, the terminal carboxylic groups of the organo-sulfur molecules immobilized on
gold electrodes were activated by dropping 15 μL of 200 mM EDC and 50 mM NHS in PBS
buffer (pH 7.4) on the surfaces. After 10 min of incubation, the EDC/NHS solution was
removed. Subsequently, 15 μL of a 1.7 mg/mL pOBP sample (or GlnBP, used as a negative
control) were deposited on the electrodes; after 2 h of incubation, the surfaces were washed
three times with sterilized water. Lastly, 10 μL of 1 M ethanolamine (pH 8.5) solution was
placed on the surfaces for 20 min to block unreacted active sites. A schematic diagram of
the biosensor fabrication is presented in Figure 1.

Figure 1. Schematic representation of surface derivatization and functionalization processes.
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2.8. Impedance Measurements

Non-Faradaic impedance spectroscopy in the absence of a redox probe was chosen
to investigate the biorecognition events at the functionalized electrode surface. Binding
experiments were carried out at 25 ◦C and 44% of humidity by depositing 10 μL of hexanal,
trans-2-hexen-1-ol, and 1-octen-3-ol dissolved in PBS, preparing serial dilutions, consid-
ering the limit of water solubility, at different concentrations (0.1; 0.5; 1; 5, and 10 μM) on
the working area of the sensor for 10 min. After rinsing it thoroughly, EIS measurements
were conducted in PBS by superimposing a sinusoidal AC potential (0.1 V) to 0 V DC
potential in a frequency range of 0.1 to 100,000 Hz. Impedimetric responses are the means
of three replicates.

2.9. Statistical Analysis

Each impedance measurement was performed in triplicate. The mean and standard
deviation were calculated from the value of triplicates. The graphs report the mean val-
ues gleaned from the blank values, and the error bars represent the calculated standard
deviation. The linear calibration curve was obtained by plotting the change in impedance
at 0.1 Hz (ΔZ = Zbaseline − ZVOC) as a function of the logarithm of the VOC concentration.
The limit of detection (LOD = 3.3 σ/S) was determined by considering the slope of the
calibration curve, S, and the standard deviation of the response, σ [46]. The graphs were
realized in Excel 2016 by Microsoft® and Origin Pro 8.0 software.

3. Results and Discussion

In this work, intending to develop an electrochemical protein biosensor able to detect
the presence of VOCs associated with food spoilage (1-octen-3-ol, hexanal, and trans-2-
hexen-1-ol), we selected pOBP as MRE of the biosensor. This protein exhibits a typical
hydrophobic cavity that binds VOCs (Figure 2a).

Figure 2. pOBP-1-AMA docking simulation experiments: (a) pOBP is a monomer of 157 amino acids
containing one disulfide bridge between cysteines at positions 63 and 155 and a single tryptophan
residue (Trp) at position 16, accessible to extrinsic fluorophores such as 1-aminoanthracene (1-AMA);
(b) The image depicts the position of 1-AMA (in gray color) in the β-barrel structure of pOBP. The
single tryptophan residue is highlighted in green color.

Direct docking experiments were performed to predict binding affinity between pOBP
and the selected VOCs. Conformations of pOBP-VOC complexes (Figure 2b) were ranked
based on predicted free energy of binding (ΔG), cluster analysis, and ligand position in
the binding site. Thus, firstly, the correct position of each ligand in the binding site was
checked. Subsequently, the conformation belonging to the most populous cluster, with the
lowest estimated free energy of binding, was selected for each ligand. Moreover, it was
possible to obtain information on the interactions and the amino acids involved. Finally,
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docking results were validated with a co-crystallized ligand, 1-aminoanthracene. Table 1
provides the direct docking results sorted in decreasing order according to the estimated
free energy of binding (ΔG). Although the ΔG values are quite similar, it is possible to
observe that the portion of the alkyl chain and the presence of un-saturations affect the
affinity (1-aminoanthracene > 1-octen-3-ol > trans-2-hexen-1-ol > hexanal).

Table 1. Direct docking simulation results. Ligands are arranged in order of decreasing binding
affinity values.

Ligand ΔG (kcal/mol) Ki Amino Acid Residues Involved in Interactions

1-Aminoanthracene −8.42 674.02 nM ILE21; PHE35; VAL37; LEU53; VAL80; TYR82; PHE88;
ILE100; ASN102; MET114; THR115; GLY116

1-Octen-3-ol −4.67 379.09 μM ILE21; PHE35; PHE88; ASN102; THR115;
GLY116; LEU118

trans-2-Hexen-1-ol −3.85 1.50 mM ILE21; ILE29; PHE35; VAL37; ILE100; SER101;
ASN102; MET114; THR115; GLY116

Hexanal −3.51 2.70 mM ILE21; PHE35; VAL37; ILE100; SER101; ASN102;
MET114; THR115; GLY116

ΔG: Estimated Free Energy of Binding; Ki: Estimated Inhibition Constant; mM: millimolar; μM: micromolar;
nM: nanomolar.

3.1. Fluorescence Spectroscopy Measurements

Fluorescence spectroscopy measurements were performed to assess the structural
conformation and the binding capacity of pOBP.

In proteins, the indole ring of tryptophan is the dominant fluorophore known to emit
fluorescence near 340 nm upon excitation at 295 nm. Monitoring the intrinsic protein tryp-
tophan fluorescence offers the possibility to investigate the relationship structure-function.
Any changes in the tryptophan microenvironment may affect the fluorescence emission.
A red-shifted fluorescence emission to longer wavelengths may suggest the presence of
protein unfolding processes with the loss of protein function [44]. The investigation of
protein folding and protein–ligand interactions often relies on the use of the fluorescence
resonance energy transfer (FRET) technique. In the case of pOBP, the most widely adopted
fluorescence reporter for ligand-binding assays is 1-aminoanthracene (1-AMA). In fact, this
fluorescence compound is proven to be a strong ligand for pOBP [47]. One of the emissive
characteristics of this compound is to dramatically increase the fluorescence emission when
it is bound to a protein matrix.

To develop the FRET assay, the capability of pOBP to bind 1-AMA was evaluated.
When excited at 295 nm, 1-AMA showed a weak fluorescence emission with a maximum
centered at 537 nm. However, when 1-AMA binds to pOBP, we registered two events:
(1) the blue-shift of the emission maximum to 481 nm with the increase in fluorescence
emission intensity; (2) the decrease in fluorescence emission intensity at 340 nm. These
variations are attributable to the resonance energy transfer phenomenon between the single
protein tryptophan residue (at position 16 in the protein structure) and 1-AMA intercalated
in pOBP binding site.

Figure 3a displays pOBP fluorescence emission intensity increase at 481 nm at increas-
ing 1-AMA concentrations. The analysis of the binding curve indicates the presence of a
plateau at 4 mM of 1-AMA, which represents the amount of 1-AMA required to saturate
pOBP binding sites (Figure 3b).
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Figure 3. 1-AMA titration curve spectra and titration curves fitting: (a) The emission spectra of pOBP
upon excitation at 295 nm were acquired in the absence and in the presence of different amounts of
1-AMA; (b) fluorescence emission intensity at 481 nm was plotted as a function of 1-AMA concentrations.
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Competitive FRET Assay

In order to validate the direct docking results and confirm the protein affinity for
the selected VOCs, competitive FRET assays were performed for each VOC molecule. In
this assay, the affinity of a ligand was evaluated on its ability to displace the fluorescence
probe from the protein complex [48]. More precisely, the competition of 1-octen-3-ol
(Figure 4a), trans-2-hexen-1-ol (Figure 4c), and hexanal (Figure 4e) with 1-AMA to the
binding site of pOBP were observed by monitoring the displacement of 1-AMA at increasing
concentrations of each VOC sample. The titration curves of 1-octen-3-ol, trans-2-hexen-1-ol,
and hexanal are presented in Figure 4b,d,f, respectively. The kinetics parameters were
calculated by plotting the decrease in the fluorescence intensity at 481 nm as a function
of the concentration for each single VOC molecule. The dissociation constant values,
calculated through a non-linear fitting function, are 18.5 mM for 1-octen-3-ol, 122.3 mM for
trans-2-hexen-1-ol, and 349.7 mM for hexanal.

Figure 4. Fluorescence emission spectra and titration curves fitting of 1-octen-3-ol, trans-2-hexen-1-ol,
and hexanal. Emission fluorescence spectra of pOBP were acquired in the presence of saturating
concentrations of 1-AMA. The addition of increasing amounts of 1-octen-ol (a), trans-2-hexen-1-ol (c),
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and hexanal (e) determined the decrease in the peak at 481 nm and the increase in the peak at 340 nm.
The decreasing intensity of 1-AMA fluorescence emission at 481 nm was plotted as a function of
1-octen-3-ol (b), trans-2-hexen-1-ol (d), and hexanal (f) concentration. The fitting curves obtained by
a non-linear function are highlighted in red color.

3.2. Functionalization and Immobilization of pOBP on Sensor Surface

pOBP was covalently attached to the self-assembled monolayer (SAM) of an α-lipoic
acid (ALA)-modified gold surface. The design of the immobilization layout on the gold
surface is crucial for biosensor performance. In fact, it significantly influences the respon-
siveness of the bio-interface. The electrodes were cleaned by applying potential cycles in the
presence of sulfuric acid. Afterward, the gold electrodes were treated as described in detail
in “Materials and Methods” (Section 2.7). The surface functionalization was monitored
using electrochemical impedance spectroscopy (EIS). Figure S1 (see supplementary material
section) shows the Nyquist plot of the gold electrode before and after the immobilization
procedure. The results show an increase in the value of the impedance, indicating the
presence of covalent immobilization of pOBP on the electrode surface.

3.3. Electrochemical Characterization

The electrochemical performance of the biosensor was analyzed by non-Faradaic
electrochemical impedance spectroscopy (EIS). This technique allows us to observe binding
phenomena at the electrode–electrolyte interface. When a charged electrode surface is
placed in an electrolyte, an electrical double layer (EDL) is formed. Its thickness is related
to the capacitive variation due to the binding between the target analyte (VOC) and the
capture probe (pOBP). A single VOC molecule was dropped from the lowest (0.1 μM) to the
highest concentration (10 μM) on the functionalized electrode surface. After incubating for
10 min, the surface was rinsed, and the impedance response was recorded in a PBS buffer.

The same procedure was applied to GlnBP functionalized gold electrodes (the negative
control).

The results are presented in the Nyquist diagram, where the imaginary part (Z” or
−Zimg) is plotted versus the real part (Z′ or Zreal). The magnitude impedance is a complex
number given by:

Z(ω) = Zreal (ω) − j Zimg (ω), (1)

where ω = 2πf.
A non-Faradaic Nyquist plot exhibits a large incomplete semicircle tending to infinity

in the low-frequency region. The lack of a redox probe eliminates the parameters associated
with electron transfer, such as charge transfer resistance (Rct) and Warburg impedance. As
a result, the partial semicircle, due to the extremely slow electron transfer, is not followed
by the typical diffusion tail [49,50]. Moreover, the solution resistance (Rsol) in the high-
frequency region is attributable to the bulk ionic concentration. Therefore, the impedance
of a non-Faradaic sensor is determined by the insulating characteristics of the VOC sample
bond to the conductive substrate [51]. The binding phenomena occurring at the electrode
interface generate a charge perturbation observable in the Nyquist plot as a decrease in
the imaginary part of impedance (−Z”) in the low-frequency regime with increasing VOC
concentrations (Figure 5).

The GlnBP-functionalized electrode (negative control) showed no significant impedance
variation at 0.1 Hz in the presence of the selected VOC samples in the range of 0.1–10 μM.
(Figure S2). These results confirm the specificity of pOBP sensors for the tested
VOC molecules.

Since the maximum signal variation was observed at 0.1 Hz, this frequency was
selected to represent the further data. Specifically, the binding curve was obtained by
plotting the change in impedance at 0.1 Hz (ΔZ = Zbaseline − ZVOC) versus the value of VOC
concentrations and applying a non-linear fitting function (Figure 5). The limit of detection
(LOD) determined as described in “Statistical Analysis” (Section 2.9), was estimated to be
0.49 μM for 1-octen-3-ol, 0.60 μM for hexanal and 0.81 μM for tran-2-hexen-1-ol (Figure 6).
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Figure 5. Nyquist plots and binding curves fitting of 1-octen-3-ol, trans-2-hexen-1-ol, and hexanal.
Nyquist plots represent the impedance response of the biosensor to increasing concentrations of
1-octen-3-ol (a), trans-2-hexen-1-ol (c), and hexanal (e). As a consequence of the binding events at
the interface, the impedance of the electrochemical system increases at increasing concentrations of
the VOC samples. Binding curves were obtained by plotting the change in impedance at 0.1 Hz as a
function of 1-octen-3-ol (b), trans-2-hexen-1-ol (d), and hexanal (f) concentration. The fitting curves,
obtained by a non-linear function, are highlighted in red color.
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Figure 6. Calibration curves of 1-octen-3-ol, trans-2-hexen-1-ol, and hexanal. The fitting curves were
obtained by plotting the logarithmic value of 1-octen-3-ol (a), trans-2-hexen-1-ol (b), and hexanal (c)
concentrations versus the change of the impedance value at 0.1 Hz.

The biosensor showed a response time of 15 min, including the incubation time, and a
recovery time of 30 min. For evaluating the long-term stability, the functionalized electrodes
were stored in PBS for 20 days at 4 ◦C with a negligible loss of activity of the biosensor.

3.4. EIS Experiments in Gas

pOBP-functionalized gold electrodes were further characterized by electrical impedance
spectroscopy (EIS) in air in the absence and in the presence of the selected VOC samples.
For this purpose, each electrode was placed inside a suitable gas chamber (Figure S3).
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Several measurements were acquired until the steady state was reached. Afterward, the
gold electrodes were exposed to the single VOC sample, and impedance spectra were
collected after 10 and 20 min.

The Nyquist plots thus obtained (Figure 7) show a variation of the impedance curves
in the presence of the volatiles already after 10 min, reaching saturation after 20 min. This
result can be ascribed to binding events between pOBP and the VOC samples.

Figure 7. Impedance variations in air as a function of 1-octen-3-ol (a), trans-2-hexen-1-ol (b), and
hexanal (c) concentrations.

4. Conclusions

In this work, we designed a non-Faradaic impedimetric biosensor to detect three
different VOC samples (1-octen-3-ol, trans-2-hexen-1-ol, and hexanal) involved in food
spoilage by immobilizing pOBP onto a SAM-functionalized gold electrode. The changes
in impedance values at 0.1 Hz allowed us to detect the VOC samples in the range of
0.1–10 μM. Furthermore, we observed similar behavior when the biosensor was exposed
to air contaminated with the VOC samples. These results suggest that pOBP maintains
its functionality outside its living ambient, lending itself to being used as a molecular
recognition element even in the gas phase. In the future, to enhance biosensor selectivity,
we plan to use the collected data to train neural networks, which could help to discriminate
between the different VOC samples. Moreover, by gaining more insight into the type of
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interactions with the help of molecular docking, we intend to synthesize tailored pOBP
mutants with improved selectivity.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/bios13030341/s1, Figure S1: Electrode EIS response before and after the
functionalization procedure.; Figure S2: Impedance responses of GlnBP-functionalized electrodes to
increasing concentrations of 1-octen-3-ol (a), trans-2-hexen-1-ol (b) and hexanal (c); Figure S3: System
used for impedimetric measurements in gas.
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Abstract: The current study reports on the development of a rapid and cost-effective TB-antigen
diagnostic test for the detection of Mycobacterium biomarkers from non-sputum-based samples.
Two gold nanoparticle (AuNP)-based rapid diagnostic tests (RDTs) in the form of lateral flow
immunoassays (LFIAs) were developed for detection of immunodominant TB antigens, the 6 kDa
early secreted antigen target EsxA (ESAT-6) and the 10 kDa culture filtrate protein EsxB (CFP-10).
AuNPs were synthesized using the Turkevich method and characterized by UV-vis spectropho-
tometer and transmission electron microscope (TEM). The AuNP–detection probe conjugation
conditions were determined by comparing the stability of 14 nm AuNPs at different pH condi-
tions, following salt challenge. Thereafter, ESAT-6 and CFP-10 antibodies were conjugated to the
AuNPs and used for the colorimetric detection of TB antigens. Selection of the best detection and
capture antibody pairs was determined by Dot spotting. The limits of detection (LODs) for the
LFIAs were evaluated by dry testing. TEM results showed that the 14 nm AuNPs were mostly
spherical and well dispersed. The ESAT-6 LFIA prototype had an LOD of 0.0625 ng/mL versus
the CFP-10 with an LOD of 7.69 ng/mL. Compared to other studies in the literature, the LOD
was either similar or lower, outperforming them. Moreover, in some of the previous studies,
an enrichment/extraction step was required to improve on the LOD. In this study, the LFIAs
produced results within 15 min and could be suitable for use at PoCs either in clinics, mobile
clinics, hospitals or at home by the end user. However, further studies need to be conducted to
validate their use in clinical samples.
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1. Introduction

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis (M. tb),
which when detected timeously and with appropriate therapeutic intervention can be
curable. The global representation of this crisis is massive, as 3.6 million of TB cases can go
undiagnosed or unreported in low–middle income countries. In sub-Saharan Africa, 5 out
of 10 active TB cases go undiagnosed, and in South Africa (SA) alone, an estimated 150,000
of cases are not diagnosed, which poses a risk for increasing the rates of transmission,
morbidity and mortality [1]. The lack of rapid, accurate diagnostic tools at a point of care
(PoC), including the inaccessibility of easily collectible samples, is central to the missed
diagnosis and subsequent spread of the disease. In the current study, the immunodominant
TB antigens ESAT-6 and CFP-10 were explored as targets for the development of TB-antigen
rapid diagnostic test (RDT) prototypes which were based on the lateral flow immunoassays
(LFIAs) technology.
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To date, microbiological testing such as sputum smear microscopy and sputum
culture test remain the most widely used methods of TB diagnosis [2]. The major
limitation of the sputum smear microscopy test which exploits staining of acid-fast
bacteria (AFB) is that it requires 10,000 bacilli/mL from a sputum sample for a positive
TB detection [2], making it less sensitive for paucibacillary cases in HIV positive
patients, children who often present with extra-pulmonary TB (EPTB) and very ill
patients who cannot expectorate [2–4]. The sputum culture test has a long turnaround
time of 2 to 4 weeks. These tests are expensive and need to be carried out by experienced
personnel in specialized facilities and with costly instrumentation. Likewise, molecular
tests such as the PCR-based GeneXpert MTB/RIF (Cepheid Inc., Sunnyvale, CA, USA)
and the TB loop-mediated isothermal amplification (LAMP) (Eiken; Tokyo, Japan)
are costly, and not readily accessible to low-income countries nor suitable for PoC
testing [5–7]. The blood-based immune response tuberculin skin test (TST) and the
IFN-γ release assays (IGRAs) (QuantiFERON-TB Gold, Cellestis Ltd., Australia) have
uncircumventable limitations such as their inability to accurately distinguish between
active and latent infections [4]. In addition, TST does not differentiate M. tb from
nontuberculous Mycobacterium and the Bacille Calmette–Guérin (BCG) vaccine, making
it unsuitable for TB testing in a South African cohort [2].

Lateral flow immunoassays are user friendly, produce results within 10 to 15 min
and are suitable for PoC use either at medical facilities or at home by the end user [8,9].
The Alere Determine™ LFIA was introduced in South Africa (SA) in 2018, and used
to detect the Mycobacterial lipoarabinomannan (LAM) antigen in urine samples within
25 min. This test, however, was found to be more suitable for TB testing in HIV-positive
patients. The commercially available LFIA-based TB RDTs have limited endorsement
from the World Health Organization (WHO) [10], and in some studies, the reported sen-
sitivity and specificity of the diagnostic kits were inconsistent [11]. The poor specificity
may be attributed to cross-reactivity with the BCG vaccine and other Mycobacterium
species [12].

In contrast, the current TB-antigen RDT explores the immunodominant TB se-
creted antigens, ESAT-6 and CFP-10, as targets in detecting TB following the research
strategy summarized in Scheme 1. In the globally used BCG vaccine, these antigens
are not expressed subsequent to the deletion of the region of difference (RD)1 locus
in which they are located [13,14]. As a result, cross-reactivity in patients previously
vaccinated with BCG and/or those infected with other Mycobacterium species will be
minimized [15–17]. Additionally, these biomarkers have been previously detected
in the serum from HIV-positive and HIV-negative pulmonary TB (PTB) and extra-
pulmonary TB (EPTB) patients with similar sensitivities. The antigens were detectable
at low concentrations <10 nM in the serum, which was useful for diagnosis and eval-
uating anti-TB response [14]. To expedite the Stop TB Strategy, TB RDTs are now
adopted to detect TB biomarkers in easily accessible samples such as urine [8] and
blood samples, and sensing of volatile organic compounds from the breath [9,10]. The
presence of ESAT-6 and CFP-10 in urine [15–18] and blood [14,15] samples makes
them ideal TB biomarkers, especially for RDTs. However, the methods used to detect
antigens such as mass spectrometry (MS) and ELISA are not suitable for POC testing,
as the very long sample processing and analysis require highly trained personnel.
Therefore, the proposed AuNP-based LFIAs will be optimized for rapid detection of
ESAT-6 and CFP-10 from non-sputum samples which will be beneficial for patients
who cannot expectorate.
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Scheme 1. Simplified representation of the research strategy. The diagram depicts the objectives of
the research work.

2. Materials and Methods

2.1. Materials

The ESAT-6 and CFP-10 antibodies were obtained from manufacturers outlined in
Table 1. The antibodies were given specific codes in the current study, as indicated in
the table. The gold (III) chloride (HAuCl4.3H2O), trisodium citrate (Na3C6H5O7), and
anti-Mouse IgM (μ-chain specific) antibody produced in goat were bought from Sigma-
Aldrich (St Louis, Missouri, USA). The anti-Rabbit Affinity purified Goat IgG was acquired
from R&D systems (Minneapolis, Minnesota, USA). The nitrocellulose membrane CN95
was purchased from Sartorius (PTY) LTD (Midrand, South Africa), whilst the Millipore
conjugate pad G041 and Millipore C083 absorbent pad were bought from Sigma-Aldrich
and the backing cards from Diagnostic Consulting Network (Carlsbad, California, USA).

Table 1. The primary antibodies used for CFP-10 and ESAT-6.

Antigen Antibody Code Antibody Details (Cat No.) Supplier Details

CFP-10

Ab1 Mouse Monoclonal Mycobacterium Tuberculosis
CFP-10 Antibody (KFB16)

Novus Biologicals, LLC (Briarwood
Avenue, CO 80112, USA)

Ab2 Mouse Monoclonal Mycobacterium Tuberculosis
CFP-10 Antibody (KFB42) Novus Biologicals, LLC

Ab3 Mouse Anti-Mycobacterium tuberculosis CFP-10
Monoclonal Antibody (DMAB3941)

Creative diagnostics PTY (Ltd)
(Shirley, NY, USA)

Ab4 Mouse Anti-Mycobacterium tuberculosis CFP-10
Monoclonal Antibody (DMAB3943) Creative diagnostics PTY (Ltd)

Ab5 Rabbit Polyclonal Anti-CFP-10 antibody
(AB45073)

Abcam PTY (LTD) (Discovery Drive,
Cambridge, UK)

ESAT-6

Ab6 Mouse Anti-Mycobacterium tuberculosis ESAT-6
Monoclonal Antibody (DMAB3944) Creative diagnostics PTY (Ltd)

Ab7 Mouse Anti-Mycobacterium tuberculosis ESAT-6
Monoclonal Antibody (DMAB3945) Creative diagnostics PTY (Ltd)

Ab8 Rabbit Polyclonal Anti-ESAT-6 antibody
(AB45074) Abcam PTY (LTD)
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2.2. Synthesis of 14 nm AuNPs

The 14 nm AuNPs were synthesized using the Turkevich method (Turkevich et al.,
1951), which entails the reduction of HAuCl4 with trisodium citrate as described previously.
Trisodium citrate and HAuCl4.3H2O solutions were prepared at a concentration of 1% and
0.0289 M, respectively. The solutions were each filtered using 0.2 μm filters and thereafter
used in the synthesis of the 14 nm AuNPs [15,16].

2.3. Characterization of the AuNPs Using UV-vis Spectrophotometer and TEM

The optical properties of the 14 nm AuNPs were measured using the UV-vis spec-
trophotometer (MultiskanTM GO plate reader (Thermo Fischer Scientific, Waltham,
Massachusetts, USA)) within a wavelength range of 200 to 800 nm. Transmission electron
microscopy (TEM) analysis was carried out on the JEOL JEM-2100F following previous
procedures [19,20].

2.4. Conjugation of Antibodies to AuNPs
2.4.1. Stability of AuNP–Antibody Conjugates

Stability of 14 nm AuNP–antibody conjugates was assessed at different pH levels. The
pH levels of AuNPs were adjusted to pH 7, 8, 9 and 10 using 0.1 M K2CO3. Thereafter,
100 μL of each AuNP solutions was dispensed into a 96-well plate. The antibodies were
added to the AuNPs to a final concentration of 10 μg/mL. In negative controls, phosphate-
buffered saline (PBS) was added in place of the antibodies. The reactions were incubated
for 5 min at room temperature, then 50 μL of 0.1 M NaCl was added and color changes, if
any, were recorded.

2.4.2. Conjugation of Antibodies to the AuNPs

To conjugate the antibodies to the AuNPs, 1 mL of AuNP solutions (OD 1 for the 14 nm
AuNPs) at the selected optimal pH and 1 μg/mL antibody were added to an Eppendorf
tube and incubated for 20 min with agitation. Then, 100 μL of conjugate blocking buffer
(10% bovine serum albumin (BSA) prepared in borate buffer, pH 9) was added to the
conjugate mixture and further incubated for 30 min. The conjugate mixture was then
centrifuged at 15 000 rpm for 20 min at 4 ◦C. The supernatant was discarded and the
AuNPs were re-suspended in diluent buffer and stored at 4 ◦C until further analysis.

2.5. Selection of Antibody Pairs by Dot Spotting

The detection and capture antibody pairs for ESAT-6 and CFP-10 were tested for
compatibility using dot spotting following a sandwich assay. Immobilization of antibodies
was carried out by dot spotting 1 μL of 1 mg/mL of antibodies at about 6 mm of spacing
between the control and the test line antibody. Thereafter, the membranes were dried for
15 min in an oven at 37 ◦C. Blocking of the membranes was carried out for 5 min in 0.1%
BSA blocking buffer and dried for 45 min at 37 ◦C in an oven. Strips were cut into 3 mm
and analyzed accordingly. Binding of the detection antibodies to the antigen was analyzed
by immersing the strips in an Eppendorf tube containing the AuNP–antibody conjugate
with buffer (negative test) or AuNP–antibody conjugate with buffer containing antigen (test
sample) (refer to Scheme 1). The experiment was allowed to run for 15 min, and signals
were then visualized by a red dot.

2.6. Development of the AuNP-Based LFIA and Determination of the Limit of Detection (LOD)

The selected control and test line antibodies were dispensed using XYZ (X = 25 mm;
Y = 30 mm and Z = 8 mm) Platform Dispenser HM3030 (Shanghai Kinbio Tech.Co, LTD,
Pudong New Strict, Shanghai, China) at a rate of 1 μL/cm on to the nitrocellulose membrane
which was laminated onto a backing card. The card was then dried for 30 min at 37 ◦C in
an oven, and the membrane was blocked with 0.1% BSA in phosphate buffer for 5 min with
agitation. Drying was carried out for 45 min at 37 ◦C.
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Meanwhile, the conjugate pad was prepared by immersing it in conjugate pad blocking
buffer (3% BSA in borate buffer) for 15 min with gentle agitation. Once the conjugate pad
had been dried, the AuNP conjugate of choice was sprayed using the KinBio Dispenser
instrument (Kinbio Tech.Co, LTD, Pudong New Strict, Shanghai, China) and again dried
for 45 min at 37 ◦C. Finally, the conjugate pad and absorbent pad were laminated on
the backing card with the membrane attached and cut into 3 mm strips using the High
Speed Cutter ZQ4500 (Kinbio Tech.Co, LTD, Pudong New Strict, Shanghai, China) prior to
assembling into cassettes (schematic representation of the assembling process in Scheme 2).

Scheme 2. Schematic diagram showing steps of the assembling and wet testing of LFIA strips. The
diagram illustrates the lamination of components of a strip on the backing card (steps 1 to 4). (1) The
nitrocellulose membrane is the first to be laminated, followed by (2) the conjugate and sample pads
which have a 2 mm overlap, and finally (3) the absorbent pad is embedded on the card. Following
the cutting of the strips, wet testing (step 4) was carried out as shown on the diagram. Lines on
both control and test lines represent a positive test, while a single line in the control represent a
negative test.

To determine the LOD of the prototypes, the recombinant antigens were serially
diluted with 1 x PBS at concentrations ranging between 0.0769 to 0.0769 × 106 ng/mL
for CFP-10, and 0.0000625 to 62.5 × 102 ng/mL for ESAT-6. The recombinant antigens
were provided at different concentrations by suppliers; hence, the starting concentrations
dictated the working solution’s dilution series. A volume (65 μL) of the prepared samples
was loaded onto the assembled test strips and allowed to run for 15 min prior to the analysis
of the results.

2.7. Wet and Dry Conjugate Testing of the LFIA

Wet testing: To perform wet conjugate testing, 30 μL of running buffer and 10 μL of
AuNP–antibody conjugate were added to an Eppendorf tube. For a test sample, commercial
recombinant M. tb CFP-10 (227-20144, Biodisc Raybiotech Life, Inc., Peachtree Corners,
Georgia, USA) or M. tb ESAT-6 (Creative diagnostics PTY (Ltd), Shirley, NY, USA) was also
added to separate tubes, after which the sample pad part of the strip was cut and immersed
into those tubes. The test was allowed to run for 15 min prior to analysis.

Dry testing: The backing card was assembled with the conjugate pad which contained
the AuNP–antibody conjugate. To conduct a negative test, 40 μL of running buffer (without
any antigens/proteins) was added to the sample pad on the test strip and allowed to flow
for 15 min. The same procedure was followed for a test sample by using a buffer containing
the commercial recombinant proteins/antigens. Various concentrations of antigen were tested
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until a red line/dot was visible. Concentrations of 4 and 2.7 μg/mL for CFP-10 and ESAT-6,
respectively, were used as a reference point, as determined in the Dot spotting results.
Where necessary and where false negatives were observed higher concentrations were
also tested.

3. Results

3.1. Synthesis and Characterization of AuNPs

UV-vis spectroscopy and TEM were used to evaluate the quality of the synthesized
AuNPs. The absorption maxima of the 14 nm AuNPs was at 519 nm (Figure 1A), which is a
typical wavelength banding pattern for AuNPs owing to the surface plasmon resonance
(SPR) [17–20]. The morphology of the AuNPs was mostly spherical, as shown by the TEM
micrographs (Figure 1B), with an average core size of 14 nm. Using this method, different
sized diameters of the AuNPs, in the range of 14 to 150 nm, can be produced by varying the
ratio of the reducing agent to the gold precursor (trisodium citrate: gold chloride) [16,20,21].
AuNPs are able to absorb and scatter light, which enables them to emit different colors
depending on their size, shape and degree of aggregation. This SPR phenomenon is known
to occur due to the ability of the metal to conduct electrons simultaneously excited by
electromagnetic waves striking the metal surface [19].

Figure 1. Characterization of 14 nm AuNPs. The nanoparticles were analyzed using (A) absorbance
spectroscopy and (B) TEM. The absorption maxima were at 512 nm.

3.2. Assessment of Conjugation Conditions and Conjugate Stability

The stability of the AuNP–antibody conjugates was visually assessed by color change
following the addition of 0.1 M NaCl to the conjugate samples. AuNPs that had no
salt nor antibody were used as a reference for unstable conjugates. In cases where color
changes were not obvious by visual inspection, a pH that was closer to the protein’s storage
buffer (prepared by the suppliers) was selected. The 14 nm AuNP–antibody conjugates
that were indicative of instability changed color from red to purple or colorless, while
the stable conjugates remained red after addition of NaCl. The color changes were as a
result of flocculation after adding NaCl to AuNPs; under the tested conditions, this was
more evident in the AuNP samples without antibodies (Figure 2). The selected pH for
conjugation of Ab1 and Ab2 was pH 8, while Ab3, Ab4 and Ab5 were more stable at pH 9.
Similarly, Ab6, Ab7 and Ab8 were stable at pH 9. In the current study, the conjugates were
mostly stable at pH 8 and 9 with 14 nm AuNPs, and these were selected as the conjugation
conditions for producing the detection probes (antibody–AuNP conjugates).

401



Biosensors 2023, 13, 354

Figure 2. Stability of AuNPs with ESAT-6 and CFP-10 antibodies at different pH values. AuNPs of
14 nm at pH 7, 8, 9 and 10 were dispensed into wells of a 96-well plate. Anti-ESAT-6 and anti-CFP-10
antibodies were added into wells and incubated at room temperature for 5 min prior to addition of
NaCl. Color changes, if any, were observed and with reference from AuNPs that had no antibody
and NaCl, and optimum conditions for conjugation were chosen. The arrows indicate the selected
conditions for conjugation.

3.3. Selection of Antibodies

Pairing and compatibility of the antibodies was evaluated by dot spotting to determine
the capture and detection antibodies specific to CFP-10 and ESAT-6. Overall, CFP-10
had eight pairs of compatible capture and detection antibodies, whilst ESAT-6 had only
two pairs to choose from (results are summarized in Table 2 and representative strips
shown in Figure 3). With respect to CFP-10, the detection AuNP–antibody conjugates that
were compatible with the Ab1 capture antibody were Ab1, Ab2 and Ab4, whilst the Ab2
capture antibody was compatible with the Ab1 and to a lesser extent with Ab3 and Ab4
AuNP–antibody conjugates as detection antibodies. Testing the pairs Ab2/Ab3 (capture
antibody/detection antibody) and Ab2/Ab4 with double the concentration (from 4 to
8 μg/mL) of the recombinant CFP-10 antigen resulted in very faint dots at the control test
and a concentrated dots at the test line.
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Table 2. Summary of dot spotting analysis.

Capture Antibody Control/Test

CFP-10 ESAT-6

Ab1 Ab2 Ab3 Ab4 Ab5 Ab6 Ab7 Ab8
Detector

Antibody

Ab1 Control +++ ++ ++ +++

Test +++ +++ - +++

Ab2 Control ++ - +++ +++

Test +++ - +++ ++

Ab3 Control + + ++ ++

Test n/a n/a - +++

Ab4 Control + + ++ +

Test - - ++ -

Ab5 Control +++

Test -

Ab6 Control ++ +++

Test - -

Ab7 Control +++ +++

Test - ++

Ab8 Control +++

Test -

Key: +++ high intensity; ++ moderate intensity; + low intensity/faint; - no dot visualized.

Consistent with other studies, pairing the same antibody yielded unfavorable results,
mostly false negatives, and also a ‘ghost line’ was depicted by the Ab3/Ab3 pair. ‘Ghost
lines’ are an artefact that is characterized by a red background encircling a white dot where
an antibody was immobilized. In contrast, the Ab1/Ab1 and Ab7/Ab7 pairs gave distinct
red-colored dots with respect to the negative and test samples, and the Ab4/Ab4 showed a
visible but faint dot upon testing with recombinant protein.

The Ab3 and Ab4 capture antibodies paired favorably with the Ab4 and Ab3 as
detection antibodies, respectively. Ab5 (anti-CFP-10 antibody) and Ab8 (anti-ESAT-6
antibody) antibodies are rabbit polyclonal antibodies (pAb) that could not be paired
with the mouse antibodies due to incompatibility with the secondary antibody at the
control line. The Ab5/Ab5 pair gave false negatives whilst the Ab8/Ab8 gave false
positives when testing BSA-based buffers. pAb targets multiple epitopes on an antigen,
and this wide range makes them less specific when compared to monoclonal antibodies
(mAb). Consequently, pAbs are less preferred as capture antibodies, and are rather used
as detection antibodies.

The ESAT-6s Ab6 and Ab7 showed compatibility when paired in both orientations.
Buffer components also influenced the antibody pairing outcomes. In most cases, BSA-
based buffers gave false positives, such as when testing the Ab8/Ab8 pair between BSA
concentrations of 0.1 to 1%. Although casein-based buffers were able to eliminate the false
positivity, the Ab8 test line could not detect the recombinant protein. ‘Ghost lines’ were
observed on the strips with the Ab3/Ab3 and with Ab8/Ab8 pairs where Tris-based buffers
were used for optimization.
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Figure 3. Compatibility of CFP-10 capture and detection antibody pairs. The capture and control
antibodies were dotted on the nitrocellulose membrane using 1 μL of 1 mg/mL antibody. The
membranes were left to dry for 15 min prior to testing. To test the samples, the negative control
contained 30 μL of running buffer and 10 μL of AuNP–antibody conjugate, whilst the test sample
also contained recombinant CFP-10 protein (4 μg/mL) or ESAT-6 protein (2.7 μg/mL). Tests were
allowed to run for 15 min before analysis. ‘Ghost lines’ are indicated by blue circles.

3.4. LOD for CFP-10 and ESAT-6

The visual LOD of the LFIA was determined on selected pairs, which showed the
most consistent performance in the compatibility pairing studies: the Ab1/Ab1 and
Ab1/Ab2 pairs for CFP-10 and Ab6/Ab7 and Ab7/Ab7 pairs for ESAT-6. The LOD
for recombinant CFP-10 for the Ab1/Ab1 pair was 0.0769 × 104 ng/mL (Figure 4A), and
0.0769 × 102 ng/mL for the Ab1/Ab2 pair (Figure 4B). The Ab1/Ab2 pair was 100 times
more sensitive than the Ab1/Ab1 pair, hence, it was chosen for future validations. ESAT-6
depicted an LOD of 62.5 ng/mL for the Ab6/Ab7 pair and 0.000625 ×102 ng/mL for the
Ab7/Ab7 pair (Figure 5A,B, respectively). The latter pair was 1000 times more sensitive
to the ESAT-6 antigen and was thus selected for further studies. The CFP-10 and ESAT-6
prototypes showed potential for future clinical evaluations or studies, with LOD values of
7.69 and 0.0625 ng/mL, respectively. The ESAT-6 LFIA LOD was more than 120-fold lower
compared to the CFP-10 LFIA.
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Figure 4. Determination of the LOD of CFP-10 (A) Ab1/Ab1 and (B) Ab1/Ab2 pairs. Ab1 was
dispensed on the test line at a concentration of 0.5 mg/mL, and the anti-Mouse IgM antibody was
dispensed at 0.3 mg/mL on the control line. The (A) Ab1 and (B) Ab2 were conjugated to AuNPs, then
sprayed on the conjugate pad which was blocked using 3% BSA in sodium borate buffer. Following
assembly of the nitrocellulose membrane, conjugate pad and absorbent pad on the backing cards,
3 mm strips were cut using the Kinbio cutter. Test samples were prepared at a range of 0.0769 × 106

and 0.0769 ng/mL recombinant CFP-10 in running buffer. Samples were then applied at a volume
of 65 μL and analyzed after 15 min of incubation. These results are representative of the same test
performed in triplicate.

Figure 5. LOD of ESAT-6 (A) Ab6/Ab7 and (B) Ab7/Ab7 pair. (A) The Ab6 and (B) Ab7 capture
antibodies were dispensed at 1 mg/mL on the nitrocellulose membrane, whilst the Ab7 conjugate
was sprayed on the conjugate pad thereafter assembled on the backing cards. Recombinant ESAT-6
was serially diluted in the range indicated in order to compute the LOD. The arrows indicate the strip
selected as the LOD. The results are representative of the same test performed in triplicate.
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4. Discussion

The attenuation of Mycobacterium bovis to the widely used BCG vaccine resulted in
the deletion of the RD1 loci. We postulated that exploiting biomarkers within this region as
targets for the TB-antigen RDT may minimize and/or eliminate false positives from previ-
ously BCG vaccinated individuals and/or those infected with other Mycobacteria species.
The CFP-10 and ESAT-6 are two of the immunodominant antigens that are expressed by
the RD1 loci and were explored as targets for the development of AuNP-based LFIA. The
stability of antibodies with the 14 nm AuNPs at various pHs was tested, and overall the
antibodies were stable at most pHs. Interestingly, Wu and colleagues found their CFP-10
and ESAT-6 antibodies to be suitable for conjugation with AuNPs sized between 18 and
20 nm [11], suggesting that the smaller-sized AuNPs are more stable with these biomarkers.

Initially, Dot spotting was used to determine compatible pairs of detection and capture
antibodies for CFP-10 and ESAT-6 from different suppliers. Suitable antibody pairs will
then be sourced from the same supplier to maintain consistency. In cases where the test line
was visualized but with the faint control line, the antigen could be causing steric hindrance,
blocking the binding site for the immobilized secondary antibody of the control line.
The kinetics of solid-phase immobilized antibodies have demonstrated that equilibrium
between antigen, capture and detection antibodies do not occur simultaneously, suggesting
that steric hindrance plays a role in the detection-antigen-capture sandwich formation [22].
However in some instances, antibodies are able to re-organize to allow for further binding,
and a high binding affinity may prevent this re-organization, causing saturation of binding
sites at a faster rate [22–24]. Thus, in addition to target epitope compatibility, the association
(kass) and dissociation (koff) rate constants of the detection and capture antibodies may
have a crucial role in defining suitable binding pairs.

The false negatives for the other pairs suggest that the capture and detection antibodies
are competing for the same epitope on the antigen. It is possible that the detection antibody,
which is the first to be encountered by the antigen in solution during testing, saturates the
same epitope that is recognized and required for binding by the capture antibody. This
effect was observed by Cavalera and colleagues, which they referred to as the ‘antigen hook
effect’, and they showed that lowering the concentration of the detection antibody can
enhance the sensitivity of LFIA. The ‘hook effect’ has been previously described and was
initially observed for the LFIA-based pregnancy test, which measures the concentration of
human chorionic gonadotropin (hCG). High concentrations of hCG led to disappearance
of the test line, which yielded false negatives [25,26]. Cavalera et al. also reported that
the distance of the test line from the sample pad affects the sensitivity of the LFIA. The
further the test line was from the sample pad meant that there was an increase in contact
time between the detection of the AuNP conjugate and the antigen which increased the
saturation effect, thus augmenting the ‘antigen hook effect’ [27,28].

False positives were also observed when BSA-based buffers were used, such as when
testing the Ab8/Ab8 pair in the 0.1 to 1% BSA concentration. Since BSA is a protein like
the antigens, it may present with peptides that act as epitopes which may be causing
non-specific binding. This effect became less pronounced at a BSA concentration of 0.1%
versus at 1%. Using casein as an alternate buffer eliminated the false positives (results not
shown), and this may be because casein is a less structured protein (mostly random coiled
or disordered) than BSA (67% helix, 10% turns and 23% extended) [29,30], making it less
stable and more prone to denaturation effects by the surfactant than BSA. It is possible that
if a higher concentration of surfactant was used with the BSA buffers no false positives
would appear. ‘Ghost lines’ are an artefact characterized by a red background encircling
a white dot where an antibody was immobilized. The appearance of ‘ghost lines’ has
been proposed to be as a result of high concentrations of capture antibody on the test line
repelling the conjugate. Since only the Tris-based buffers caused the ‘ghost line’ effect with
the Ab8/Ab8 pair, a plausible reason may be that the buffer confers an overall charge to the
Ab8–antigen complex that caused it to be repelled by the immobilized capture antibody.
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Although CFP-10’s Ab1/Ab1 pair showed potential, the Ab1/Ab2 pairing had an
LOD that was 100 times more sensitive to the same antigen. Generally, for sandwich-type
LFIA, a pair of mAbs targeting different epitopes of the antigen are often used over a
single epitope-targeting mAb as both the capture and detection antibody [23,27,28]. The
sensitivity of the LFIA is often lower with single epitope-targeting pairs. This does not
mean that successful LFIAs have not been developed using the same mAb as both the
capture and detection antibody, but some considerations and optimizations have to be
performed [27,28]. Wu and colleagues determined the LOD of their CFP-10 test strip to be
2.4 ng/mL and 6.0 ng/mL for ESAT-6 [11], suggesting that the current study’s CFP-10 LFIA
prototype is only slightly weaker in detecting the antigen. In contrast, the ESAT-6 prototype
was 96-fold more sensitive than the one produced by Wu and colleagues, suggesting the
prospect of a potentially better performance in clinical sample evaluation.

Other technologies have been developed to improve the sensitivity for detection of
ESAT-6, such as the magnetic-bead-coupled AuNP-based immuno-PCR assay (MB GNP-
I-PCR assay). Comparing the MB GNP-I-PCR assay to the ELISA, the authors reported
an LOD of 10 fg/mL, which was 105-fold higher in sensitivity compared to the 1 ng/mL
displayed by ELISA [31]. Simultaneously exploiting different sized AuNPs, 20 and 60 nm,
to capture the ESAT-6 antigen may improve the LOD. However, this technique remains un-
suitable for PoCs, as it requires additional steps that need skilled personnel and laboratory
equipment and is more costly than the lateral flow assays. Previous studies have indicated
that LOD values are not the ultimate predictor and/or determinant of sensitivity in clinical
sample testing. Despite the reported LODs of 2.4 ng/mL and 6.0 ng/mL for CFP-10 and
ESAT-6, respectively, Wu and colleagues found that the positive detection rate was 29.4%
for CFP-10 and 41.2% for ESAT-6 in TB-positive plasma samples [11]. Accordingly, test
conditions and LOD studies need to be carried out and optimized in the intended clinical
sample of choice. Another type of immunoassay previously used for ESAT-6 detection
in plasma/serum was electrochemiluminescence (ECL)-based, with a reported LOD of
6 pg/mL and 56% sensitivity [3]. There can be various contributing factors to this phe-
nomenon, including the quantity of the biomarkers or analytes in the samples. For example,
the status of expression and/or dysregulation of a potential biomarker is influenced by
different factors, including the geography of the sampled population. Genetic variations
in the host and of the Mycobacterium can contribute to the differential regulation and
expression repertoire of biomarkers in the host [25,28]. Such factors need to be considered
in biomarker discovery for TB.

Mehaffy and colleagues used mass spectroscopy (MS) to identify M. tb peptides in
human serum. Their experimental approach included an exosome enrichment step from
the plasma of TB-positive patients originating from four different countries: South Africa,
Bangladesh, Peru and Vietnam. By using Multiple Reaction Monitoring MS, the group
discovered that their representative peptides for CFP-10 and ESAT-6 were detected in 3%
and 15% of the total sample population, respectively [32]. Out of the 10 South Africans,
only one was smear positive who was also co-infected with HIV; none of these patients had
the CFP-10 peptide in their serum, and the 3 who had the ESAT-6 peptide were also HIV
positive. With respect to the South African cohort, these results were inconclusive because
of the small sample size tested and due to that 90% of the samples that were collected were
smear-negative samples [32].

In an independent study, Nanodisk-MS was used to detect CFP-10 and ESAT-6 in
serum. The method involved the enrichment of selected CFP-10 and ESAT-6 peptides
using antibody-conjugated Nanodisks prior to MS analysis. The LODs of the recombinant
CFP-10 and ESAT-6 in the TB-free serum were 50 pM and 200 pM, respectively [14]. In
HIV-negative TB patients’ serum, the sensitivity was 100% and 91% in smear-positive
and smear-negative patients, respectively. The specificity was 87.1% in healthy controls
and 90.6% in nontuberculous Mycobacteria patients. HIV co-infected TB patients exhibit
EPTB, therefore, smear-negative and -positive EPTB and PTB patients were tested. In PTB
cases the sensitivities were 91.3% and 82.4% in smear-positive and smear-negative patients,
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respectively, and 92.3% and 75.0% in EPTB patients [14]. The similarity in sensitivities
between PTB and EPTB patients was an important outcome of the study, as it illustrated
that serum has great potential to be used as an alternative sample for testing TB including
EPTB. The key lesson learned from these studies is that a trend exists, wherein ESAT-6
shows a higher LOD compared to CFP-10 but with apparently superior sensitivity in clinical
samples. Additionally, the specificity of the immunodominant antigens in healthy controls
and more importantly in nontuberculous Mycobacteria patients is essential for developing
a device that reduces cross-reactivity with nontuberculous Mycobacteria patients. These
studies, including ours, demonstrated that nanotechnology-based immunoassays can
greatly improve the simplicity, sensitivity and robustness of diagnostic methods.

5. Conclusions

The immunodominant antigens CFP-10 and ESAT-6 that are expressed by the RD1 loci
of M. tb are potential biomarkers for developing a TB-antigen RDT that can discriminate pre-
viously active TB cases from previously BCG vaccinated and nontuberculous Mycobacteria
cases. The pairs that were selected for preliminary testing with commercial recombinant
protein in the current study showed great promise, with LODs that were either comparable
or outperforming ones from those previously reported the in literature. An exhaustive
study into biomarker discovery and research is required prior to choosing an appropriate
target analyte in developing a diagnostic device for TB. The process is complicated and
delayed by a spectrum of factors, such as the disease state, that is, active or latent disease,
which can determine the level of expression and/or differential regulation of the targeted
biomarker. Other factors such as the TB vaccination status, HIV status, age, and geography
of the population tested need to be considered as well. Thus, future studies will explore
other targets from the RD1 loci. Additionally, previous studies indicate that the methods
used to improve sensitivity required additional steps, such as an enrichment step alongside
exploiting immunoassays in combination with nanotechnology. These approaches need to
be greatly refined in order to provide rapid results at the point of need/care, hence, our
approach still has superiority. Proof-of-concept investigations for the rapid detection of
TB in easily accessible clinical samples such as blood and saliva will be carried out both
internally and subsequently validated externally to confirm clinical utility. This will greatly
improve the diagnostic and therapeutic outcomes in low-income countries.
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Abstract: Cancer is one of the major public health issues in the world. It has become the second
leading cause of death, with approximately 75% of cancer deaths transpiring in low- or middle-
income countries. It causes a heavy global economic cost estimated at more than a trillion dollars
per year. The most common cancers are breast, colon, rectum, prostate, and lung cancers. Many
of these cancers can be treated effectively and cured if detected at the primary stage. Nowadays,
around 50% of cancers are detected at late stages, leading to serious health complications and death.
Early diagnosis of cancer diseases substantially increases the efficient treatment and high chances of
survival. Biosensors are one of the potential screening methodologies useful in the early screening of
cancer biomarkers. This review summarizes the recent findings about novel cancer biomarkers and
their advantages over traditional biomarkers, and novel biosensing and diagnostic methods for them;
thus, this review may be helpful in the early recognition and monitoring of treatment response of
various human cancers.

Keywords: cancer diagnosis; biomarkers; electrochemical biosensors; optical biosensors; aptamers;
antibodies; hybrid nanocomposites; recognition elements

1. Introduction

1.1. Cancer

One of the major life-threatening health issues in this world is cancer. It has become
the second leading cause of death, around 75% of cancer deaths transpiring in low- to
middle-income countries. It causes a heavy global economic cost estimated at more than
trillion dollars per year [1–3]. In the course of cancer, cells can grow uncontrollably as well
as expand to other parts of the organs in body. Cancer can occur from the transformation of
normal cells into tumor cells. Tumor cells are classified as benign and malignant. Tumors
that stick to their primary location without occupying distant parts of the body are called
benign tumors; these are likely to grow slowly and are not problematic. Fibroids in the
uterus are an example of benign tumors. Some of the benign tumors can change into
malignant tumors (e.g., colon polyps); these can be removed surgically. Tumor cells that
can grow uncontrollably and spread from their primary location to distant sites are called
malignant tumors; these are cancerous (i.e., invade from other parts). Malignant tumors
can rapidly spread to distant parts through blood or lymph stream; this process is called
as metastasis. Omnipresent cancers are the primary reason of death in the patients with
cancer. Most frequently metastasis can be found in brain, lungs, liver and bone [4].

Cancers can be grouped into different categories. Mostly, the group that the cancer
belongs to is determined based on the type of cells or tissues it is producing. The following
are some of the following important groups in this category.

Carcinoma: Most common type of cancer. It starts in epithelium, which is the tissue
that lines or covers internal organs and passageways in the human body as well as skin. It
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appears in the form of tumors, which can form on lungs, breasts, skin, pancreas, kidneys,
prostate, colon, etc. There are various subtypes, including adeno-carcinoma, SCC (squa-
mous cell carcinoma), ductal carcinoma, TCC (transitional cell carcinoma) and (BCC) basal
cell carcinoma.

Sarcoma: This is a type of cancer that arises in connective tissue and/or supportive
tissue such as muscle, cartilage, bone, blood vessels or fat.

Leukemia: This type is also known as blood cancer/cancer of WBC (white blood cells).
It can appear in tissues which can produce blood cells (e.g., bone marrow).

Myeloma and Lymphoma: This type of cancer occurs in the cells present in the immune
system (myeloma: Starts in plasma cells present inside bone marrow; lymphoma: Starts in
lymphatic system such as spleen, lymph nodes).

Spinal cord and brain cancers: These cancers occur in spinal cord and brain, and are
also known as central nervous system cancers.

Multiple factors can generate cancer. These cancer-causing agents are termed carcino-
gens (Figure 1). These could be genetic factors (mutated genes pass from parents to children
and cause various cancers, e.g., BRCA1 and BRCA2) and external factors (physical carcino-
gens: Ionizing and UV radiation; tobacco smoke, alcohol, aflatoxin and arsenic are the
examples of chemical carcinogens; certain viruses, bacteria, fungus and some type parasites
are considered biological carcinogens; life style factors: lack of exercise, smoking, nutrient
imbalance) [5] (https://www.who.int/news-room/fact-sheets/detail/cancer) (accessed
on 11 November 2022).

Figure 1. Cancer causing factors/carcinogens.

1.2. Importance of Cancer Diagnostics

Early diagnosis of cancer has held great assurance and intuitive interest in the med-
ical community for over 100 years [6,7]. However, delayed identification and imperfect
prognosis are major causes for very low survival rate in various patients with cancer [8].
Many cancers can be treated effectively and cured if detected at the primary stage. Patients
diagnosed with cancer at earlier stages are not only likely to survive, but, importantly, they
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also experience better care, minimal treatment morbidity, and enhanced quality of life when
compared with patients with late diagnosis [9,10]. Improving earlier detection of cancers
is a complex and multifaceted process. Few recent patient behaviors could be helpful for
the earlier diagnosis of various cancers. One is attending cancer screening procedures,
which aim to identify the cancer in asymptomatic condition (e.g., mammography to detect
breast cancer), and the other is promptly introducing the patient with any potential cancer
symptoms to primary care providers [11]. The necessity of symptomatic presentation to
primary care is emphasized by improving public perception of the early indications of
cancer. In recent years, cancer awareness is also increasing in developing and lesser-income
countries. Raising public awareness, promoting visits to a healthcare provider, and diag-
nosing a patient at an earlier stage of the cancer can provide the opportunity to offer better
treatment [12–14]. Nowadays, around 50% of cancers are detected at late stages, leading
to serious health complications and death [12]. Early diagnosis of cancer significantly
increases the efficient treatment and high chances of survival.

1.3. Traditional Screening Techniques

Cancer screening techniques have significantly promoted the decline of morbidity
as well as mortality of cancer. Methods to enhance the choice of candidates for cancer
screening, to acknowledge the biological foundation of cancer formation and development
of novel technologies for the tumor screening would allow for advancement in the tumor
screening process over time [15,16]. Screening in healthy as well as high-risk populations
provides the chance to detect cancer at an early stage and with an expanded chance for
treatment. Nowadays, screening techniques play a crucial role in detecting specific cancer
types. However, each screening technique has some limitations, and upgraded screening
techniques are very much essential to identify cancer early in healthy populations [17–19].
Identifying tumors at their primary stage often delivers the finest probability for a cure,
which is why it is always crucial for the general population to talk with their health care
providers about the types of screening that might be required. Research studies explain
that early screening process can save many lives by identifying cancer in primary stages.
Various medical communities and patient advocacy groups have drafted guidelines for
cancer screening. In general, primary health care providers use the following approaches
for tumor diagnosis [20–22].

Physical exam: During this exam, a provider can perform a scan to detect any abnor-
malities in body, such as skin color change, formation of lumps or abnormal growth of a
tissue or an organ. This may provide the indication of the tumor.

Laboratory tests: Some lab procedures such as blood and/or urine tests can help
to detect any cancer-related anomalies in body. For example, simple blood work called
complete blood cell count might disclose any abnormal number or type of WBC (white
blood cells) in leukemia patients.

Genetic tests: These are also lab-based tests. In these procedures, cells or tissues are
examined to observe any modifications in their genes and/or chromosomes. Any of those
differences might be an indication that a person is at risk of encountering a particular
problem or condition.

Imaging tests: Imaging tests can examine bones or any interior organs through non-
invasive method. Common cancer diagnosing imaging methods are a CT (computerized
tomography) scan, X-ray, PET (positron emission tomography) scan, ultrasound, and MRI
(magnetic resonance imaging) [23,24].

Biopsy: During this procedure, samples of cells are collected for examining in the
laboratory. Collection of a sample can be performed by a variety of methods. The suitable
type of biopsy is based on the cancer type and cancer location in body. In many cases,
biopsy is the exclusive method for conclusive cancer diagnosis [25–27].
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1.3.1. Advantages of Traditional Cancer Screening

1. It can help to detect the cancer before it spreads, when it is easier to treat.
2. It can provide an advantage of early detection, which might lead to lesser recovery

time and no intense treatment.
3. It can provide a better chance of survival.
4. It offers flexibility to start early treatment before symptoms appear.
5. It can also reassure a person if the screening result is normal [28–30].

1.3.2. Limitations of Traditional Cancer Screening

1. Sometimes a false-positive test result suggests a cancer-positive status, even though
no cancer is present.

2. Sometimes false-negative test results may not detect cancer, even though it is present.
3. Some screening tests might lead to more detection tests and procedures that can

be painful.
4. Over-diagnosis causes needless anxiety.
5. Some screenings might cause potential issues (e.g., colon cancer screening may cause

tear in colon lining).
6. These screening methods are high cost.
7. Test availability is limited to metro cities only [28–30].

There is a strong necessity to develop rapid and affordable screening methods for
cancer diagnosis. Cancer biomarker screening through clinical and point-of-care diagnostic
methods is a promising tool for an early diagnosis of cancer.

At present, most of the available literature is specific to biomarkers for certain cancer
types such as biomarkers for breast cancer [31], biomarkers for colorectal cancer [32],
biomarkers for prostate cancer [33], biomarkers for ovarian cancer [34], biomarkers for
cervical cancer [35], etc.

In this review, we focused mainly on more recent cancer-detecting methods such
as cancer biomarker detection in various cancer types and ways in which this biosensor-
mediated biosensing technology can show advantage over traditional detection methods.
We also explored various types of cancer biomarkers, availability of traditional cancer
biomarkers, recent developments in finding novel cancer biomarkers and their respective
detection methods.

2. Cancer Biomarkers

The conventional diagnostic technologies such as MRI (magnetic resonance imaging),
CT (computerized tomography) scan, ultrasound and biopsy were not effective for cancer
detection at primary stages; this is because of their dependency on tumorigenic properties
or phenotypic characters of a tumor [36–40]. Cancer is a very complex disease, with many
epigenetic as well as genetic modifications which might alter the cell signaling process,
related to development and resulting in tumorigenic transformation and malignancy [41].
For almost all cancer patients, researchers and clinicians expect tests or methods that
might diagnose cancer significantly earlier, provide better prognosis, and that can allow for
increased survival rates. Cancer markers have been used over the past few decades in the
oncology field. Biomarkers are molecules of biologic emergence found in blood, tissues,
various body fluids such as urine, cerebrospinal fluid, or different body tissues that are
elevated is the indicative of an abnormal disease or condition with cancer. Human body
responsiveness to any therapy can be observed and regulated through biomarkers. These
also exist on or in cancer cells. Cancer biomarkers are possibly one of the most potential
tools to detect cancer early [42–46].

2.1. Clinical Significance of Cancer Biomarkers

Cancer biomarkers can be utilized for cancer patient evaluation in different clinical
levels, as well as disease screening, prognosis, diagnosis, staging, risk assessment, stratifi-
cation, therapy planning and monitoring (Figure 2). Still, to date, several cancer markers
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have indicated poor validity and efficacy, especially in the most widespread cancers such
as lung and breast cancers. Cancer biomarkers are bio-molecules necessary for remodeling
throughout cancer which maintain excessive clinical relevance. These can be enzymes,
iso-enzymes, nucleic acids, proteins, metabolites. Biomarkers are classified into three
types based on their clinical advantage: prognostic, predictive and diagnostic. Prognostic
biomarkers provide details about course of recurrence of the disease; patient response to
the treatment is estimated by predictive biomarkers; disease detection can be performed by
using diagnostic biomarkers [43,47–49]. The difference in the level of any unique biomarker
in a cell or tissue is often used as evidence of tumor expansion. Biomarkers also play
potential role in differentiating benign and malignant tumors and one type of malignancy
from another type; specific biomarkers are helpful in unique settings, other biomarkers can
be involved in multiple settings [48]. Biomarkers might be helpful to estimate a person’s
chance of developing tumors/cancer. For example, a person having a solid family network
(via ancestors) with ovarian cancer might receive a genetic test to decide whether they
are acting as a carrier for a specific germ line modification or mutation, such as BRCA1,
which could cause potential chance of developing breast and/or ovarian cancer [50,51].
Biomarkers might be helpful to determine malignancy in fit populations. A frequently
utilized component for screening is PSA (prostate-specific antigen). It was approved by
Food and Drug Administration (FDA) in 1986. Enhanced screening in male population
above 50 years old lead to growth in the identification of prostate cancer. These kinds
of traditional biomarkers also have limitations. In the previous decade, U.S. Preventive
Services Task Force survey noted that an adequate documentation for common diagnosis
with PSA [52–54]. Biomarkers were used to monitor prognosis and possibility of cancer
reappearance irrespective of therapy/treatment. The clinical and pathological properties of
a tumor could be useful for the prediction of cancers. Recently, modern techniques were
used to evaluate prognosis of independent tumors; for example, a large number of genetic
marks that had been matured in breast cancer might be useful to evaluate the identification
for an individual patient depending on tumor assessment [55,56]. During breast cancer
(metastatic) condition, circulating tumor cells are indicative of overall survival [57–59].
Biomarkers could be utilized as stimulus changers or prognostic factors for unique type of
therapy, as well as to select the effective type of treatment. KRAS is a predictive biomarker
for colorectal cancer; mutations occurring to KRAS in somatic cells are related to low
response to anti-EGFR-mediated treatment [60,61]. Likewise, HER2 over-expression in the
breast cancer as well as gastric cancer anticipates for stimulus to anti-Her2 drugs such as
trastuzumab [62–67], and over-expression of estrogen receptor anticipates for stimulus to
anti-endocrine therapy or treatment such as tamoxifen in breast cancer [68,69]. Identifi-
cation of novel cancer biomarkers might help in quick and efficient diagnosis as well as
monitoring of cancer progression.

2.2. Identification of Novel Cancer Biomarkers

Possible cancer biomarkers could be recognized through various approaches. An
excellent way to recognize novel biomarkers mostly depends on biological nature of tumor
and nearby environment of a tumor or metabolism of the drugs or biological products.
With most recent studies and new information related to cancers and appearance of latest
technology, cancer biomarker detection is performed frequently these days with applying a
discovery approach. In this approach, few major areas of research such as gene expression
arrays, proteomic technologies (mass spectroscopy, LC-MS/MS, MALDI-MS), and high
throughput sequencing can be used to rapidly recognize unique biomarkers or pool of
biomarkers which can show difference in the middle of cohorts. Expansion of sophisticated
software algorithms for large data analysis has emerged in rapid advancement in the
identification of novel cancer biomarkers. Openly available software programs can sort
these data and compare the sequences to annotated genome databases to permit quan-
titative comparative evaluation of proteomes from multiple sources such as tumor area
and nearby healthy tissues. Thus, over-expressed or down-regulated proteins in a cancer
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cell can be identified as putative cancer biomarkers. Huge amount of data produced with
these technological methods mean that special attention needs to be directed toward both
developing a study plan and conducting a large data analysis. Moreover, it is crucial to
reduce the possibility of detecting relationships that are eventually determined to provide
false-positive results. The most crucial features of biomarker improvement and identifi-
cation to consider in depth include mindful study pattern to minimize any kind of bias,
extensive evaluation, validation, and accurate communication of the results [48,70–79].

 
Figure 2. Cancer biomarker clinical applications.

2.3. Cancer Biomarkers Currently Used in Clinical Settings

A cancer biomarker is a molecule existing inside and/or generated by tumor cells or
surrounding cells in tissues or organs in stimulus to tumor or certain noncancerous (benign)
situations, which can provide information about cancer, mostly which stage it is, whether
it can respond to treatment, and what type of therapy might be useful. Here, few recent
cancer biomarkers used in clinical practice are explained. New cancer biomarkers become
available continuously, and they may not be explained below [27,40,44,80–82].

2.3.1. AFP (Alpha-Fetoprotein)

AFP (Alpha-fetoprotein) is one of the leading biomarker. Early fetal life of a baby
(mostly yolk sac and liver) produces AFP during pregnancy. AFP can be detected in huge
amounts in serum of the patients with specific tumors. According to Yuri Semenovich
Tatarinov, AFP was first accepted as an antigen unique for human HCC (hepatocellular
carcinoma) [83,84]. The scientific literature has explained that AFPs are classified into sub-
types based on their dissimilar affinities to LCA (lens culinaris agglutinin), such as AFP-L1
(LCA unreactive AFP), AFP-L2 (LCA mild active AFP) and AFP-L3 (LCA active AFP).
In healthy individual serum, an average level of AFP is less than 20 ng 8 mL−1 [85–87].
AFP is widely established for HCC (hepatocellular carcinoma) diagnosis. Moreover, in
congenital tyrosinemia, cirrhosis, hepatitis (alcohol-induced), hepatitis (viral-induced),
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ataxia-telangiectasia syndrome or in several malignancies such as testicular cancer, liver
cancer, gastric cancer and nasopharyngeal cancer elevated AFP levels may also be present.
Hence, sensing the AFP values is completely mandatory in clinical settings. High recogni-
tion rates of molecular assays have been obtained in quantitative observation of AFP due
to their specificity and unalterable affinity of the probes to molecular targets [88,89].

2.3.2. PSA (Prostate Specific Antigen)

PSA (prostate-specific antigen) was one of the first recognized cancer biomarkers,
utilized to detect and screen prostate cancer in clinical setting. It has been shown that
increased levels of PSA can directly relate to prostate cancer. Human regular PSA level
is 4 ng/mL. According to the study by Smith et. al, almost 30% of individuals with
PSA values higher than normal (range of 4.1–9.9 ng/mL) were diagnosed with prostate
cancer [90]. Along with this, raised PSA values may also indicate benign tumors (non-fatal),
prostatitis/prostate inflammation or benign prostatic hyperplasia. Therefore, elevated
values of PSA may not consistently suggest malignant tumors. There is a fact that caused
reasonable controversy about using regular PSA screening to detect prostate cancer. Small-
sized tumors identified by PSA screening may grow very slowly; death caused by small
tumor might not be feasible in an individual lifetime. Moreover, it is very expensive to
treat such slow-growing tumors. Other frequent issue with PSA screening is false-positives.
This limitation of PSA testing can be overcome by modern biosensing technology mediated
by biosensors [79,84,91–93]. PSA detection can be performed by various methods; these
traditional methods are time-consuming as well as expensive. Yang et al. explained a
graphene oxide/ssDNA-based biosensor integrated with dual antibody-modified PLLA
NPs to amplify electrochemical signals for the effective and rapid electrochemical capture
of PSA in serum samples from prostate cancer patients. The detection limit for PSA was
1 ng/mL, which achieved a wide linear range of 1–100 ng/mL for PSA. This is one of
the examples that shows the usefulness of modern biosensing technology mediated by
biosensors [94].

2.3.3. RCAS1 (Receptor-Binding Cancer Antigen)

RCAS1 (receptor-binding cancer antigen) overexpression data has been described in
many gastric carcinomas; it is related with progression of gastric cancer. Further, RCAS1 is
also suggested as a cancer biomarker for poor prediction in breast, esophageal, endometrial,
bladder cancers and is associated with tumor weakening in pharyngeal carcinoma and
laryngeal cancer. RCAS overexpression is observed in several types of cancers. Thus, it
serves as a potential biomarker for cancer detection and prediction [95–98].

2.3.4. CA 15-3 (Cancer Antigen 15-3)

The most predominant cancer marker for breast cancer identification as well as mon-
itoring is cancer antigen 15-3; additional biomarkers that are related to breast cancer are
CA 27.29, BRCA1, BRCA2 and (carcinoembryonic antigen) CEA [44,99,100]. This particular
marker is frequently used on a clinical level to monitor the therapy for breast cancer in its
advanced stages. During breast cancer, CA 15-3 values increased by 10, 20, 30 and 40 %
at various stages first, second, third and fourth stage [49]. Tampellini et. al showed the
connection between breast cancer and CA 15-3 levels, also mentioning that before treatment,
patients with levels of 30U/mL had notably higher survival rate compared to patients
with higher values. Raised CA 15-3 values correspond with extensive metastasis [101,102].
Other research data explained that raised CA 15-3 levels post cancer treatment can be
a sign of disease recurrence. Nowadays, to determine breast cancer treatment, protocol
CA 15-3 values are considered along with risk factors (negative) such as PR/ER condition
as well as iHer-2, cancer stage and tumor dimension. Hepatitis, endometriosis, pelvic
inflammatory disease, lactation and pregnancy are conditions other than cancer where CA
15-3 levels are increased [103].
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2.3.5. Cancer–Testis (CT) Antigens

Cancer–testis antigens are a specific type of cancer biomarkers. They are expressed in
various cancers. CT antigen expression is limited to male germ cells of the testis but not
shown in normal adult cells. These antigens are also expressed in trophoblast and ovary
cells. Therefore, CT antigens have been considered as possible immunogenic targets for
cancer vaccines (cancer immunotherapies). CT antigen autoantibodies have been studied
as potential cancer biomarkers [104]. NY-ESO-1 (NewYorkesophagealsquamouscellcarci-
noma1) is encoded by CTAG-1B; this is the class of antigens with high immunogenic nature
which induces very robust cellular and humoral immune response in NY-ESO-1-positive
cancers. Antibody titer to NY-ESO-1 has been shown to relate with disease progression.
One of the best benefits of using CT autoantibodies as tumor biomarkers is the fact that they
are easy to obtain and are also more stable proteins present in serum compared to tissues ob-
tained via biopsy. Thus, they can be useful for cancer progression and recurrence [105–109].
Major limitation of CT antigens is the fact that many cancers express CT antigens, and they
are rarely tumor-specific. Biosensor technology can obtain a profile for CT antigen, which
can enhance the use of these antigens in cancer prognosis and diagnosis [110–112].

2.3.6. CA 125

The rise in CA 125 levels is primarily related to ovarian cancer. It is further correlated
with several different cancers such as cervix, lungs, breast, liver, pancreas, uterus, stomach
and colon cancers. Enhanced levels of CA 125 are also observed in various non-pathological
conditions such as menstruation and pregnancy [8,87,113]. A total of 90% of women
with advanced stage ovarian cancer and 40% of humans with intra-abdominal malignant
tumors also exhibit high CA 125 levels. Still, approximately 50% of patients diagnosed
with primary stage ovarian cancer show normal CA 125 levels [87–89]. Other germ cell
origin biomarkers such as alpha-fetoprotein/AFP, human chorionic gonadotrophin/HCG
as well as Lactate dehydrogenase/LDH are also connected to ovarian cancer [114,115].
Increase in CA 125 levels can be used to detect the development of benign tumors into
malignant tumors. Enhanced CA 125 levels are also used to identify treatment failure as
well as disease recurrence (e.g., high CA 125 levels after bilateral salpingo-oophorectomy
or total abdominal hysterectomy, which may occur after first line chemotherapy) [116–120].
Altogether, CA 125 is an extremely essential biomarker for detection of cancer, and also for
cancer progression monitoring and treatment.

2.3.7. CA 19-9

This antigen was first identified in pancreatic and colon cancer patient’s serum in
1981. It is a Lewis antigen of the MUC1 glycoprotein [8,121]. CA 19-9 normal level in
serum is less than 37 U/mL. In the recent decade, on a clinical level, CA 19-9 biomarker
has become extremely useful for the diagnosis of pancreatic cancer. Normal human serum
CA 19-9 levels can play an outstanding role in clinical diagnosis of urothelial and gastric
cancers [122,123]. Consequently, there is a necessity to improve highly sensitive methods
which can detect CA 19-9 values in patients with cancer.

2.3.8. Nse (Neuron-Specific Enolase)

This neuron-specific enolase is a popular and unique marker for SCLC as well as
NSCLC non-small cell lung cancer. It has a crucial role in glycolysis; in 1980s, NSE
expression was noted in SCLC cells. From that time, it has been used as potential biomarker
for lung cancer, able to detect increased values of NSCLC and acting as crucial predictor
for patient survival (it is not dependent on remaining prognostic factors) [124–126]. NSE
is also a unique marker for neuro-endocrine cells. Raised NSE values in body fluids
might be an indication of tumor proliferation and staging determination in some of brain
tumors [127,128]. In the recent decade, the value of NSE for prognosis in cancer patients
is debatable. Therefore, it is mandatory to improve sensitive techniques to perceive Nse
values in patients with cancer.
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2.3.9. Tdt (Terminal Deoxynucleotidyl Transferase)

Tdt is an intracellular marker which has detected in the bone marrow as well as
blood (mononucleate) cells in leukemia patients during diagnosis. Overall, TdT values are
remarkably raised in several lymphocytic lymphomas. Tdt might be helpful to identify
specific leukemia type and supportive sign for the solution of therapy [129–132].

2.3.10. CYFRA21-1

Cytokeratin-19 fragments/CYFRA21-1 have been extensively studied in patients
with NSCLC and are widely utilized as predictive, prognostic markers. They have 56%
sensitivity as well as 88% specificity when the value is >1.5 ng/mL. Researchers used
maximum cut off value for CYFRA21-1 similar to ≥3 ng/mL; it had shown increased
specificity at 97%. It has potential capability in lung, esophagal cancer prediction. Raised
values are certain but barely sensitive. These values are strongly connected with cancer
metastasis. Recent reports explained that CYFRA21-1 is used as independent prediction
factor for various phases of lung cancer. This might function as definitive distinction
between benign and malignant lung cancer along with clinical information [133–137].

Table 1 demonstrates the summary of various cancer biomarkers available in the
literature for the detection of cancer diseases. Significant biomarkers are assembled in the
table including their respective cancer diseases and their advantages.

3. Importance of Finding Novel Bio-Sensing Methods to Detect Cancer Biomarkers

Biomarkers might have different molecular origins, such as changes to nucleic acids
including RNA, DNA (amplification, translocation, point mutation, loss of heterozygosis)
and protein (antibodies, tumor suppressors, oncogenes and hormones). Some of these
cancer biomarkers are convincing and extremely crucial for early diagnosis of tumors. Some
of the biomarkers need to exhibit adequate specificity and sensitivity for translation into
clinical use or for monitoring of disease progression. In this area, biosensing technology
can potentially play a crucial role to improve early diagnosis of cancer. The traditional PCR
(polymerase chain reaction) or ELISA (enzyme-linked immunosorbent assay) techniques
for cancer biomarker identification have some technical limitations, including utilization
of costly chemicals and expensive machines in every single assay, which could delay the
detection. Moreover, these types of techniques are not capable of constant monitoring in
patients throughout treatment. Along with this, multiple pathways are interlinked with
cancer cells and these cells express more than one biomarker. Therefore, simultaneous
identification of different biomarkers for accurate prognosis and diagnosis is indispens-
able [8,42,48,138–143]. Biosensors offer great potential sensing methodology platforms
for the detection of various cancer biomarkers. Specifically electrochemical and optical
biosensors based on the affinity, chemical, bio-affinity recognition elements attract great
interest. In the following section, we comprehensively discuss the electrochemical and
optical sensing strategies for cancer disease diagnosis.

Table 1. Biomarkers used in cancer detection.

Tumor/Cancer Biomarker
Type of Cancer/Infected

Location
Application References

AFP Liver (HCC)
Identifying recurrence,
treatment monitoring,

disease diagnosis
[144–147]

PSA Prostate gland

Screening,
identifying recurrence,
treatment monitoring,

disease diagnosis

[148–150]

CA 15-3 Breast Treatment monitoring [103,151,152]
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Table 1. Cont.

Tumor/Cancer Biomarker
Type of Cancer/Infected

Location
Application References

CT antigens

Prostate,
liver,

lung,bladder,
skin

Diagnosis, prognosis [105,106]

CA27.29 Breast Monitoring [69,153]

RCAS1 Stomach Detection,
prognosis [96–98]

CA 19-9 Pancreas,
colon Treatment monitoring [122,154]

CEA (Carcinoembryonic antigen) Colon,
liver

Screening,
Identifying recurrence,
Treatment monitoring,

Disease prognosis

[155,156]

Calcitonin Thyroid gland Treatment monitoring,
Disease prognosis [157]

ER & PgR
(Estrogen, progesterone receptors) Breast Stratification [158–160]

HER2 Lung, breast Monitoring therapy [64,161–163]

CA 125 Ovary

Prognosis,
identifying recurrence,
treatment monitoring,

disease diagnosis

[88,89]

HCG-β Ovary,
testis

Diagnosis, staging,
identifying recurrence,
treatment monitoring

[164,165]

Tdt Blood/leukemia Diagnosis [129]

NSe Lung Prognosis [125,166]

Thyroglobulin Thyroid Treatment monitoring [167,168]

PCA3 Prostate gland Prognosis [169]

NY-eSO-1 Skin/melanoma Progression monitoring [170]

EGFR Lung Diagnosis and monitoring therapy [171,172]

KRAS, ALK Lung Diagnosis and monitoring therapy [173,174]

CD30 Blood/Leukemia Diagnosis and prognosis [175,176]

NMP 22 Bladder
Screening,

treatment monitoring,
disease prognosis

[177,178]

CYFRA21-1 Esophagus Prognosis,
Treatment monitoring [179–181]

BCL2 Blood
and breast

Diagnosis,
treatment plan [182–184]

BCR-ABL fusion gene Bone marrow,
blood

Prognosis,
treatment determination,

monitoring
[185,186]

CD20 Blood Treatment determination [187]
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Table 1. Cont.

Tumor/Cancer Biomarker
Type of Cancer/Infected

Location
Application References

CD22 Blood Treatment determination,
diagnosis [188]

CD25 Blood Treatment determination [189]

FGFR2 & FGFR3 Bladder Treatment determination,
therapy [190,191]

Fibrin-fibrinogen Bladder Treatment determination,
monitoring [192,193]

SMRP Leukemia Progression monitoring [194,195]

ROS1 Lung Treatment determination [196]

OVA1 Ovary Prognosis [197]

VMA Brain Diagnosis [198]

4. Analytical Diagnostics Methodologies for Cancer Biomarkers Screening

Analytical biosensing methodologies for the detection of various analyte molecules
including cancer biomarkers, pharmaceutical drugs, and agricultural toxins are recently
rapidly growing. These techniques have several unique advantages such as point-of-care
diagnosis, miniaturized portable instrumentation, cost-effectiveness and, moreover, user-
friendliness to the end users. In this current section, we discuss some of the recently
published works related to the optical- and electrochemical-based biosensors for cancer
biomarker detection.

O. Awatef et al. reported a selective, sensitive, and inexpensive aptamer-based SERS
biosensor for detection of prostate-specific antigen in human serum. Here, they have
been using 1D (1 Dimensional) Silicon nanowires as a transduction material due to their
advantage large surface area. These materials prepared from N-doped Si(100) wafers
by metal-assisted chemical etching method. AgNPs were deposited on SiNWs through
the electroless deposition technique to enhance the optical signal properties of the sensor.
AgNPs/SiNWs were further functionalized with self-assembled layer of hexanethiol by
incubating the SERS substrate of MCH to avoid the non-specific binding of the analyte. The
developed sensor exhibited a good response in the dynamic range from 0.1 to 20 μg·L−1

with a limit of detection of 0.1 μg·L−1. Moreover, this sensing platform selectively and
sensitively detected PSA in spiked PBS solutions [199].

M. Sachin et al. developed the fabrication of a tailored biofunctionalized interdig-
itated capacitor electrode (Ti/Pt imprinted) for label-free PSA detection. This sensing
platform exhibits rapid detection within 3 s, stability up to many weeks, reusability and
reproducibility; it is also requires low volume and easy to operate. Here, interdigitated
capacitor (IDC) chip was initially functionalized with Ti/Pt metal by e-beam deposition
process. Electrode surface was activated by placing it into piranha solution to formation of
hydroxyl groups on the surface. Then, further formation of an amine group on the surface
by APTES solution was drop-costed, and glutaraldehyde solution was applied to generate
an antibody through cross-linking. Later anti-PSA was fabricated on the electrode surface,
and further immobilization of PSA onto the bio surface has performed to verify the inter-
actions through capacitance. APTES and glutaraldehyde increase the positive capacitive
response of IDC-based PSA biosensor and are treated as reference value. By using LCR
meter, the change in capacitance variables with respect to changing in concentration of
target protein has been calculated [200].

Jose Ribeiro et al. developed new biosensing methodology by merging two different
techniques, surface plasmon resonance spectroscopy and electrochemical technique for
the detection of breast cancer biomarker carbohydrate Antigen 15-3 to monitor disease
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progression. Two steps are mainly involved in this process: (i) direct SPR monitoring
interaction between surface immobilized antibody and CA 15-3 antigen, performed until
adsorption reached equilibrium, and (ii) electrochemical measurements at the SPR gold
surface and the resulting immunosensor selective detection for the breast cancer biomarker
CA 15-3 protein [201].

D. Haihan, et al. performed investigations to explore the construction of paper-based
photo electrochemical (PEC) biosensors with 1D self-doping SnO2 nanotubes for selectively
detection of alpha fetoprotein (AFP). (Figure 3) With the template consumption technique,
paper-based 1D-domed SnO2 nanotubes have been created from template ZnO nanorods.
Additionally, a method of Sn self-doping was suggested to make it easier to separate
photo-induced charge carriers and improve the harvesting of visible light. Additionally,
self-doping of Sn can reduce the recombination rate of charge carriers and narrow the band
gap of SnO2 nanotubes, which results in a significant increase in photocurrent intensity
under visible light illumination [202].

 

Figure 3. Schematic illustration of the construction of paper-based Sn-doped SnO2-x sample and
assay procedures for the specific detection of cancer biomarker alpha fetoprotein. Reproduced with
the permission. [202] Copyright 2021, Elsevier.

W. Qiong et al. reported the new class of 2D Ti3C2-MXene nanosheet-based SPR
biosensor for detection of carcinoembryonic antigen (CEA) cancer biomarker with high
specificity and reproducibility. A novel class of ultrathin Ti3C2-MXene possesses hy-
drophilic biocompatible surface, which can be used as a biosensing material. Ti3C2 -MXene
nanosheets were coated with AuNPs using a chemical reduction method and further modi-
fied with SPA to improve detection sensitivity or orient purpose. Later immobilization of
anti-monoclonal CEA(Ab1) has performed to capture the analyte CEA. Here, Ti3C2-MXene-
based SPR sensing platform exhibited significant performance for detection of CEA in real
serum samples [203].

Table 2 demonstrates the summary of various optical screening methods based on
different recognition matrices for the screening of cancer biomarkers. Significant articles
with the transduction techniques, bio/chemical recognition matrices, dynamic working
calibration range and limit of detection are assembled in the table.
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Table 2. Optical sensing methodologies for cancer biomarker detection.

No. Biomarker Recognition Method Linear Range LOD Ref.

1 AFP SiO2@CQDs/AuNPs/MPBA ECL 0.001–1000 ng/mL 0.0004 ng/mL [204]

2 AFP 1D SnO2 NTs PEC 10 pg mL−1–200 ng mL−1 3.84 pg mL−1 [202]

3 AFP aptamer-MCHA Fluorescence 0.1 ng mL−1–10 mgmL−1 0.033 ng. mL −1 [205]

4 CA 19-9 luminol-AgNPs@ZIF-67 ECL 0.0001–10 U/mL 31 μU/mL [206]

5 CA 19-9 Ni NCs-Ab2 Fluorescence 0.001–48 ng mL−1 0.00013 ng mL−1 [207]

6 CA 125 rGO-based FET-type
aptasensor Fluorescence 1.0 × 10−9-1.0 U/mL 5.0 × 10−10 U/mL [208]

7 CA 125 CA 125/MUC16 SPRI 2.2–150 U/ml - [209]

8 CEA Ti3C2-MXene/AuNPs/SPA SPR 2 × 10−16–2 × 10−8 M 0.07 fM [203]

9 CEA HCR and G-quadruplex
DNAzyme Fluorescence 0.25–1.5 nM 0.2 nM [210]

10 HER2 nanoparticle coated QCM QCM 10–500 cells/mL 10 cells/mL [211]

11 HER2 PtAmi Fluorescence - - [212]

12 HER2 3D DNA walker Fluorescence 0.5–5 ng mL−1 0.01 ng mL−1 [213]

13 PSA
NaYF4:Yb3+, Er3+ UCNPs and

NaYF4:Yb3+,
Er3+@NaYF4:Yb3+ UCNPs

Fluorescence 0.1 ng/mL–10 ng/mL 0.01 ng/mL [214]

14 PSA anti-PSA/MCH/
AgNPs/SiNWs SERS 0.1–20 μg·L−1 0.1 μg·L−1 [199]

15 PSA IDC FET 0.1−10.0 μL/mL - [200]

16 CA-15-3 PHMPF Fluorescence 2.56 × 10−5–1.28 U mL−1 2.56 × 10−5 U mL−1 [215]

17 CA-15-3 SPR gold substrates SPR - 0.0998 U mL−1 [201]

18 NMP 22 orange emitting quantum dot
CdTe/CdS Fluorescence 2–22 pg mL−1 0.05 pg mL−1 [216]

19 NMP 22 NCDs Fluorescence 1.3–16.3 ng/mL 0.047 ng/mL [217]

AFP—alpha-fetoprotein; ECL—electrochemiluminescence; PEC—photoelectrochemical; SPRI—Surface Plas-
mon Resonance Imaging; QCM—quartz crystal microbalance; PtAmi—red-emitting exchanged Pt nanoclus-
ters; UCNPs—upconversion nanoparticles; IDC—interdigitated capacitor; PHMPF—prismatic hollow Metal-
polydopamine frameworks; NCDs—-nitrogen-doped carbon dots.

Electrochemical Sensing Methodologies

Electrochemical biosensing methodologies for the detection of various analyte
molecules including cancer biomarkers, pharmaceutical drugs [218–221], and agricultural
toxins are recently rapidly growing. These techniques have several unique advantages
such as point-of-care diagnosis, miniaturized portable instrumentation, cost-effectiveness
and, moreover, user-friendliness to the end users. In this current section, we discuss some
of the recently published works related to the electrochemical-based biosensors for cancer
biomarker detection.

Huiqing Yang’s team recently developed electrochemical aptasensor for the specific
detection of carcinoembryonic antigen (CEA) biomarker. In this investigation, the au-
thors proposed the future of a new antifouling material MXC-Fe3O4-Ru on functional 2D
nanomaterial-modified magnetic gold electrode (MGE). The ferrocene-modified carcinoem-
bryonic antigen aptamer sequences were immobilized on the MGE/modified electrode
surface with amido bond chemistry. Electrochemical signal of ferrocene decreases and
[Ru(NH3)6]3 signal fixed on the electrode remains unchanged. The ratio of the electro-
chemical signals of ferrocene and [Ru(NH3)6]3 is proportional to the CEA concentration.
Even in the complex samples, biosensors can reach high accuracy, selectivity and sensi-
tivity for the detection of targets because of excellent antifouling performance and good
conductivity [222].

João G. Pacheco et. al. developed an electrochemical sensor based on molecularly
imprinted polymer to monitor breast cancer biomarker CA 15-3. In this work, the screen-
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printed gold electrodes were modified with the MIP recognition matrices. This MIP-based
sensor was demonstrated in the electrolytic solution hexacyanoferrate (II/III) as redox
probe for measuring the CA protein MIP-binding interactions. Interestingly, the peak
current density increases with respect to the CA 15-3 concentration in adynamic range
between 5 and 50 U mL−1 with the detection limit of 1.5 U mL−1. The prepared MIP sensor
is low cost and works efficiently for fast (15 min) analysis [223].

Other efforts have focused on the fabrication of label-free electrochemical aptasensor
with the integration of microfluidic paper device for the specific detection of prostate
specific antigen (PSA) in clinical samples. Screen-printed gold electrodes were fabricated
with wax-printed technology. (Figure 4) Au-SPE surface is modified with the reduced
graphene oxide and gold–thionine nanoparticle composites. Then, DNA aptamer was
immobilized on top of the modified SPE. Afterward, the fabricated aptasensor was tested
for the specific detection of PSA for diagnosing prostate cancer disease [224].

 

Figure 4. Schematic representation of microfluidic paper-based electrochemical aptasensor for
the specific detection of prostate-specific antigen (PSA) in clinical samples. Reproduced with the
permission. [224]. Copyright 2018, Elsevier.

In another report, an electrochemical aptasensor was proposed by Leila Farzin’s re-
search team for the specific detection of CA-125 cancer biomarker. The proposed sensing
platform consists of polycrystalline nanofibers coupled with amidoxime-doped silver
nanoparticles. The authors reported that hybrid nanomaterial-modified sensor surface
helped in better immobilization of aptamer sequences and obtaining sensitive detection
limits for CA-125 biomarker detection in ovarian cancer-infected patients [225].

Another interesting system that was established was a sandwich-type electrochemical
aptasensor to measure carcinoembryonic antigen and cancer antigen 15-3(CA 15-3). The
proposed sensing platform consists of a three-dimensional graphene gel embedded with
gold nanoparticles (AuNPs/3DGH). This biosensing transducing layer helps in better
immobilization of the redox-labelled aptamer sequences. Affinity interaction between
aptamers and respective cancer biomarkers (CEA and CA 15-3) was recorded with square
wave voltammetry methods by measuring the change in redox probe electroactive sig-

424



Biosensors 2023, 13, 398

nals. This proposed sandwich aptasesing assay exhibited good limit of detection value in
nanomolar linear range. The obtained results are comparable with the ELISA method [226].

In another report, a DNA nano-tweezer-based electrochemical sensor was developed
for sensing and specific detection carcinoembryonic antigen biomarker. (Figure 5) DNA
nano-tweezer is a DNA nanomachine used to enhance the sensing performance of elec-
trochemical biosensor. Here, three-dimensional DNA nanomachine possesses the more
active sites that could help in enhancement of the competence of reaction. This is the first
kind of 3D DNA nanoprobe used in electrochemical sensing platform to obtain stable and
reproducible results. Sensor exhibited good electroanalytical performance towards the
target biomarker (CEA) with a detection limit of 4.88 fg mL−1 [227].

 

Figure 5. Schematic representation of label-free 3D DNA nanoprobe DNA tweezers-based electro-
chemical sensor for the detection of carcinoembryonic antigen (CEA) biomarker. Reproduced with
the permission [227]. Copyright 2018, Elsevier.

Some other designs have been recently proposed by Navid Taheri et. al. for multi-
plexed determination of biomarkers alpha-fetoprotein (AFP) and carcinoembryonic antigen
(CEA). Here, the sensing assay consisted of an electropolymerized polypyrrole conducting
polymer, methyl orange layer and a DMIP layer on FTO surface. The target biomarker
and MIP interactions were recorded with the electrochemical impedance spectroscopy by
measuring impedance values. The sensor exhibited promising results in the dynamic range
of 5–104 and 10–104 pg mL−1 and detection limits of 1.6 and 3.3 pg mL−1 for CEA and AFP,
respectively [228].

M. Samira et al. developed a novel method for ovarian cancer antigen detection
by ultrasensitive flexible aptasensor based on functionalized CNT-reduced graphene ox-
ide nanocomposite. (Figure 6) Reduced graphene oxide film was prepared by modified
Hummer’s method. The CA 125 ssDNA aptamer sequences were immobilized on MWC-
NTs surface by amide bond formation. Then, fabrication of rGO was performed on the
polymethyl methacrylate (PMMA) surface by using the polishing method. Here, gold
source and drain electrode deposited on graphene film, and the surface of graphene was
modified with MWCNTs/CA 125 aptamer through π-π interaction. Overall, this technique
specifically and selectively detects the CA 125 biomarker from serum [208].
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Figure 6. Schematic representation of rGO-FET-based electrochemical aptasensor for the specific
detection of CA 125 ssDNA biomarker. Reproduced with the permission [208]. Copyright 2018,
Elsevier.

Table 3 summarizes the recently reported literature related to the electrochemical
biosensor for the detection of various cancer biomarkers based on various recognition
matrices for the detection of cancer biomarkers. The reports are clearly classified and
assembled in the table with respect to their recognition matrices, dynamic working ranges
and limits of detection.

Table 3. Electrochemical sensing methodologies for cancer biomarker detection.

No. Biomarker Recognition Method Linear Range LOD Ref.

1 AFP PtNPs/GO-COOH SWV 3.0–30 ng mL−1 1.22 ng mL−1 [229]

2 AFP FTO/PPy-MO DMIP EIS 10–104 pg mL−1 3.3 pg mL−1 [228]

3 CA 19-9 Au-SPE/TH DPV 0.010–10 U/mL - [230]

4 CA 19-9 1DMoS2 nanorods/LiNb3O8
and AuNPs@POM DPV 0.1–10.0 μU mL− 1 0.030 μU mL− 1 [231]

5 CA 125 MIP@AuSPE SWV 0.01 and 500 U/mL 0.1 U/mL [232]

6 CA 125 ITO/Ag NPs–PAN-oxime
NFs/aptamer/c-DNA–MB DPV 0.01 to 350 UmL−1 0.0042 UmL−1 [225]

7 CA 125 Tb-MOF-on- Fe-MOF EIS 1 × 102−1 × 105 cell·mL−1 19 cell·mL−1 [233]

8 CEA MXC-Fe3O4-Ru DPV 1 pg/mL–1 μg/mL 0.62 pg/mL [222]

9 CEA IEC-BA DPV - 4.88 fg mL−1 [227]

10 HER2 SPCE-MWCNT/AuNP LSV 7.5 and 50 ng/mL 0.16 ng/mL [234]

11 HER2 polycytosine DNA (dC20) SWV 0.001−1 ng/mL 0.5 pg/mL [235]

12 HER2 GCE/PEDOT/Gel/Ab/HER2 DPV 0.1 ng mL−1–1.0 μg mL−1 45 pg mL−1 [236]

13 HER2 MIP-AuSPE DPV 10–70 ng/mL 1.6 ng/L [237]

14 PSA AuNPs/rGO/THI-aptamer DPV 0.05 to 200 ng mL−1 10 pg mL−1 [224]

15 PSA aptamer PSAG-1 EIS 0.64–62.5 ng/mL - [238]
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Table 3. Cont.

No. Biomarker Recognition Method Linear Range LOD Ref.

16 CA-15-3 AuNPs/3DGH DPV 5.0 × 10–2–100.0 U mL–1 - [226]

17 CA-15-3 MIP/Au-SPE DPV 5–50 U mL−1 1.5 U mL−1 [223]

18 CA-15-3 CysA/Au NSs/GQDs SWV 0.16–125 U/mL 0.11 U/ml [239]

19 NMP 22 Cu-MOFs@SiO2@AgNPs DPV 0.1 pg·mL−1–1000 ng·mL−1 33.33 fg·mL−1 [240]

20 NMP 22 AuNPs-PtNPs-MOFs DPV 0.005 ng·mL−1

–20 ng·mL−1 1.7 pg·mL−1 [241]

21 NMP 22 Co-MOFs/CuAu NWs Amperometric 0.1 pg mL−1–1 ng mL−1 33 fg mL−1 [242]

DMIP—dual-template molecularly imprinted polymer; TH—thionine; IEC-BA—ingenious electrochemical
aptamer biosensor; PSA—prostate-specific antigen; AuNPs/3DGH—gold nanoparticle three-dimensional
graphene hydrogel.

5. Conclusions and Future Perspectives

Overall, this review summarizes the importance of cancer biomarker detection, cancer-
causing environments, traditional available screening biomarkers for cancer diagnosis,
and novel cancer biomarkers and their advantages over traditional biomarkers. Recent
developments in analytical diagnostic strategies including electrochemical and optical
transduction methods for cancer biomarkers screening are also addressed. A summary of
different cancer biomarkers available in the literature for the detection of cancer diseases
are displayed in Table 1, including their respective cancer diseases and their advantages.
Summaries of optical and electrochemical screening methods based on various recognition
matrices for the detection of cancer biomarkers are assembled in their respective tables.

Cancer biomarker biosensing assay development consists of several critical challenges,
including biofluid separation, real sample analysis, sensitivity, multiplex detection and
integration of miniaturized instrumentation [243]. Real sample analysis is the particularly
significant challenge; we are aiming to detect the target analyte in presence of several protein
molecules. To achieve this, we need to integrate the device with the micro/nanofluidic
devices and use different coating layers to protect the assay reading from biofouling studies.
A recent publication has explained in detailed manner the way in which the fouling occurs,
ways to overcome this problem by using different anti-biofouling coatings, as well as the
effect of the fouling on electrocatalytic responses [244]. Finally, the device needs to be
integrated with the miniaturized instrumentations, and a specific app/software need to be
developed to record recognition element and biomarker interactions. The recent review
exclusively discussed the integration of biosensing strategies with the electronics devices
and wirelessly operated mobile phones for point-of-care diagnostic applications [245].
These sensor integration challenges could be overcome with the help of interdisciplinary
approaches, specifically through collaborations between chemistry, electronics, computer,
and nanofabrication experts. This review could be help to the early career researchers who
are working in the domains of chemistry, biotechnology, nanotechnology, cell biology and
biosensors. Overall, the current review provides new insights to the researchers to develop
novel biosensing methodologies for the detection of various cancer biomarkers.
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AFP Alpha-fetoprotein
PSA Prostate-specific antigen
RCAS1 Receptor-binding cancer antigen
CA 15-3 Cancer antigen 15-3
CT antigen Cancer–testis antigen
CA 125 Cancer antigen 125
CA 19-9 Cancer antigen 19-9
Nse Neuron-specific enolase
Tdt Terminal deoxynucleotidyl transferase
CYFRA21-1 Cytokeratin-19 fragments
Carcinoma Epithelial cell cancer
Sarcoma Connective tissue/bone cancer
Lymphoma Lymphatic system cancer
Myeloma Plasma cell cancer
Leukemia Blood cancer
BRCA1 Breast cancer gene 1
BRCA2 Breast cancer gene 2
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209. Szymańska, B.; Lukaszewski, Z.; Hermanowicz-Szamatowicz, K.; Gorodkiewicz, E. A Biosensor for Determination of the
Circulating Biomarker CA125/MUC16 by Surface Plasmon Resonance Imaging. Talanta 2020, 206, 120187. [CrossRef]

210. Bai, Y.; Zhang, H.; Zhao, L.; Wang, Y.; Chen, X.; Zhai, H.; Tian, M.; Zhao, R.; Wang, T.; Xu, H.; et al. A Novel Aptasensor Based
on HCR and G-Quadruplex DNAzyme for Fluorescence Detection of Carcinoembryonic Antigen. Talanta 2021, 221, 121451.
[CrossRef]
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Abstract: As a type of aggregation-induced emission (AIE) fluorescent probe, tetraphenylvinyl (TPE)
or its derivatives are widely used in chemical imaging, biosensing and medical diagnosis. However,
most studies have focused on molecular modification and functionalization of AIE to enhance the
fluorescence emission intensity. There are few studies on the interaction between aggregation-
induced emission luminogens (AIEgens) and nucleic acids, which was investigated in this paper.
Experimental results showed the formation of a complex of AIE/DNA, leading to the quenching of
the fluorescence of AIE molecules. Fluorescent test experiments with different temperatures proved
that the quenching type was static quenching. The quenching constants, binding constants and
thermodynamic parameters demonstrated that electrostatic and hydrophobic interactions promoted
the binding process. Then, a label-free “on-off-on” fluorescent aptamer sensor for the detection of
ampicillin (AMP) was constructed based on the interaction between the AIE probe and the aptamer
of AMP. Linear range of the sensor is 0.2–10 nM with a limit of detection 0.06 nM. This fluorescent
sensor was applied to detect AMP in real samples.

Keywords: aggregation-induced emission; DNA; label-free; biosensor; antibiotic

1. Introduction

Twenty years ago, Tang’s research group found a new class of organic molecules
which had almost no emission in dilute solutions, but strong fluorescence emission in an
aggregate or solid state, which they termed aggregation-induced emission luminogens
(AIEgens) [1]. AIE molecules could avoid concentration quenching or aggregation-caused
quenching (ACQ) of the conventional fluorophores [2]. Therefore, AIEgens molecules
have been used to construct chemicals and biosensors [3], bioimaging probes, and have
been widely applied in various fields over the past twenty years [4]. As typical AIE
dyes, tetraphenylethene (TPE) and its derivatives have been widely used to construct
fluorescent sensors and biological probes [5,6]. Li and coworkers [7] developed a fluorescent
aptasensor for the detection of exosome tumor-associated proteins, combining aptamers,
tertiary amine-containing tetraphenylethene, and graphene oxide (GO) as recognition units,
fluorescent probe, and the quencher, respectively. Numerous AIE molecules could bind to
the aptamer and form aggregates rapidly, leading to an amplified fluorescence intensity.
Zhu et al. [8] constructed a label-free and turn-on AIE-based fluorescence aptamer sensor
for the detection of mycotoxin. Hu [9] prepared AIE-Red and AIE-Green fluorescence
probes, using the same TPE cores functionalized with the positively charged morpholine
groups or vinyl pyridinium. With only one excitation laser, this strategy can facilitate the
multicolor monitoring of mitochondria and lysosomes, respectively. Xu et al. [10] reported
a TPE-based fluorescent probe by decorating carboxylate coordination groups on TPE for
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the highly selective and sensitive detection of nitrofuran in aqueous solution. Because TPE
molecules are insoluble in water, most of the reports focused on functional modification of the
TPE core skeleton to enhance its practicability which led to the complex molecular structures
of TPE derivatives, with complex synthesis steps and a high cost [11–13]. Therefore, it is
necessary to develop new sensitive and accurate biosensors with simple molecule probes
without complex functionalization in the TPE-based fluorescence sensing systems.

Aptamer is a single-stranded DNA (ssDNA), RNA, or modified nucleic acid isolated
through SELEX technology, and can specifically bind to corresponding targets, for example,
small organic molecules, viruses or proteins with high affinity and selectivity [14,15].
Aptamer-based sensors (Aptasensor) have been widely reported and developed in recent
years [16–19]. AIE molecules, generally having a positive charge, would tend to bind to
negatively charged aptamers, and the fluorescence emission varies with the change of
the molecular aggregation state [8,20]. Zhang et al. [21] developed a turn-on fluorescent
sensor for the detection of chloramphenicol in which an AIE 9,10-distyrylanthracene
derivative with short alkyl chains and GO function as the fluorescent probe and the
fluorescence quencher, respectively. However, the interaction between AIEgens and DNA
strands has been rarely reported. To illustrate the binding mechanism of AIEgens to
DNA, the interactions between the amino group functionalized TPE (TPE-Am) and single-
stranded DNA were studied in this paper. The binding types, constants and types of force
were investigated. Experimental results showed that the binding modes between AIE
molecule and DNA were intercalation and groove binding. Fluorescent test experiments
under different temperatures proved that the quenching type was a static quenching. The
quenching constants, binding constants and thermodynamic parameters demonstrated that
electrostatic and hydrophobic interactions promoted the binding process.

Antibiotics are generally used to treat infections caused by pathogenic bacteria or fungi
in healthcare. However, the overuse of antibiotics may lead to food and environmental
pollution [22–24]. Ampicillin (AMP) is widely used to manage and treat certain bacterial
infections. Therefore, it is very important to detect AMP residues in natural environments
and foodstuffs for human health protection. Up to now, various detection methods such
as chromatography, microbiological assay, electrochemical and photochemical sensors
have been developed to detect antibiotics [25–30]. Chromatography has great advantages
on selectivity; however, it requires professional instruments and cumbersome pretreat-
ment. Sensitivity and specificity of microbiological assay for the detection of antibiotics
is not enough. In spite of high detection sensitivity, electrochemical sensors are prone to
contamination and have poor reproducibility. Compared with other detection methods,
photochemical sensors, especially fluorescent sensors for the detection of antibiotics, have
received more and more attention in recent years. However, most of the detection methods
need fluorescent labeling which are time-consuming and costly. Therefore, it is urgent to
develop a simple, fast and inexpensive detection method for AMP.

Based on the aforementioned developments, in this paper we developed a simple,
label-free fluorescent aptasensor, with high specificity and sensitivity, to detect AMP using
the AIE probe based on interaction between AIEgens and the aptamer of AMP.

2. Materials and Methods

2.1. Reagents and Materials

The amino group functionalized TPE (TPE-Am) was donated by professor Lei Han
(Qingdao Agricultural University). Ampicillin (AMP) was bought from Macklin (Shanghai,
China). Other antibiotic and pesticides, including penicillin (PEN), chloramphenicol (CHL),
roxithromycin (ROX), tetracycline (TET), imidacloprid (IMI), and methidathion (MET)
were bought from Aladdin Chemical Co., Ltd. (Shanghai, China). Dimethyl sulfoxide
was bought from Kangde (Laiyang, China). Na2HPO4, KH2PO4, NaCl and KCl were
purchased from Tianjin Basf Chemical Co., Ltd. (Tianjin, China). The DNA sequences
5′-GCGGGCGGTTGTATAGCGG-3′ (aptamer for AMP) was obtained by Sangon Biotech
(Shanghai, China). All of the DNA was dispersed in 10 mM phosphate-buffered solution
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(PBS) and stored at −18 ◦C before use. All chemicals and solvents used in the experiment
were of analytical grade. Ultrapure water used in the experiments was obtained from a
Milli-Q water purification system (Millipore Corp., Burlington, MA, USA).

2.2. Measurement and Apparatus

Fluorescence tests were performed on a Gangdong technology F-380 fluorescence
spectrometer (Tianjin, China) equipped with 1.0 cm micro quartz cells. The excitation wave-
length was set at 340 nm and the fluorescence spectra were collected from 400 to 625 nm.
A fluorescence intensity of 490 nm was used to evaluate the performance of the sensing
system. The pH of solutions was adjusted by a PB-10 digital pH meter (Sartorius, Shanghai,
China). The ultraviolet-visible absorption spectra were collected at room temperature on a
U3900 spectrophotometer (Hitachi, Tokyo, Japan) equipped with 1.0 cm micro quartz cells.

2.3. Principles of Fluorescence Quenching

The fluorescence quenching process is usually described according to the Stern–Volmer
Equation (1) [31]:

F0/F = 1 + kqτ0[Q] = 1 + Ksv[Q] (1)

where F and F0 represents the steady state fluorescence emission intensities with and
without quencher, respectively, kq is rate constant of the dynamic fluorescence quenching
process, τ0 is the fluorescence lifetime without quencher in the system, [Q] is the concentra-
tion of the quencher, and KSV is the quenching constant. Hence, KSV can be determined
according to Equation (1) using a linear regression plot of F0/F against [Q].

2.4. Fluorescence Detection Procedures for AMP

A volume of 10 μL of AMP aptamer (10 μM) and 2 μL TPE-Am (100 μM) were
incubated for 30 min in 99% PBS (PBS:DMSO, v:v) at 25 ◦C. Then, a different concentration of
AMP was introduced into the above solution and the final solution was fixed to 200 μL. After
45 min incubation at 25 ◦C, the fluorescence intensity of the reaction solution was measured.
As control experiments, penicillin (PEN), chloramphenicol (CHL), roxithromycin (ROX),
tetracycline (TET), imidacloprid (IMI) and methidathion (MET) were instead incubated
with AMP, respectively.

For AMP content detection in real samples, water samples were collected from the
Hongzi river located in the Chengyang District (Qingdao, China) and were pretreated
according to the literature [32].

3. Results and Discussion

3.1. Fluorescence Spectroscopy of TPE-Am

The excitation and emission spectra of TPE-Am in 99% PBS (vs. DMSO) were firstly
tested. Figure 1A shows that the maximum excitation and emission wavelengths of the AIE
molecule are 340 nm and 490 nm, respectively, which is consistent with the literature [33].
Next, aggregation-induced emission characteristics of TPE-Am was investigated. Accord-
ing to the molecular structure of TPE-Am (Figure S1, in the Supplementary Materials), as is
well known, it is an insoluble and commercially available molecule. We investigated AIE
characteristics of TPE-Am by investigating photoluminescence behaviors in the DMSO and
PBS/DMSO mixtures. As shown in Figure 1B, TPE-Am (1 μM) almost has no emission in
diluted DMSO solution, but the fluorescence intensity of TPE-Am increases with increasing
PBS fraction (fPBS) from 0 to 99% (vs. DMSO). A photograph of TPE-Am in the DMSO
and PBS/DMSO mixtures with different PBS fractions (fPBS) is shown in Figure 1C. These
phenomena indicate that TPE-Am enhanced emission in PBS/DMSO mixtures is derived
from its aggregation in poor solvents.
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Figure 1. Fluorescence spectroscopy of TPE-Am. (A) Normalized excitation and emission profile of
TPE-Am in PBS/DMSO mixture (fPBS = 99%); (B) the AIE characteristics of TPE-Am in DMSO and
PBS/DMSO mixture; (C) photograph of TPE-Am in DMSO and PBS/DMSO mixtures with different
PBS fractions (fPBS).

3.2. Interaction of TPE-Am and DNA

Binding modes between TPE-Am and DNA were examined by fluorescence spectroscopy.
The fluorescent emission spectra of TPE-Am and TPE-Am/DNA strands (the aptamer of
AMP) are illustrated in Figure 2A. The fluorescence intensity significantly decreases (curve b)
in the presence of 500 nM DNA strands compared with TPE-Am alone (curve a).

Figure 2. Interaction of TPE-Am and DNA strands (A). FL intensity of the system with different
conditions: (a) TPE-Am and (b) TPE-Am + DNA. (B) The fluorescence quenching tests at different
temperature. (C) Stern–Volmer plots for the TPE-Am/DNA system with different temperatures.

3.2.1. Quenching Mechanism of Fluorescence

Dynamic or static quenching mechanisms could be judged from constants Kq and Ksv
at different temperatures. Because of its dependance on diffusion effects, Kq and Ksv were
larger with increasing temperature. However, non-fluorescing complexes were produced
during static quenching process, leading to decreasing static quenching constants with
increasing temperature [34,35].

Next, the fluorescence quenching tests were carried out at a temperature of 287, 305
and 318 K between TPE-Am and the aptamer of AMP, respectively, which are shown
in Figure 2B. The KSV and Kq values were calculated according to Equation (1) and are
exhibited in Table 1. The experimental results demonstrated a classical static quenching
process for TPE-Am binding to DNA strands, as the values of Kq were much larger than
2 × 1010 L·mol−1s−1 which was the maximum scattering collision quenching constant. The
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Ksv values decreased with increasing temperature; furthermore, the dynamic quenching
constant was generally less than 100 L·mol−1.

Table 1. Stern–Volmer quenching constants of TPE-Am binding to DNA.

T (K) Ksv (L·mol−1) Kq (L·mol−1·s−1) R 1

287 2.488 × 106 2.488 × 1014 0.9986
305 2.149 × 106 2.149 × 1014 0.9995
318 2.065 × 106 2.065 × 1014 0.9949

1 R is the correlation coefficient.

3.2.2. Binding Constants

For the static quenching process, the binding constant (Kb) and the number of TPE-
Am-bound sites (n) per DNA strand could be determined from Equation (2).

lg
F0 − F

F
= lgKb + nlg[Q] (2)

Parameters F0, F and [Q] express the same meanings as in Equation (1). Kb and n
could be obtained from the intercept and slope by plotting lg [(F0 − F)/F] against lg [Q]
(intercept = lgKb, slope = n) (Figure 2C), and the values of Kb and n are listed in Table 2.
The value of Kb decreased with increasing temperature according to Table 2 which was in
accordance with Ksv, showing moderate binding between TPE-Am and DNA, and that
TPE-Am/DNA complex might be formed [36]. The values of n are equal to approximately
1, indicating that there was one class of binding sites for TPE-Am in DNA.

Table 2. The binding parameters and relevant thermodynamic parameters for the TPE-Am—DNA system.

T (K) Kb (/105 L/mol) n R ΔH (kJ/mol) ΔS (J/mol) ΔG (kJ/mol)

287 9.59 1.03 0.9929
−29.46 12.59

−33.07
305 6.26 1.08 0.9902 −33.3
318 2.75 1.21 0.9902 −33.46

3.2.3. Thermodynamic Constants

It is well known that the four major interaction forces between small organic molecules
and biomacromolecules are electrostatic interactions, hydrogen bonds, hydrophobic force,
and van der Waals force, respectively. The enthalpy change (ΔH) of the interaction usually
remains stable if the temperature does not change much. For small molecules binding
to DNA, the interaction types and modes can be estimated by thermodynamic parame-
ters, including free energy change (ΔG), enthalpy change (ΔH), and entropy change (ΔS),
according to Equations (3) and (4):

ln K = −ΔH
RT

+
ΔS
R

(3)

ΔG = −RT ln K = ΔH − TΔS (4)

where K is the binding constant (Kb) at 287, 305 and 318 K, respectively, and R is the
gas constant which is 8.314 J mol−1·K−1. The corresponding values were obtained from
Equations (3) and (4) and listed in Table 2. The electrostatic and hydrophobic interactions
were the main interaction force between TPE-Am and DNA, judging from the negative ΔH
and positive ΔS value [37].

3.3. Fluorescence Assay for AMP

A facile, sensitive and label-free “on-off-on” fluorescent aptamer sensor for AMP
detection was successfully developed based on the interaction between the TPE-Am probe

443



Biosensors 2023, 13, 504

and aptamer of AMP which is illustrated in Scheme 1. There was strong fluorescence in
99% PBS (PBS:DMSO, v:v) because of the hydrophobicity of TPE-Am. In the presence of
the aptamer of AMP (Apt), the weakened fluorescence intensities of the system was the
result of the hydrophobic interaction between the TPE-Am probe and DNA (from on to off).
However, the fluorescence recovered once the target AMP molecules were introduced into
the solution (from off to on). As is well known, the force between the target and the aptamer
is much larger than the hydrogen bonds and hydrophobic interactions. Fluorescence
recovery came from the release of the TPE-Am probe because of the formation of an
Aptamer-AMP complex. Therefore, the detection of AMP can be realized by monitoring
the changes of the fluorescence intensities using this on-off-on fluorescent aptamer sensor.

Scheme 1. Sensing mechanism of the proposed aptasensor for detection of AMP.

3.3.1. Characterization of TPE-Am/Aptamer

UV-vis absorption spectra were used to verify the complex of TPE-Am and Aptamer.
It could be seen from Figure 3A that both the TPE-Am and the TPE-Am/Aptamer complex
had the same absorption bands at the wavelength range of 300–360 nm which is the
representative absorption peak of a tetraphenylethylene structure [33]. Compared with the
TPE-Am, the absorption band of the TPE-Am/Apt complex were in the wavelength range
of 260–280 nm which is the same as that of the typical structural features of DNA.

Figure 3. Characterization of TPE-Am/Aptamer. (A) UV absorption spectrum of TPE-Am and
TPE-Am/Aptamer. (B) Size distribution of TPE-Am. (C) Size distribution of TPE-Am/Aptamer.

Dynamic light scattering (DLS) was used to test the size distribution of TPE-Am in
99% PBS (PBS:DMSO, v:v). The mean particle size changed from 610 nm (Figure 3B) to
300 nm (Figure 3C), and the reason is that the formed TPE-Am aggregates tend to disperse
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upon the formation of the TPE-Am/Aptamer complex. These results clearly indicated that
the TPE-Am probe was successfully grafted on the aptamer of AMP.

3.3.2. Feasibility of the Fluorescence Aptamer Sensor

Figure 4 shows the fluorescent emission spectra of TPE-Am (1.0 μM) under differ-
ent conditions. The fluorescence intensity was largest with TPE-Am alone in 99% PBS
(PBS:DMSO, v:v) (curve a). There was little change in the fluorescence intensities when the
AMP targets were added (curve b) compared with TPE-Am alone. Fluorescence intensities
significantly decreased in the presence of the aptamer of AMP (curve c). Nevertheless,
fluorescence obviously recovered when the AMP targets were added into the solution
because of the formation of the Aptamer-AMP complex accompanied with the release of
the TPE-Am probe (curve d). Therefore, AMP content could be detected by monitoring the
changes of the fluorescence intensities using this on-off-on fluorescent aptamer sensor.

Figure 4. Fluorescence emission under different conditions: (a) TPE-Am, (b) TPE-Am + AMP, (c) TPE-
Am + Apt, and (d) TPE-Am + Apt + AMP.

3.3.3. Optimization of the Experimental Conditions

In order to obtain the optimal performance of the proposed fluorescent sensor for
detection of AMP, the experimental conditions, including the concentrations, response
times, and pH of the buffer solution, were optimized, respectively. As shown in Figures
S2–S5, it was observed that the optimal concentration of aptamer, incubation time for
TPE-Am/Aptamer, TPE-Am/Aptamer/AMP and pH of the solution were 500 nM, 30 min,
45 min, and 7.4, respectively.

3.3.4. Analytical Performance of Fluorescent Aptasensor

The fluorescent aptasensor was evaluated by monitoring the fluorescence change
under different concentrations of AMP. As shown in Figure 5A, the fluorescence inten-
sity increased gradually with increasing AMP concentration. A good linear relationship
between the fluorescence intensity and the AMP concentration was found, ranging from
0.2 to 10 nM, which is shown in the inset of Figure 5B. The linear regression equation
was F = 53.46 lgc + 187.78 with a correlation coefficient of 0.9959 (F: fluorescence intensity,
c: AMP concentration (nM)). The limit of detection was estimated to be 0.06 nM (based on
3σ) which was lower than those of the previously reported assay methods (Table S1).
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Figure 5. (A) Fluorescence responses of the aptasensor to various concentrations of AMP (0, 0.2,
0.4, 0.6, 0.8, 1, 5, 10, 20, 50, 80 and 100 nM). (B) The relationship between fluorescence intensity
(λem = 493 nm) and the concentration of AMP. Inset: the linear relationship between fluorescence
intensity and the logarithm value of AMP concentration.

3.3.5. Selectivity of the Sensor for Detection of AMP

The selectivity of the aptasensor for AMP was investigated. The controlled experi-
ments were carried out by selecting several common interfering substances such as PEN,
CHL, ROX, TET, IMI, and MET under the same experimental conditions. As shown in
Figure 6, compared with the background signal, the fluorescence intensities were barely
changed in the presence of interfering substances; obvious fluorescence intensity change
was obtained only in the presence of AMP. These data indicated that this aptasensor ex-
hibited a good performance in discriminating AMP from other interfering antibiotics and
pesticides. Therefore, it has good potential to be applied in real complex samples.

Figure 6. The selectivity of the aptasensor responds to AMP in the presence of PEN, CHO, ROX, TET,
IMI, and MET. The concentration of AMP was 10 nM and that of the other disruptors was 100 nM.
The error bars represent the standard deviation of three repeated measurements.

3.3.6. AMP Content in Real Samples

To investigate the applicability of the sensing strategy in real samples, it was applied to
detect AMP residues in natural water. The experimental results demonstrated that the level
of AMP residues in the water samples was below the limit of detection. Next, samples were
tested by adding different amounts of AMP (0.2, 0.6 and 1 nM) in the river water samples,
with three repeated measurements, and recovery from 99.6% to 102.85% was obtained
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(Table S2). These results indicated that the sensing strategy has good anti-interference
capabilities and therefore shows strong potential application in food safety fields.

4. Conclusions

In summary, the interaction between the amino group functionalized TPE molecule
and nucleic acids was investigated in detail by fluorescence and UV–vis absorption spec-
troscopy in this paper. Experimental results showed that the amino group functionalized
TPE could combine with DNA by intercalation and groove binding force. Binding and
thermodynamic constants demonstrated that the fluorescence quenching mechanism of
the TPE molecule by DNA is a static quenching procedure and that the electrostatic and
hydrophobic interactions were the main driving force between TPE-Am and DNA. Based
on the above, a sensitive and label-free “on-off-on” fluorescent aptamer sensor for AMP de-
tection was developed. The sensor has a linear range of 0.2–10 nM with a limit of detection
of 0.06 nM. It was used to detect the AMP content in real samples.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios13050504/s1, Figure S1: Molecular structure of TPE-Am;
Figure S2: The effect of aptamer concentration; Figure S3: The effect of incubation time for the TPE-
Am/Aptamer; Figure S4: The effect of incubation time for the TPE-Am/Aptamer/AMP; Figure S5:
The effect of pH to the response of the sensing strategy; Figure S6: Repeatability and stability test of the
aptasensor. The concentration of AMP is 10 nM; Table S1: Comparison of various detection methods
for ampicillin; Table S2: The recovery and RSD for the detection of AMP in river water samples.
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Abstract: Rapid, sensitive, and reliable detection of high mobility group box 1 (HMGB1) is essen-
tial for medical and diagnostic applications due to its important role as a biomarker of chronic
inflammation. Here, we report a facile method for the detection of HMGB1 using carboxymethyl
dextran (CM-dextran) as a bridge molecule modified on the surface of gold nanoparticles com-
bined with a fiber optic localized surface plasmon resonance (FOLSPR) biosensor. Under optimal
conditions, the results showed that the FOLSPR sensor detected HMGB1 with a wide linear range
(10−10 to 10−6 g/mL), fast response (less than 10 min), and a low detection limit of 43.4 pg/mL
(1.7 pM) and high correlation coefficient values (>0.9928). Furthermore, the accurate quantification
and reliable validation of kinetic binding events measured by the currently working biosensors
are comparable to surface plasmon resonance sensing systems, providing new insights into direct
biomarker detection for clinical applications.

Keywords: high mobility group box 1; carboxymethyl-dextran; gold nanoparticle; localized surface
plasmon resonance; biosensor; kinetic binding

1. Introduction

In recent years, clinical studies have pointed out chronic inflammation, such as cancers,
diabetes, cardiovascular diseases, allergies, oral diseases, obesity, strokes, and arthritis,
will cause mass mortality and significantly increase treatment costs. It has been proven
that these chronic diseases are closely related to high mobility group box 1 (HMGB1) [1].
HMGB1 has a molecular weight of 29 kDa and comprises 216 single-chain amino acid
polypeptides connected to an acidic C-terminal tail through a short alkaline hinge [2,3].
HMGB1 is a typical damage-associated molecular pattern (DAMP) and a central mediator
of lethal inflammation [4,5]. The activated immunocytes or necrotic cells combine with
advanced glycation end products (RAGE) and Toll-like receptors upon release from the
cells and initiate immunoreaction (inflammation, repair, and recombination) [6–8]. Finally,
the immune reaction process can induce tissue destruction, fibrosis, necrosis, and death.
The general methods to detect HMGB1 include enzyme-linked immunosorbent assay
(ELISA) [9,10], Western blot [11], liquid chromatography-mass spectrometry (LC-MS) [12],
surface plasmon resonance (SPR) [13,14], electrophoretic mobility shift assay (EMSA) [15],
and electrochemical immunosensor [16]. ELISA is the most familiar among these techniques.
It is regarded as one of the most convenient, accurate, and reliable methods. However,
ELISA requires a long processing time, skilled professionals for the operation, and complex
sample preparation. Western blot only performs semiquantitative detection and is time-
consuming. LC-MS and SPR provide good quantitative sensitivity, but the instruments
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are expensive, large, and unlikely to be miniaturized. Therefore, a rapid, accurate, and
economical HMGB1 detection method is urgently needed.

The localized surface plasmon resonance (LSPR) biosensor technology is a real-time,
rapid response, and high-sensitivity technology [17–19]. Gold nanoparticles (AuNPs), as
the key components of sensors, have received great attention due to their unique optical
and electronic properties and high biocompatibility. They have been widely used to detect
biological or chemical molecules, such as protein–protein and protein-nucleic acid binding
affinities [18,20,21]. For example, Nath et al. used a label-free optical biosensor to detect
streptavidin with a detection limit of 16 nM [22]. Jeon et al. developed a disposable
LSPR-based colorimetric sensor for detecting cortisol in the serum [23]. The advantages of
LSPR biosensor technology are real time, rapid response, and high sensitivity. However,
the interaction between extremely low-concentration samples or low-molecular-weight
analytes (e.g., peptides) is still challenging. Due to the refractive index variation induced
by molecules being tiny, the difficulty in measurement is increased [24–26]. To improve the
sensitivity of LSPR biosensors, the previously reported FOLSPR biosensor platform is a
promising approach [27–32].

In previous studies, mixed self-assembled monolayer (SAM) of 11-mercaptoundecanoic
acid (MUA)/6-mercapto-1-hexanol (MCH) bridging molecules were used [33,34]. The
MUA is a long-chain molecule with a -COOH functional group. It forms a peptide bond
(-CO-NH-) with the amino groups on the surface of biological recognition molecules for
a chemical covalent bonding reaction. The MCH has a short chain with a -OH functional
group. It is a dilution of thiolate, reducing adhesion and non-specific adsorption between
protein molecules [30]. However, the challenge is that the film thickness and spatial struc-
ture (steric hindrance) after self-assembly functionalization lead to fewer binding sites
for antibody connections and worse anti-adhesion effects [35]. As a result, the detec-
tion results are unstable, and the sensitivity is reduced. To overcome these limitations,
Carboxymethyl-dextran (CM-dextran) as a binder provides a high surface-to-volume ratio
and more -COOH functional groups [36,37]. It increases the conjugate binding sites of
biomolecules improving the sensor’s responses [38,39]. CM-dextran is a branched glucose
polysaccharide containing the 1,6-α-d-glucopyranosyl bond [40]. It is biocompatible, highly
water soluble, highly anti-adhesive, and not toxic. Moreover, it has been widely used
in biosensors [41–45].

This study proposes a novel CM-dextran FOLSPR biosensor related to a functionalized
CM-dextran-modified binding peptide technique. Chemical covalent bonding is employed
in this technique. The experiment used 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS) to perform intermolecular cross-
linking of CM-dextran and then to modify the biological recognition molecules. The
HMGB1 biological standard was tested in the optimal experimental conditions (including
modification time, modification concentration, EDC/NHS concentration, antibody modifi-
cation concentration, and antibody incubation time). The results show that the HMGB1
sensing chip had a wide linear range, high reproducibility, and excellent limit-of-detection
(LOD). In addition, compared with the existing MUA/ MCH mixed self-assembled mono-
layer, the bridge-based HMGB1 molecular detection doubles the detection sensitivity. No-
tably, this is the first report on detecting HMGB1 in FOLSPR biosensors using CM-dextran
as amine coupling reagents to immobilize recognition molecules. This study suggests that
the technique can be widely used in fields like biological analysis and detection in food,
environment, and clinical medicine.

2. Materials and Methods

2.1. Materials and Reagents

All chemical reagents are analytical-graded reagents. Hydrogen tetrachloroaurate
trihydrate (HAuCl4), Phosphate buffered saline (PBS buffer), trisodium citrate solution
(C6H5Na3O7, ≥99%), (3-Mercaptopropyl)methyldimethoxysilane (MPDMS, >95%), cys-
tamine dihydrochloride (cystamine), dextran 70 (MW ≈ 70,000), sodium periodate (NaIO4),
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11-mercaptoundecanoic acid (MUA;≥95%), 6-mercapto-1-hexanol (MCH;≥97%), 1-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide
(NHS), ethanolamine (EA), mouse IgG, streptavidin, monoclonal anti-HMGB1 antibody,
and high mobility group box 1 (HMGB1) protein were from Sigma-Aldrich (St. Louis,
MO, USA). Sulfuric acid (H2SO4; ≥98%), hydrogen peroxide (H2O2), ethanol, and ac-
etate buffer were purchased from Fluka (Buchs, Switzerland). Ultrapure deionized water
(18.2 MΩ·cm−1, Milli-Q pure water purification system, Millipore Ltd., Burlington, MA,
USA) was used for preparing solutions. The optical fiber probe was multimode plastic-clad
silica optical fiber (model F-MBC, Newport), with core and cladding diameters of 400
and 430 μm, respectively, bought from Instant NanoBiosensors Co., Ltd. (Taipei, Taiwan).
Sensing chips (poly (methyl methacrylate) (PMMA) plates) were prepared using a CO2
laser engraving machine (New Taipei, Taiwan).

2.2. Preparation of AuNP Probe

The synthesis of aqueous spherical AuNPs was prepared by the oxidation-reduction
method [34]. A 5.2 mL HAuCl4·3H2O solution at a concentration of 2.43 mM was diluted
with 14.8 mL distilled (DI) water to make a 20 mL auric salt aqueous solution. This solution
was boiled and slowly mixed with 2.4 mL 1% sodium citrate-reducing solution. The solution
slowly turned transparent (Au2+) from light yellow (Au3+), then into dark black (Au+), and
claret red AuNPs were formed at last. Afterward, the solution was stirred for 10 min to
ensure the reduction process, kept still, and cooled to room temperature. The sol-gel method
performed immobilization of AuNP on the optical fiber probe. A 2% MPDMS was prepared
in toluene and pre-hydrolyzed for 12 h. The fiber surface of the optical fiber probe was
cleaned with soapy water, methanol, and DI water using an ultrasonic bath. The surface
was then pickled with piranha solution (H2SO4 and H2O2 solution in a volume ratio of
7:3) allowing the surface of the optical fiber probe to carry more -OH functional groups.
Afterward, it was cleaned with DI water. The optical fiber probe was immersed in the pre-
hydrolyzed 2% MPDMS/toluene solution for 6 h to perform the hydrolysis-condensation
reaction of SiO2 functional groups. In this order, the optical fiber probe was washed with 1:1
ethanol/toluene solution, ethanol, and DI water and then dried with nitrogen. Afterward,
the optical fiber probe was immersed in AuNPs solution for 30 min, and the AuNPs were
stably bonded to the surface of the optical fiber probe through S-Au covalent bonding.
Finally, the optical fiber probe was washed with DI water to remove the AuNPs not bonded
on the optical fiber probe. After nitrogen drying, the UV-Visible/NIR Spectrophotometer
(Hitachi UH5700, Tokyo, Japan), transmission electron microscopy (TEM, JEM-2100Plus,
Tokyo, Japan), and ultra high-resolution thermal field emission scanning electron microscope
(FESEM, JEOL JSM-7610FPlus, Tokyo, Japan) were used to measure the absorption spectra
of the synthetic AuNPs and the AuNPs on the surface of the immobilized optical fiber probe.
The spectral characteristic peak absorption wavelength position and absorption strength
of the spherical AuNPs solution were identified to verify the shape and size. The test was
repeated three times for each data point, and the data were represented by an average value
and standard deviation (mean ± SD).

2.3. Microfluidic Sensing Chip and FOLSPR Sensing System

Microfluidic sensing chip was composed of a PMMA substrate. It comprises a cover
and bottom plates. The dimensions of each cover plate are 25 mm (width) × 50 mm (length)
× 2 mm (thickness). The actual surface of AuNP coated zone is 25.1 mm2 (0.4 mm (the core
diameter) × π × 20 mm (length)). The bottom plate involved a microfluidic technique, and the
sample micro-channel is 800 μm (depth)× 800 μm (width) to accommodate a 730 μm optical
fiber probe with a volume of 35 μL. A CO2 laser engraving machine processed the cover plate. A
micro-channel access hole of about 0.2 cm diameter could be connected to the plastic flow pipe
to import and export fluids. The sensing chip was packaged with 3M double-sided adhesive to
bond the cover plate and bottom plate. Afterward, DI water was injected into the sensing area
for cleaning. Finally, a complete microfluidic sensing chip was obtained, as shown in Figure 1a.
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Figure 1. FOLSPR sensor. (a) Microfluidic sensing chip, and (b) schematic representation of the
experimental setup of the sensing system.

Figure 1b is the schematic diagram of a FOLSPR biosensor system. The sensing system
used a green LED with a microlens (model IF-E93, Industrial Fiber Optic, Inc., Tempe, AZ,
USA) as the light source, with a peak wavelength of 530 nm and a circuit system (including
1 kHz square wave signal and signal amplifier). One end of the light source was coupled to
the inside of the optical fiber sensing chip for multiple total internal reflections. This helps
generate evanescent waves on the surface of the sensing area. These evanescent waves
excite AuNPs to generate the LSPR effect. Meanwhile, the other end was connected to the
light exit of photodetection. The experiment used a high-stability photodiode (S1336-18BK,
Hamamatsu, Tokyo, Japan) to detect the light intensity. The circuit system was linked with
a data acquisition card lock-in module (dynamic signal acquisition module USB-9234 and
Lab-VIEW 2019 software, National Instrument, Austin, TX, USA) to transform the light
into voltage signals (real-time light intensity). The generated voltage signals were captured
and analyzed by a computer to transform the light into voltage signals (real-time light
intensity). The generated voltage signals were captured and analyzed by a computer.

2.4. Preparation of CM-Dextran Solution and Functionalization of CM-Dextran Sensing Chips

Carboxymethyl-dextran (CM-dextran) was synthesized using the previously reported
protocol with minor modification [46,47]. Briefly, CM-dextran was formed by dissolving 3 g
of dextran in 10 mL of NaOH 100 mM, adding 1 M solution of bromoacetic acid, and then
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shaking at room temperature in the dark for 16 h. The functionalization of the sensing chip
was performed by chemical covalent bonding (Figure 2). To form abundant amine (-NH 2)
groups on the AuNP surface of the optical fiber, which was modified with cystamine.
CM-dextran is then dissolved in phosphate-buffered saline (PBS, pH = 7.4) and mixed with
EDC and NHS for activation, allowing cystamine to react with the carboxymethyl groups
on CM-dextran. Subsequently, a second activation step using EDC and NHS was used
for intermolecular cross-linking of CM-dextran, forming peptide bonds (-CO-NH-) with
amino groups of the antibody to complete the antibody fixed. Residual active groups were
saturated by injection of ethanolamine. UV/Vis-NIR spectrum and Energy-dispersive X-ray
spectroscopy (EDS) were used to identify material analysis in the experimental process.

 

Figure 2. The CM-dextran-based FOLSPR chip experimental conditions.

The optimum conditions for the modification of the sensing chip were discussed in the
experiment. First, the modified AuNPs optical fiber was used for sensing chip packaging.
Then, 35 μL 0.02 M cystamine solution was injected into the sensing chip for 30 min to form
AuNP-cystamine. Afterward, DI water was applied to remove uncombined cystamine. The
CM-dextran (1%, 2.5%, 5%, 7.5%, and 10%)/EDC (0.2 M)/NHS (0.05 M) mixed solutions
were injected on the surface of AuNP-cystamine, with a CM-dextran immobilization time
of 0.5, 1, 1.5, 2, and 2.5 h. The AuNP-cystamine- CM-dextran was formed on the surface.
It was removed by using ionized water. The -COOH functional group on the surface
of CM-dextran was activated using the mixed liquor of EDC (0.2 M) and NHS (0.05 M)
for 20 min. A 50 μL anti-HMGB1 (50, 75, 100, 125, and 150 μg/mL) was applied. The
incubation time was 0.5, 1, 1.5, and 2 h for AuNP-cystamine-CM dextran-anti-HMGB1
functionalization. The uncombined anti-HMGB1 was removed by PBS buffer. Finally, 1 M
ethanolamine (pH 8.5) aqueous solution was used for 7.5 min to inactivate the unreacted
-COO- and prevent nonspecificity. Inject PBS solution into the sensor chip for verification
after step-by-step modification. The gradual modification process of the sensing chip
experiment was verified by UV/Vis-NIR spectrum. The FOLSPR system was used for
real-time signal measurement.

2.5. Preparation of Functional MUA/MCH Sensing Chip

MUA/MCH sensing chips were functionalized (Figure 3) in accordance with the
previous procedure with slight modification [30]. The optical fiber of modified AuNPs was
immersed in the ethanol solution with MUA (2 mM) and MCH (2 mM) in a mole ratio of 1:4.
It was kept still at room temperature for 12 h to form the mixed SAM. It was then washed
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with ethanol and dried with N2. Afterward, the AuNPs-MUA/MCH optical fiber was used
for sensing chip packaging. A 35 μL aqueous solution of EDC (0.2 M) and NHS (0.05 M)
was injected into the sensing chip to activate the -COOH group for 30 min. Then, the DI
water was injected for washing. A 35 μL anti-HMGB1 (100 μg/mL) solution was injected
for a 1 h incubation reaction. The PBS buffer was injected into the solution to wash out the
uncombined anti-HMGB1. To inactivate the unreacted -COO-, 1 M aqueous ethanolamine
solution with pH 8.5 (7.5 min) was used for washing. Finally, the PBS solution was injected
to wash the immobilized antibody’s surface. The FOLSPR system was used for real-time
signal measurement in the gradual modification process.

 

Figure 3. The MUA/MCH-based FOLSPR chip experimental conditions.

2.6. Sample Preparation

The stock HMGB1 standard solution was diluted with PBS and stored in a refrigerator
at −20 ◦C. The sample was prepared and used in the same week to avoid the inactivated
HMGB1-inducing errors. The concentration range of the prepared HMGB1 standard so-
lution was 1 × 10−10 to 1 × 10–6 g/mL, which was stored at 4 ◦C for further use. The
PBS buffer of pH 7.4 was injected into the sensing chip as the baseline. The prepared
HMGB1 standard solutions (1 × 10−10, 1 × 10−9, 1 × 10−8, 1 × 10−7, 1 × 10−6 g/mL)
were tested to obtain corresponding signal responses. Each was tested by three differ-
ent sensing chips, and the data were shown by average values and standard deviations
(average value ± standard deviation). A linear relationship between signal responses and
concentrations was drawn to obtain the calibration curve. Finally, Origin 2021 (OriginLab,
Northampton, MA, USA) was used for statistical analyses of data.

3. Results

3.1. Material Analysis

Figure 4a shows the absorption spectrum of synthetic aqueous spherical AuNP so-
lution in a UV-Visible/NIR spectrophotometer. The maximum value of absorption peak
occurs at 521 ± 0.6 nm. Figure 4b shows the TEM image of the aqueous spherical AuNP
solution. The AuNPs were complete spheres with no aggregation and a mean particle size
of 12.2 ± 0.6 nm. Figure 4c shows the extinction spectrum of the fiber surface modified
AuNPs measured by the self-mounted fiber-optic spectral system as shown in Figure 4c
insert, including the spectrometer (Ocean Optics, QEPro, optical resolution: 1.2 nm), a
white light source of the 350 nm ~ 1700 nm (OTO Photonics, LS-HA) and two optical fiber
of the core is 400 μm (Ocean Optics, numerical aperture: 0.22) [48]. The absorption peak of
AuNPs occurred at 532 ± 0.8 nm. Figure 4d shows AuNPs on the sensing chip fiber surface
measured by ultra-high resolution thermal FESEM. It was obvious that the nanoparticles
were spherically dispersed on the fiber surface without aggregation, and FESEM calculated
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the AuNPs particle size. The results show that the mean particle size is 13.4 ± 1.2 nm
(200 particles).

 
 

(a) (b) 

 

 

(c) (d) 

Figure 4. Structural characterizations of materials. (a) Absorption spectra of Au nanoparticles
(AuNPs) in the aqueous medium in the visible region; (b) TEM image of AuNPs; (c) a fiber optic
spectrometer was used to measure the absorption spectrum of AuNPs on the surface of the probe in
the visible region in the aqueous medium; (d) FESEM image of AuNPs on the fiber core surface. The
test was repeated three times for each data point (n = 3), and the data were represented by an average
value and standard deviation (average value ± standard deviation).

In this study, we use UV-Vis spectroscopy to monitor the molecular step-by-step
modification process of a sensor chip experiment. Figure 5a shows the gradual functional-
ization process of AuNP, cystamine, CM-dextran/EDC/NHS, EDC/NHS, anti-HMGB1,
and ethanolamine in the optical fiber sensing area measured by a fiber optic spectrometer
(Measured in the PBS buffer). The figure shows that the characteristic peak and wavelength
of AuNPs on the optical fiber surface sensing area were at 531.1 nm at the beginning (ab-
sorbance was 0.3125). After gradual modification, it was observed that the last characteristic
peak of AuNP-cystamine-CM-dextran/EDC/NHS-EDC/NHS-anti-HMGB1-ethanolamine
was at 537.6 nm (absorbance was 0.35886), showing a redshift (displacement was 8 nm).
The results show the variation of the local refractive index near the AuNPs surface and the
electron loss on the AuNPs surface. It indirectly proves the immobilization of molecules
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on the surface of AuNPs or the conjugation of recognition molecules analyte. In addi-
tion, the absorbance peak increased from 0.3125 to 0.35886. This is consistent with the
observation of the absorption increase and spectral redshift after combining chemical
and biological molecules proved in prior studies [49–51]. Therefore, these results prove
the successful functionalization of the sensing probe modified by AuNP-cystamine-CM-
dextran-EDC/NHS-EDC/NHS-anti-HMGB1-ethanolamine. Figure 5b shows the elemental
analysis of AuNP-cystamine-CM dextran surface in the optical fiber sensing area measured
by Energy-dispersive X-ray spectroscopy (EDS). The C, O, and Au signals from the func-
tionalization of AuNP-cystamine-CM dextran were detected, meaning that the components
were CM dextran and Au.

(a) 

 
(b) 

Figure 5. (a) Gradual functionalization of AuNP, cystamine, CM-dextran/EDC/NHS, EDC/NHS,
anti-HMGB1, and ethanolamine in the probe modification spectrogram (measured in the PBS buffer);
(b) EDS measurement verification.
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3.2. Principle of FOLSPR Sensors

It is well-known that the physical characteristics of LSPR generated on the surface
of AuNPs are susceptible to the external refractive index [17,52–54]. Especially during
biological detections, the density of recognition molecules and molecular weight will lead
to the sensitivity of the biomolecular binding [55,56]. This study is the first to use CM-
dextran as bridging molecules to increase the density of recognition molecules and improve
the sensitivity of FOLSPR sensing technology. The principle of FOLSPR is that after the
light is led in the optical fiber. After multiple total internal reflections in the optical fiber
core, the evanescent wave energy is generated on the surface of the cladding-off cylindrical
fiber. When the surface AuNPs absorb the evanescent wave energy, the electrons on the
surface of AuNPs generate the LSPR effect [57,58]. The intensity of this resonance will
vary with the number of modification molecules on the surface of AuNPs, resulting in
differences in light intensity. The difference in light intensity will increase the absorbance
or change the refractive index of the external environment in the bonding process of the
recognition molecules (e.g., capture antibodies, DNA, RNA, primers, or aptamers) and
analytes. Therefore, the light intensity change can be recorded instantly as the biosensor
analysis tool [48]. In this study, light signal I0 is the light intensity response in the blank
solution under a PBS buffer. IA is the light intensity response under the analyte solution.
The sensor response is defined as (I0 − IA)/I0 = ΔI/I0 and is implemented by comparing the
collected light intensity from a fiber probe immersed in a sample solution (IA) containing
the target protein at defined concentrations to that of immersed in a blank solution (I0),
i.e., the normalized light intensity change. The light’s real-time signal response intensity
declines as the analyte concentration increases. The quantitative testing analysis was
obtained by concentration and signal responses.

In order to understand the optical properties of biomolecules interacting with nanopar-
ticles, this study used discrete dipole approximation (DDA) to simplify that model and
simulate nanoparticle surface modification biomolecules’ extinction spectrum [59]. It can
be used to design a real-time light intensity detection system. The simulation structure
and parameters are shown in Figure 6a and Table 1. The simulation wavelength range
is 450–800 nm. The simulation structure contained a circular AuNP with a size of 13 nm
(reference Figure 4b TEM image). The refractive index (Nmetal = n + ik) had real part n
and imaginary part k [60]. Biomolecules were adsorbed on the circular AuNP surface.
Biomolecules consist of three spheres with a radius and refractive index of 3.2 nm and
1.45, respectively. Their size is about a 13 nm Y-shaped structure, as shown in Figure 6b.
The external environment was a phosphate-buffered saline (PBS buffer) with a refractive
index of 1.42. The results of the extinction spectrum of nanoparticle surface modifica-
tion biomolecules simulated by DDA are shown in Figure 7. The LSPR peak wavelength
changes were not apparent before and after the AuNP surface modification of biomolecules.
Additionally, the extinction cross-section increased from 108.3 nm2 to 120.9 nm2 at the wave-
length of 530 nm with a variable rate of about 11.1%. It shows that it is easier to observe the
change of light intensity as the indicator of biosensor analysis than the wavelength shift.
Based on the experimental results, the before (at 530 nm, Figure 5 black line AuNPs) and
after (Figure 5 purple line anti-HMGB1) absorbance was 0.31028 and 0.35317, respectively.
The AuNPs surface was modified with biomolecules. With an increased absorbance, the
light intensity decreased after the AuNPs surface was modified with biomolecules. The
light intensity variation rate was 9.4% (10−0.31028 − 10−0.35317/10−0.31028), meaning the
biomolecules modified the AuNPs surface. This finding matched the trend of simulation
results. It is also the reference for choosing the wavelength of 530 nm as the light source for
the FOLSPR biosensor system in this study.
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(a) (b) 

Figure 6. Structural diagram of AuNP surface modification biomolecules simulated by DDA.
(a) Structure of AuNP surface modification biomolecules; (b) Biomolecular structure.

Table 1. Parameter list of AuNP surface modification biomolecules simulated by DDA.

Gold Sphere Nanoparticle
Diameter (2r1) 13.0 nm

Refractive Index (Nmetal) Ref [60]

Biomolecular
Radius (r2) 3.2 nm

Refractive index (nB) 1.45

Wavelength 450~800 nm

Cube size 0.5 nm

Surrounding medium (ns) 1.42
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Figure 7. Extinction spectrum of AuNP surface modification biomolecules simulated by DDA.

3.3. Optimization of the Sensor

In this study, the sensing chip formed surface functionalization through chemical
bonding reactions. In each experiment, 10−8 g/mL HMGB1 was injected for 15 min
of molecular binding to obtain the signal response. First, the AuNP-cystamine surface
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was modified individually with 1%, 2.5%, 5%, 7.5%, and 10% (weight%) CM-dextran
solution. As shown in Figure 8a, the increase is apparent when the concentration was 1%,
2.5%, and 5%. When the concentration was 5%, the response of HMGB1 was the largest
(ΔI/I0 = 0.419 ± 0.011). Signals gradually decreased after 7.5% and 10%. This is because
the viscous CM-dextran solution resulted in steric hindrance. Therefore, the concentration
of CM-dextran was set at 5% for subsequent experiments. The CM-dextran immobilization
time was 0.5, 1, 1.5, 2, and 2.5 h. It was observed that the immobilization gradually reached
saturation in 1.5 h (Figure 8b). Therefore, the subsequent work used 1.5 h as the CM-dextran
formation time. The AuNP-cystamine-CM-dextran was formed on the surface of the probe,
and the unbonded CM-dextran was removed by ionized water. Afterward, the -COOH
functional group on the surface of CM-dextran was activated using the mixed liquor of EDC
(0.2 M) and NHS (0.05 M) for an amine coupling reaction with activation times of 20 min.
At this time, 50 μL anti-HMGB1 (50, 75, 100, 125, and 150 μg/mL) was injected to influence
the signal response by antibody modification. It was observed that when the concentration
of anti-HMGB1 was 100 μg/mL, the signal response was the highest (Figure 8c). Then,
the signal response became smooth. Therefore, the concentration of anti-HMGB1 was set
as 100 μg/mL for subsequent experiments. The incubation time of anti-HMGB1 (0.5, 1,
1.5, 2, and 4 h) was closely related to the stability of the chemical covalence of recognition
molecules. Different from the traditional monolayer, CM-dextran had multiple binding
points. It was observed that the signal response exhibited the maximum signal decline at
1.5 h and then presented a smooth trend (Figure 8d). Therefore, the anti-HMGB1 incubation
time was 1.5 h in subsequent experiments.

(a) (b) 

 
(c) (d) 

Figure 8. In each experiment, 10−8 g/mL HMGB1 was injected for 15 min of molecular binding to
obtain the signal response. Each point is the mean of three repeated measurements. (a) Effect of
CM-dextran concentration ratio (1%, 2.5%, 5%, 7.5%, and 10%) in the starting solution on the sensor
response. (b) Effect of immersion time (0.5, 1, 1.5, 2, and 2.5 h) given to form CM-dextran on the
sensor response. (c) Effect of concentration of anti-HMGB1 (50, 75, 100, 125, and 150 μg/mL) used for
the bioconjugation process on the sensor response. (d) Effect of incubation time (0.5, 1, 1.5, 2, and 4 h)
of anti-HMGB1 used for bioconjugation on the sensor response.
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3.4. Comparison of CM-Dextran and MUA/MCH Sensing Chip Modification
Anti-HMGB1 Responses

The signal responses of anti-HMGB1 modified by different bridging molecules were
compared. The experiment used two surface modification methods: (a) fixing by CM-
dextran, and (b) fixing by MUA/MCH. Afterward, the -COOH on CM-dextran or MUA
was activated by EDC/NHS, which bonded with amines on anti-HMGB1 to modify the
surface of the optical fiber probe. A PBS buffer washed out the uncombined anti-HMGB1.
To inactivate the unreacted -COO-, 1 M aqueous ethanolamine solution of pH 8.5 was
used for washing. The signal response at each stage was evident in the real-time signal
graph. It indirectly proves the steps of antibody immobilization on the AuNP surface or the
antibody-analyte interactions. The difference in signal responses between the two sensing
chips when anti-HMGB1 was applied could be seen from the real-time signal change in
Figure 8a,b. The CM-dextran sensing chip developed in this study had relatively abundant
surface bonding points. The molecular bonding of the carboxyl group on anti-HMGB1
and CM-dextran was relatively reduced in the overall signal (ΔI/I0) to 0.072 (Figure 9a).
However, the MUA/MCH sensing chip was a mixed monolayer, and the molecules were
arranged mainly by the Van der Waals force. The steric hindrance was formed in the
arrangement process, leading to fewer bonding points. It was observed that the overall
relative signal reduction (ΔI/I0) is 0.028 when modifying anti-HMGB1 (Figure 9b). This
indicates that the relative signalization of the CM-dextran sensing chip was 2.57 times that
of the MUA/MCH sensing chip with modifying the recognition molecules.

 
(a) (b) 

Figure 9. The signal responses of anti-HMGB1 modified by different bridging molecules were
compared; (a) a CM-dextran sensing chip; (b) and an MUA/MCH sensing chip.

3.5. Nonspecific Adsorption Test

The probe experiment has been determined, and the nonspecific adsorption problem
will finally be solved. Nonspecific adsorption is a universal problem in biosensor research.
The hydroxyl (-OH), methyl (-CH3), or ethanolamine (pH 8.5) are generally used to inacti-
vate and block excessive NHS ester to avoid or reduce nonspecific adsorption phenomenon.
Prior studies have proven that ethanolamine (pH 8.5) can block excess binding sites and
reduce the nonspecific adsorption problem. First, the FOLSPR system monitored the recog-
nition molecule-analyte binding reaction in the buffer solution. According to the real-time
signal response in Figure 10, there was no signal change after injection of 10−7 g/mL IgG
and Streptavidin. These results show that nonspecific binding on the CM-dextran sensing
chip’s surface seemed negligible. The ethanolamine could prevent interference effectively.
The signal drop was generated when 10−8 g/mL HMGB1 was injected, confirming that the
specific bonding interaction between the immobilized anti-HMGB1 on the AuNP surface
and the HMGB1 in solution induced the measured signal change.
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Figure 10. Nonspecific adsorption and specificity tests. The signal response of HMGB1 antibody-
functionalized FOPPR sensor in response to IgG (1.0 × 10−10 g/mL), Streptavidin (1.0 × 10−7 g/mL),
and HMGB1 (1.0 × 10−8 g/mL) solutions.

3.6. Sensitivity of the Biosensor

The main purpose of this study is to design a rapid, simple, and sensitive real-time
detection technology for HMGB1 molecules. Here, the FOLSPR system successfully demon-
strated high HMGB1 molecular binding kinetics sensitivity and used CM-dextran as bridg-
ing molecules for low-cost detections. The experimental research performed HMGB1
standard solution detection (concentration range was 1 × 10−10 to 1 × 10−6 g/mL) on the
FOLSPR sensing chip functionalized by two bridging molecules. First, the PBS solution was
injected as the baseline (600 s). Then, the final measured 300 s signals were averaged as I0,
and multi-concentration measurements were performed (each concentration was measured
for 600 s). The real-time signal response between the recognition molecules and the analyte
is shown in Figure 11a,b. It increased with each analyte concentration (the time to reach 90%
of the equilibrium signal level) for about 400 s, and steady signals could be observed within
10 min. The concentration and relative signal quantity were plotted. The performance of
the two kinds of sensing chips was linear for all concentrations (Figure 11c). The relative
linearity (R2) was 0.9928 (CM-dextran sensing chip) and 0.986 (MUA/MCH sensing chip),
respectively. The standard correction curve was used to estimate the limit of detection
(LOD). The CM-dextran sensing chip detection HMGB1 was 43.4 pg/mL (1.7 pM), and
the LOD of MUA/MCH sensing chip detection HMGB1 was 3970 pg/mL (158.8 pM). The
detected concentration range was enhanced by two orders of magnitude. In the past, Vilma
et al. [10] employed ELISA to detect HMGB1 at a LOD of 0.4 ng/mL. Wang et al. [11] used
Western blotting to detect HMGB1 at a LOD of 1 ng/mL. Other HMGB1 detection methods
include an SPR with a LOD of 900 ng/mL [13] and an electrochemical immunosensor
with a LOD of 2 ng/mL [61]. It was apparent that the CM-dextran FOLSPR biosensor had
excellent detection sensitivity. This shows that the CM-dextran proposed in this research
offered better performance in immune response analysis. In addition, FOPPR sensing
methods offer more straightforward procedures, point-of-care detection (which can explore
kinetic estimation between capture molecules and analytes), and relatively short analy-
sis times compared to traditional detection methods such as ELISA or Western blotting.
Finally, the molecular binding kinetics was estimated to determine the association rate
constant (ka) and dissociation rate constant (kd) for anti-HMGB1 on the AuNP surface
and HMGB1 in PBS; the values of these constants are 2.66 ± 0.2 × 10 5 M −1 s −1 and
5.71 ± 0.8 × 10 −2 s −1, respectively. Afterward, the affinity constant Kf (Kf = ka/kd) was
calculated using ka and kd values, i.e., 4.66 ± 0.59 × 10 6 M −1 (number of samples = 3). It
coincides with the constant rate result estimated using a surface plasmon resonance sensor
(Biocore T200, GE Healthcare, Anaheim, CA, USA) (ka = 2.86 ± 0.03 × 10 5 M −1 s −1,
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kd = 0.119 ± 0.00 s −1 and Kf = 2.40 ± 0.03 × 10 6 M −1) in the literature. The results show
that our method has simple operation, quick response, real-time detection, low sample
consumption (0.35 mL), good analytical performance, and avoids using enzymes. Hence, it
has good prospects in other areas in the future.

(a) (b) 

 
(c) 

Figure 11. (a) The anti-HMGB1 functionalized CM-dextran sensing chip signal with the injection of
different HMGB1 concentrations of (1) 1.0 × 10−10, (2) 1.0 × 10−9, (3) 1.0 × 10−8, (4) 1.0 × 10−7, and
(5) 1.0× 10−6 g/mL. (b) The anti-HMGB1-functionalized MUA/MCH sensing chip with the injection
of different HMGB1 concentrations of (1) 1.0 × 10−10, (2) 1.0 × 10−9, (3) 1.0 × 10−8, (4) 1.0 × 10−7,
and (5) 1.0 × 10−6 g/mL. (c) Calibration curve for HMGB1 by CM-dextran and MUA/MCH sensing
chip in FOLSPR biosensor. Each point is the mean of three repeated measurements.

3.7. Sensing Chip Repeatability and Stability Tests

To study the repeatability and stability of the CM-dextran sensing chip, the chip
was measured three times in the optimum conditions. First, the intra-batch and inter-
batch repeatability values of the CM-dextran biosensor chip were checked by repeatedly
measuring the HMGB1 at the same concentration. As shown in Figure 12a, the RSD values
of relative signal (ΔI/I0) of 1.0 × 10−8 g/mL HMGB1 in the intra-batch and inter-batch
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tests are 2.51% and 2.63%, respectively. These results show that the assembled CM-dextran
sensing chip exhibited acceptable repeatability. Before use, the manufactured chip was
stored at 4 ◦C to study the stability of the proposed CM-dextran sensing chip. In this
experiment, 1.0 × 10−8 g/mL HMGB1 was injected to determine the HMGB1 signal
response of different storage periods. The experimental results show that after 21 days of
storage, the HMGB1 signal response change was still maintained at 86.0% of the original
HMGB1 signal response Figure 12b). This result shows that the proposed CM-dextran
sensing chip was stable. The results prove that the proposed CM-dextran sensing chip
had good stability and repeatability, and the CM-dextran sensing chip could be prepared
without an urgent schedule.

(a) (b) 

Figure 12. (a)The intra-assay and inter-assay reproducibility values of the CM-dextran biosensor
chips were checked by repeated measurements of the same concentration of HMGB1. (b) Storage
stability of the AuNP-CM-dextran-anti-HMGB1 probe onto sensing chip. Each point is the mean of
five repeated measurements.

Our results demonstrate the feasibility of constructing a FOLSPR sensor for HMGB1
detection by immobilizing CM-dextran as a bridging molecule on the surface of AuNPs.
The FOLSPR sensing technology employs the sensitivity of the noble gold nanoparticle to
the refractive index variation in the external environment to detect biological molecules;
however, during detections on real samples, it is commonly required to undergo dilution
to avoid the change in the refractive index of the external environment. Further, excessive
dilution may undesirably degrade the practical detection limits. Since this study mainly
verifies the sensing ability of the FOLSPR sensing system combined with CM-dextran, the
results show that this method has a lower LOD and a more comprehensive detection range,
which can meet the growing number of real sample testing needs. A systematic study is
necessary to validate the clinical potential of the FOLSPR for detecting HMGB1 in complex
matrices. Therefore, in future clinical applications, we should focus on sample pretreatment
and verifying the analytical reliability of actual complex samples, overcome the errors
caused by the dilution process, and meet the growing demand for real sample testing.

4. Conclusions

This study first proved the innovative method and feasibility of detecting HMGB1
using CM-dextran as a bridging molecule combined with a FOLSPR biosensor. In optimum
conditions, anti-HMGB1 was fixed to the sensor and interacted with HMGB1 at various
concentrations to realize target detections. These target detections are highly sensitive,
selective, repeatable, and reliable. The linear measurement range of the FOLSPR biosensor
is 10−10 to 10−6 g/mL, R2 is 0.9928, and LOD is 43.4 pg/mL (1.7 pM). The estimated
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association rate constant (ka), dissociation rate constant (kd), and affinity constant (kf) of
HMGB1 are 2.66 ± 0.2 × 105 M−1 s−1, 5.71 ± 0.8 × 10−2 s−1, and 4.66 ± 0.59 × 106 M−1,
respectively. The RSD values of intra-batch and inter-batch detection of the CM dextran
sensing chip are smaller than 2.51% and 2.63%, respectively. In addition, after 21 days of
storage of the CM-dextran sensing chip proposed in the storage test, the signal response
change was still 86.0% of the initial signal response, showing good stability. As far as we
know, this is the first kinetic analysis study on FOLSPR biosensors using CM-dextran as
bridging molecules to detect the interaction of HMGB1, and the results are equivalent to that
of BIAcore T200. Therefore, this study demonstrated a possible universal method, using
CM-dextran as bridging molecules to detect clinical, environmental, and food biomarkers,
of which the method has a very high application potential.
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Abstract: Osteoarthritis (OA) is the most common joint disease, which accompanies pain and in-
convenience in daily life owing to degradation of cartilage and adjacent tissues. In this study, we
propose a simple point-of-care testing (POCT) kit for the detection of the MTF1 OA biomarker to
achieve on-site clinical diagnosis of OA. The kit contains an FTA card for patient sample treatments,
a sample tube for loop-mediated isothermal amplification (LAMP), and a phenolphthalein-soaked
swab for naked eye detection. The MTF1 gene was isolated from synovial fluids using an FTA card
and amplified using the LAMP method at 65 ◦C for 35 min. A test part of the phenolphthalein-soaked
swab was decolorized in the presence of the MTF1 gene due to the pH change after the LAMP, but
the color remained pink in the absence of the MTF1 gene. The control part of the swab served as a
reference color in relation to the test part. When real-time LAMP (RT-LAMP), gel electrophoresis, and
colorimetric detection of the MTF1 gene were performed, the limit of detection (LOD) was confirmed
at 10 fg/μL, and the overall processes were completed in 1 h. The detection of an OA biomarker in
the form of POCT was reported for the first time in this study. The introduced method is expected to
serve as a POCT platform directly applicable by clinicians for easy and rapid identification of OA.

Keywords: point-of-care testing (POCT); phenolphthalein-soaked swab; metal regulatory transcription
factor 1 (MTF1); loop-mediated isothermal amplification (LAMP); real-time LAMP (RT-LAMP)

1. Introduction

Osteoarthritis (OA) is the most common joint disease, causing joint pain, stiffness, and
disability in daily life [1–3]. According to the latest version of the Global Burden of Disease
(GBD) study, 527.81 million people were affected by OA in 2019, and this number is rising,
with a 113.25% increase since 1990 [4,5]. Moreover, OA can occur in any joint of the body,
with the knees and hips being the most commonly affected [6,7]. Although radiography has
traditionally been used to diagnose OA, it cannot detect early-stage OA [8]. In the case of
knee OA, radiography can only detect the disease when more than 10% of the cartilage has
already been destroyed [9]. Joint replacement surgery is necessary in the end stage of OA,
which emphasizes the importance of early diagnosis [2,10]. In the early stages, changes
in the subchondral bone composition can be evaluated using magnetic resonance image
(MRI) [11]. Furthermore, biomarkers from serum and urine can be used to provide an early
diagnosis of OA pathogenesis before using diagnostic imaging methods [12].

Metal regulatory transcription factor 1 (MTF1) has been identified as a biomarker in the
pathogenesis of OA. In particular, inflammatory cytokines and mechanical stress upregulate
transporter protein zinc transporter 8 (ZIP8), which leads to an increase in Zn2+ levels in
chondrocytes and the activation of MTF1. MTF1 then expresses matrix-degrading enzymes,
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such as matrix metalloproteinases (MMPs) and ADAMTSs, which breakdown the cartilage
extracellular matrix (ECM). Additionally, higher levels of MTF1 mRNA and protein were
detected in damaged cartilage tissues than in undamaged tissues [13]. Therefore, despite
efforts to repair damaged cartilage, the cartilage ECM degrades, and OA develops. By
detecting MTF1, the expression of MMPs can be predicted based on this mechanism.
However, cartilage breakdown cannot be detected before the nearest subchondral bones
or muscles are affected because articular cartilage is aneural. Consequently, OA cannot
be diagnosed based on symptoms alone in the early stages [14,15]. Therefore, detecting
metabolic signal factors during OA pathogenesis is essential for early diagnosis of OA.

The nucleic acid amplification test (NAAT) is a method for recognizing specific nucleic
acid sequences in order to test for genetic diseases and pathogenesis of disease based on
genetic information. In general, NAAT entails sequential DNA purification, amplification,
and detection [16]. Among the amplification processes, the polymerase chain reaction
(PCR) is considered the gold standard [17]. Despite its high specificity, PCR requires a
thermocycler to adjust temperatures for denaturation, annealing, and extension, making
it difficult to adapt to point-of-care testing (POCT) [18,19]. Isothermal amplification tech-
niques are commonly used as an alternative to PCR due to their rapid readout of the results
on site with the naked eye, making them suitable for POCT [20]. Among the various
isothermal amplification techniques, such as nucleic acid sequence-based amplification
(NASBA) [21], loop-mediated isothermal amplification (LAMP), recombinase polymerase
amplification (RPA), and rolling circle amplification (RCA), LAMP shows relatively high
specificity because it employs four to six primers that recognize six specific regions in
target DNA, and the limit of detection (LOD) is as low as a few copies [22–24]. Moreover,
LAMP results can be detected using diverse methods, such as colorimetry [25,26], fluo-
rescence [27], and turbidity [28]. Among the various detection techniques, colorimetric
detection is appropriate for POCT because the color can be readily distinguished by the
naked eye without requiring a specialized apparatus [29].

In this study, we developed a POCT kit that employs commercially available swabs to
detect the MTF1 gene for rapid and simple diagnosis of OA. The POCT kit can provide the
testing results directly since it is not necessary to transport patient specimens to experts at
a central laboratory. Therefore, it is a more cost effective and time-efficient technique [30].
Using the introduced method, DNA was purified from synovial fluids by employing FTA
cards, and LAMP was performed. Subsequently, the LAMP results were visually evaluated
using a phenolphthalein-soaked swab, as phenolphthalein is pink in basic conditions and
colorless in acidic conditions [31,32]. Colorless phenolphthalein was first converted to a
pink color by adding NaOH to make it basic, then the presence of DNA amplicons caused
the phenolphthalein-soaked swab to lose its color due to the production of acid, that is,
hydrogen ions, which were the byproduct of DNA amplification. A phenolphthalein-
soaked swab enables simple detection of the MTF1 gene with only one swab by comparing
the color of the test part with that of the control part prepared on either side of the swab.
The introduced method can serve as a simple and rapid diagnostic platform for on-site
recognition of OA, which is directly applicable to the clinical field.

2. Materials and Methods

2.1. Materials and Reagents

Phenolphthalein, sodium hydroxide (NaOH), ammonium sulfate ((NH4)2SO4), potas-
sium chloride (KCl), FTA classic cards, and FTA purification reagent were purchased
from Sigma-Aldrich (St. Louis, MO, USA). A LAMP kit which consisted of 10× isother-
mal amplification buffer, 100 mM MgSO4, and Bst 2.0 DNA polymerase were purchased
from New England Biolabs (Ipswich, MA, USA). LAMP 2× master mix was purchased
from Elpis-Biotech (Daejeon, Republic of Korea). Primers and fluorescence probe were
designed using the PrimerExplorer V5 program and synthesized from Cosmogenetech
(Seoul, Republic of Korea). The dNTP mix was purchased from BioFact (Daejeon, Republic
of Korea), and agarose was purchased from BioShop (Burlington, ON, Canada). Loading
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dye (Loading STAR) and a 100-bp DNA ladder were purchased from Dyne Bio (Seongnam,
Republic of Korea) and Genes Laboratories (Seongnam, Republic of Korea), respectively.
A 5 min Cell/Virus DNA extraction kit was obtained from J&T BIO (Cheonan, Republic
of Korea). The swabs were obtained at a pharmacy. The MTF1 plasmid (HG15046-G;
GenBank accession no. BC014454) was purchased from Sino Biological (Beijing, China),
and SLC23A2 (Sodium-dependent Vitamin C transporter-2) (Plasmid#132025; GenBank
accession no. AY380556) was purchased from Addgene (Watertown, MA, USA). A GenePro
LAMP cycler (NIR-100G) for performing a real-time LAMP (RT-LAMP) was purchased
from NanoBioLife (Seoul, Republic of Korea).

2.2. LAMP Reaction under Low Concentration of Buffer

When new strands of DNA are synthesized during the LAMP reaction, hydrogen ions
are released as byproducts. The pH of a normal LAMP can be kept constant by using a
reaction buffer. However, the pH can be decreased at low buffer concentrations. To perform
pH-dependent colorimetric detection after the LAMP reaction, a low concentration of buffer
containing 250 mM (NH4)2SO4 and 1.25 M KCl was prepared [31]. Primers consisting of
outer primers (F3 and B3), inner primers (FIP and BIP), and loop primers (LF and LB) for
amplifying MTF1 and SLC23A2 were designed using the PrimerExplorer V5 program. The
primer sequences are shown in Table 1. For each LAMP reaction (total 25 μL), 1.2 mM
dNTP (3.0 μL), 10 mM (NH4)2SO4 (1.0 μL), 50 mM KCl (1.0 μL), 6 mM MgSO4 (1.5 μL),
8 units/mL of Bst 2.0 DNA polymerase, 0.2 μM outer primers (0.5 μL), 1.6 μM inner primers
(0.5 μL), 0.8 μM loop primers (0.5 μL), and water were mixed. The pH of the LAMP mixture
was adjusted to 9.5–10 by using 1.7 μL of 0.1 M NaOH. Then, a DNA template (0.5 μL or
FTA card containing gDNA from synovial fluid) was added to the positive sample. To
ensure the reliability of the kit, a negative control was performed simultaneously, which
contained water instead of the DNA template. After mixing the reagents, the mixture
was kept at 65 ◦C for 35 min for the amplification. Finally, the amplification results were
analyzed using gel electrophoresis and colorimetric detection. All the experiments were
repeated three times to evaluate reproducibility.

Table 1. Primer sequences used for amplifying the MTF1 and SLC23A2 genes.

Target Primers Sequences (5′-3′)

MTF1

F3 CAGGACCCTGGCACTTTG
B3 CTGCAGAGTGAGGGTTGC
FIP AAGCCCTCTTCACCCCCTACTAGAGGATGAAGATGACGACGG
BIP GTCCCAGGGTTATGTGCAGCACTTGGCATGGGTGTGGAA
LF GGCAAGTGTTCTCCGCACTGT

SLC23A2

F3 TGACCATCTTCCTGGTGCT
B3 CGTACTTTGTGGAATCGGGT
FIP GCTTATAGGCTGTCCAGCCCTTCCCAGTACGCCAGAAACG
BIP TCCAATCATCCTGGCCATCCTGGGAACACGTCGGTCACTG
LB GAGCTGGCTGCTGTGCTTCAT

2.3. Colorimetric Detection Based on pH

For naked-eye detection using phenolphthalein, the LAMP samples were amplified
under a low concentration buffer condition because pH of the positive sample can change
due to the release of hydrogen ions during amplification. The LAMP samples were then
treated with a pink phenolphthalein solution (0.5 μL) containing phenolphthalein and
6 mM NaOH. Figure 1 shows the mechanism of colorimetric detection using this indicator.
Because phenolphthalein is initially colorless, no color changes occur when it reacts with a
positive sample. As a result, the presence of the target DNA is difficult to discern because
the color change is subtle. However, by adding NaOH to phenolphthalein, the solution
becomes basic, and the color changes to pink. Therefore, when the target DNA is present,
the solution loses its pink color due to the formation of hydrogen ions as byproducts of the
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LAMP reaction. In this way, the presence of the MTF1 gene can be readily identified via
color changes from pink to colorless within 30 s at room temperature.

 

Figure 1. Schematic illustration of the mechanism of colorimetric detection using phenolphthalein.

2.4. Specificity and Sensitivity Tests

For evaluating the specificity of the test, MTF1 gene primer sets were used to amplify
both MTF1 and SLC23A2 plasmids. SLC23A2 encodes the sodium-dependent vitamin C
transporter (SVCT2), which is a biomarker for L-ascorbate treatment of breast cancer [33].
SLC23A2 primer sets were also used to amplify both SLC23A2 and MTF1 plasmids. For
the sensitivity test, MTF1 plasmids were serially diluted 10-fold and amplified using
LAMP. Colorimetric detection and gel electrophoresis were conducted to confirm the LOD.
The experiments were repeated three times for both specificity and sensitivity tests to
assess reproducibility.

2.5. Clinical Samples Analysis

Clinical samples were analyzed using synovial fluids collected from OA patients by
clinicians. Genomic DNA containing the MTF1 gene was extracted and purified using
a commercial DNA extraction kit and the FTA card. The kit was used to extract DNA
from 1 mL of synovial fluid, and 1 μL of the final product was employed for the LAMP
reaction. The FTA card was also employed for DNA extraction and purification [34,35].
Specifically, 4 mm of the FTA card was punched, and 10 μL of synovial fluid was applied to
it. After thorough drying, the FTA card was washed using FTA card purification reagents
(100 μL) and TE buffer (100 μL) to remove impurities. In addition, the FTA card was
washed twice for 6 min to thoroughly purify DNA. The FTA card was then directly applied
to the LAMP reaction.

2.6. Real-Time LAMP Using POCT Device

To perform RT-LAMP, a fluorescence probe containing 6-FAM and Black Hole Quencher
(BHQ) was used. For each reaction (20 μL), 2× LAMP master mix (10 μL), oligo mix (2 μL),
a fluorescence probe (0.5 μL), and water were used, and a DNA template (0.5 μL or the
FTA card extract) was added to the positive sample. In the negative sample, water was
used instead of a DNA template. The results of LAMP reactions were analyzed using
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NIR-100G. The samples were kept at 65 ◦C for 27 min, then for an additional 20 s at 35 ◦C.
All experiments were carried out three times to evaluate the reliability of the tests.

2.7. Preparation of Phenolphthalein-Soaked Swab

To achieve simple detection of the presence of the MTF1 gene, phenolphthalein-
soaked swabs were prepared. First, both sides of the swab were dipped into the pink
phenolphthalein solution to make both ends of the swab appear pink, then the swabs were
dried for 10 min. Next, the test part of the swab was dipped into the sample solution to
determine the presence of the target gene. The control part remained pink throughout the
experiment. The results were analyzed at room temperature by comparing the color of
the test part with that of the control part. Figure 2 shows the overall procedure for the
colorimetric detection using a phenolphthalein-soaked swab.

 

Figure 2. A schematic showing the overall procedure for the preparation of the phenolphthalein-
soaked swab and naked-eye detection.

3. Results and Discussion

3.1. The Effect of the Amplification Time

Figure 3 shows the effect of the LAMP reaction time and the performance of the
colorimetric detection. To test the effect of amplification time, 1 ng/μL of MTF1 plasmid
was used as a DNA template. Based on the gel electrophoresis results, positive signals
started to appear when the LAMP reaction was performed over 25 min. However, no
distinct color difference was observed between the negative and the positive samples
with 25 min of amplification. When the LAMP was performed for 35 min, the positive
sample turned colorless, allowing the positive and negative samples to be readily visually
distinguished. When the LAMP was performed for 45 min, the color of the positive and
negative samples was nearly identical to those when the LAMP was performed for 35 min.
Based on these results, 35 min was determined to be the optimum reaction time for LAMP
for the colorimetric detection of the MTF1 gene.

Figure 3. Results showing the agarose gel electrophoresis and color detection. The results of the gel
electrophoresis when LAMP reactions were performed for 25, 35, and 45 min are shown in (a,c,e),
respectively. The results of the colorimetric detection using phenolphthalein solution are shown
in (b,d,f). The color intensity graph obtained by analyzing the colors using ImageJ software (ver
1.53e) is shown in (g).
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3.2. Specificity Test

Figure 4 shows the specificity of the introduced method by amplifying MTF1 plasmids
(1 ng/μL) and SLC23A2 plasmids (1 ng/μL) using each set of primers. Using MTF1 primer
sets, MTF1 plasmids were successfully amplified, but the amplification of the SLC23A2
plasmid was not successful. Similarly, SLC23A2 primers amplified only the SLC23A2
plasmid. The results were further evaluated using 0.5 μL of phenolphthalein solution.
When MTF1 primer sets were used, only the tubes containing the MTF1 plasmid turned
colorless, while the other tubes containing SLC23A2 plasmid remained pink, either partially
or entirely. Additionally, when SLC23A2 primer sets were used, only the tubes containing
SLC23A2 plasmids turned colorless.

 
Figure 4. Results showing the agarose gel electrophoresis and color detection when specificity tests
were performed. Results showing the amplification of (a) MTF1 plasmids and (b) SLC23A2 plasmids
when both primers were used.

3.3. Sensitivity Tests

Figure 5 shows the sensitivity of the introduced method using MTF1 plasmids. For the
sensitivity test, MTF1 plasmids were diluted from a concentration of 1 ng/μL to 0.1 fg/μL
through 10-fold serial dilution. As shown in the gel electrophoresis results, ladder-like
bands appeared up to 10 fg/μL, indicating that amplification was successful up to 10 fg/μL.
No bands appeared below 10 fg/μL, demonstrating that the LOD was approximately
10 fg/μL (Figure 5a). Next, phenolphthalein solution was used for colorimetric detection.
Similar to the results of gel electrophoresis, the color changed from pink to colorless for
samples containing 1 ng/μL to 10 fg/μL of MTF1 plasmids. Thus, samples containing
less than 1 fg/μL of MTF1 plasmids remained pink (Figure 5b). Furthermore, the color
intensities of each sample were evaluated using ImageJ software (Figure 5c). As shown in
Figure 5, the LODs for both gel electrophoresis and colorimetric detection were confirmed
to be 10 fg/μL.
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Figure 5. Results showing the sensitivity tests when MTF1 plasmid was amplified. Results of (a) gel
electrophoresis and (b) color detection using phenolphthalein solution obtained for MTF1 plasmid
for concentrations ranging from 1 ng/μL to 0.1 fg/μL. (c) A color intensity graph obtained based on
the color detection results is shown in (b).

3.4. Analyses of Clinical Samples

To demonstrate the feasibility of this method for clinical samples, synovial fluid was
obtained from OA patients and tested. Figure 6a shows the results of the gel electrophoresis
and colorimetric detection when DNA was extracted from 1 mL of synovial fluid using a
commercial kit. Negative samples displayed pink, while positive samples containing the
MTF1 gene turned colorless as the pH decreased due to gene amplification. In addition,
the FTA card was used for DNA extraction after treating it with 10 μL of synovial fluid and
washing away impurities. Since the FTA card can capture DNA, it was dipped into tubes
containing LAMP reagents (25 μL), and DNA was amplified successfully. As shown in
Figure 6b, the DNA was successfully purified when using the FTA card to almost the same
extent as when using a commercial kit. These results confirmed that OA diagnosis based
on MTF1 gene detection is possible by utilizing synovial fluid. All experiments involved
both negative and positive (MTF1 plasmid) control samples for test result reliability.

Figure 6. Results showing gel electrophoresis and colorimetric detection when DNA in synovial fluid
was extracted and purified using (a) a commercial kit and (b) the FTA card.

3.5. Real-Time LAMP Using POCT Machine

For the interpretation of RT-LAMP performance, cycle threshold (Ct) values of less
than 25 cycles were considered positive, whereas Ct values higher than 25 cycles was

474



Biosensors 2023, 13, 535

considered negative. Figure 7 demonstrates the feasibility of detecting genetic biomarkers
using a POCT machine (NIR-100G). Clinical specimens from OA patients were tested
using the POCT machine. In Figure 7a, two patient samples were tested and successfully
amplified, with Ct values of 15.6 and 18.1, respectively. Fluorescence emissions were also
observed under UV illumination, as shown in Figure 7b. Moreover, Figure 7c shows the
LOD results when 10-fold serially diluted MTF1 plasmids were used as templates. Ct values
were 8.5, 10.3, 11.4, 13.9, 14.9, and 20.6 when DNA concentrations of the MTF1 plasmid
were 1 ng/μL, 0.1 ng/μL, 10 pg/μL, 1 pg/μL, 0.1 pg/μL, and 10 fg/μL, respectively. DNA
concentrations of 1 fg/μL or lower did not display a peak on the graph and showed no
fluorescence emission. Furthermore, Figure 7d shows that when the DNA concentration
was greater than 10 fg/μL, the samples emitted green fluorescence, whereas when the DNA
concentration was less than 10 fg/μL, no fluorescence was emitted. Based on these results,
the LOD was estimated to be approximately 10 fg/μL.

Figure 7. Results of RT-LAMP using NIR-100G. The results of real-time peak analyses and fluores-
cence measurements amplifying synovial fluid of OA patients are shown in (a,b). The results of limit
of detection using a 10-fold serially diluted MTF1 plasmid are shown in (c,d).

3.6. Phenolphthalein-Soaked Swab for Naked Eye Detection of MTF1

To enable naked-eye detection using phenolphthalein-soaked swabs, a low concen-
tration buffer was custom-made and used for LAMP reactions. Figure 8 shows the pro-
cess of MTF1 detection using a phenolphthalein-soaked swab. Figure 8a shows the re-
sults of agarose gel electrophoresis. After 35 min of amplification, the test part of the
phenolphthalein-soaked swab was dipped into the LAMP sample for 30 s (Figure 8b).
Instantly, the color of the test part turned to a lighter pink inside a positive sample contain-
ing the MTF1 plasmid with a DNA concentration of 1 ng/uL. However, the test part of
the swab remained pink inside a negative sample that did not contain the MTF1 plasmid
(Figure 8c). Figure 9a,b shows the results of real sample analyses using synovial fluid
from an OA patient. Negative and positive controls (1 ng/μL of MTF1 plasmid) were also
carried out to evaluate the reliability of the test. The OA patient sample was amplified
successfully, and the test part of the swab was decolorized, while the negative control
remained pink. Figure 9c,d shows the results of LOD when the MTF1 plasmid was used as
a template. The MTF1 plasmid was diluted to 0.1 fg/μL using 10-fold serial dilution. MTF1
plasmid samples with concentrations ranging from 1 ng/μL to 10 fg/μL were amplified,
and the tests part of the swab turned colorless. Therefore, the LOD of the introduced
POCT kit can be considered as 10 fg/μL. A specificity test was also conducted, as shown
in Figure S1. Furthermore, a stability test was performed to confirm the duration of the
color display, and color changes were observed at 1, 2, 5, 10, 20, and 30 min after the
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reaction (Figure S2). These results indicated that the colors of the negative and positive
samples were clearly distinguished for up to 10 min; however, after 10 min had elapsed,
the swab color of the negative sample started to decolor, and the color difference between
the negative and positive samples was negligible. This is likely because, based on previous
study, phenolphthalein is originally colorless. Therefore, color changes occurred inside a
negative sample as well, whereas colorlessness remained inside a positive sample [32].

 

Figure 8. Results showing (a) agarose gel electrophoresis, (b) the experimental procedures of the
swab tests, and (c) swab images obtained before and after applying LAMP samples containing MTF1
plasmid with a DNA concentration of 1 ng/μL.

 

Figure 9. Results showing (a) gel electrophoresis and (b) phenolphthalein-soaked swabs when
synovial fluid from an OA patient was used. Results from the sensitivity test performed using
phenolphthalein-soaked swabs are shown in (c,d). The LOD of the test was confirmed as 10 fg/μL.

4. Conclusions

In this study, we developed a POCT kit that employs phenolphthalein-soaked swab
for colorimetric detection integrated with the LAMP method for MTF1 OA biomarker
detection. By converting the color of the phenolphthalein to pink prior to the reaction,
the color change became more apparent for positive samples. This allows for clear color
discrimination between negative and positive samples in one step. By applying patient

476



Biosensors 2023, 13, 535

specimen to the FTA card and amplifying them with the LAMP method, the MTF1 gene
was successfully detected using gel electrophoresis and a real-time LAMP machine (NIR-
100G). Naked-eye detection was also made possible by pH changes when target DNA was
present. In this way, the results can be read out quickly within an hour without the need
for sophisticated instruments. Overall, the introduced kit can pave the way for rapid and
simple detection of biomarkers in the POCT field. It can also extend to the detection of
several disease biomarkers and make the kit directly available to general users in the future.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/bios13050535/s1. Figure S1. Specificity test of phenolph-
thalein swab targeting MTF1 gene. Gel electrophoresis results amplified with MTF1 primer sets
are shown in (a). Naked eye detection results obtained using a phenolphthalein-soaked swab are
shown in (b). Figure S2. Stability test of the phenolphthalein-soaked swab. The gel electrophoresis
results are shown in (a), (b) shows the colorimetric detection using phenolphthalein-soaked swab,
and (c) shows the color intensity graph of the phenolphthalein-soaked swabs analyzed using ImageJ
software. A t-test was conducted, and p-values were obtained to determine significant differences
in color intensity between the negative and positive samples each time. * p ≤ 0.05, ** p ≤ 0.01, and
ns: p > 0.05.
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Abstract: A disposable paper-based glucose biosensor with direct electron transfer (DET) of glucose
oxidase (GOX) was developed through simple covalent immobilization of GOX on a carbon electrode
surface using zero-length cross-linkers. This glucose biosensor exhibited a high electron transfer
rate (ks, 3.363 s−1) as well as good affinity (km, 0.03 mM) for GOX while keeping innate enzymatic
activities. Furthermore, the DET-based glucose detection was accomplished by employing both
square wave voltammetry and chronoamperometric techniques, and it achieved a glucose detection
range from 5.4 mg/dL to 900 mg/dL, which is wider than most commercially available glucometers.
This low-cost DET glucose biosensor showed remarkable selectivity, and the use of the negative
operating potential avoided interference from other common electroactive compounds. It has great
potential to monitor different stages of diabetes from hypoglycemic to hyperglycemic states, especially
for self-monitoring of blood glucose.

Keywords: microfluidic paper-based analytical device; direct electron transfer; glucose biosensors;
electrochemical detection; glucose oxidase immobilization

1. Introduction

Diabetes is generally defined as a casual plasma glucose concentration that is higher
than 200 mg/dL, and the incidence and prevalence of diabetes have been increasing
worldwide [1]. In 2015, 9.4% of the total population of the USA, including adults and
children, had diabetes (30.3 million people) [2,3]. Of those, 7.2% were diagnosed with
diabetes (23.1 million people), and the rest were estimated to be undiagnosed (2.2% of the
US population or 7.2 million people) [3]. As of 2015 in the US, about 5% of people diagnosed
with diabetes are type 1 diabetics, and the rest are type 2 diabetics [4–6]. Other than
diabetics, 33.9% or 84.1 million people are classified as pre-diabetes, when their biomarker
glycosylated hemoglobin (HgbA1c) is >5.5% but <6.4% [3,7]. Pre-diabetes is defined as
a condition in which individuals have fasting plasma glucose (FPG) from 100 mg/dL to
125 mg/dL (5.6–6.9 mmol/L) or HbA1c from 5.7% to 6.5% (39–47 mmol/mol), or impaired
glucose tolerance with plasma glucose levels measured by an oral glucose tolerance test
(OGTT) that are higher than normal but not high enough to be classified as diabetes [5,8,9].
Moreover, gestational diabetes causes pregnant women to exhibit high blood glucose
levels and affects 3–10% of pregnancies [9,10]. The guidelines of the American Diabetes
Association (ADA) and the International Diabetes Federation (IDF) recommend that self-
monitoring of blood glucose (SMBG) protocols be individualized to meet the specific needs
of each patient (T1D and T2D patients) and be performed frequently during pregnancy in
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diabetic patients [2,11,12]. Hence, the rapid determination of glucose levels in body fluids
at the point of care is a key parameter for the diagnosis and management of diabetes [9,13].
Specifically, when a patient’s glucose level is higher than 600 mg/DL, it will cause diabetic
hyperosmolar syndrome, which is a life-threatening condition, and the patient needs to be
quickly diagnosed and hospitalized right away.

GOX-based glucose biosensors have attracted much attention due to their simplicity in
fabrication, reagent-less nature, portability, and low operational costs. However, the main
limitation is that the commercially available GOX, GDH (glucose dehydrogenase), FAD
(flavin-adenine-dinucleotide), and GDH (glucose dehydrogenase)-PQQ (pyrroloquinoline
quinone)-based glucometers only cover the range from 20 to 600 mg/dL and cannot address
all diabetes scenarios. Only two of them meet the ISO (International Organization for
Standardization) 2013 criteria for the international standards for blood glucose monitoring
systems [14,15]. In general, such bottlenecks arise in part due to limitations in direct
electron transfer (DET) and the inaccessibility of active FAD sites (the active redox center of
GOX) because FAD/FADH2 is deeply embedded within a protein shell at approximately
a 13 Å depth, which limits the electron transfer rate between the active site of GOX and
the electron surface [16–18]. Previously, attempts at increasing the DET from GOX using
functionalized carbon nanotube composites with graphene were reported. However, due to
structural deformability and non-ohmic contacts, this approach suffered from low electrical
conductivity or a low upper detection limit [19–23].

Herein, we report a new simple method for covalent immobilization of GOX on a
pre-anodized paper-carbon electrode (PA-PPE) with zero-length cross-linkers for DET of
glucose oxidase without utilizing any mediators and demonstrate its application in glucose
biosensors. By utilizing EDC (1-ethyl-3-3-dimethylaminopropyl-carbodiimide hydrochlo-
ride) and NHS chemistry (1-Hydroxy-2,5-pyrrolidinedione or N-hydroxysuccinimide) [24,25],
GOX was covalently linked to PA-PPE. This improved electrode based on the covalent
binding of glucose oxidase and its cofactor FAD to a carbon electrode using short-distance
co-linkers significantly improved the electron transfer rate (ks, 3.363 s−1) and enabled
the rapid quantitation of glucose concentrations from 5.4 mg/dL to 900 mg/dL. This
allowed the new DET glucose biosensor to cover the range of hypoglycemic and hyper-
glycemic states while maintaining the low cost and portability required for a point-of-care
testing device.

2. Experimental Procedure

2.1. Materials and Reagents

Glucose oxidase from Aspergillus Niger (EC 1.1.3.4 CAS 9001-37-0), Glucose (D-(+)-
glucose (>99.5%, CAS 50-99-7)), 1-ethyl-3(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC) (CAS 25952-53-8), N-hydroxysulfosuccinimide (Sulfo-NHS) (CAS 106627-54-7),
Ru(NH3) Cl2 (hexamine-ruthenium III chloride) (98%, CAS 14282-91-8), phosphate-buffered
saline (PBS) 10X concentrate (CAS 7558-79-4) with a pH of 7.2–7.6 at 25 ◦C, ascorbic acid
(AA) (99%, CAS 50-81-7), salicylic acid (SA) powder (CAS 69-72-7), and lactic acid (LA)
(CAS 50-21-5) were all purchased from Sigma Aldrich, St. Louis, MO, USA.

A highly concentrated graphene oxide (HC-GO) composition (≥79% carbon and≤20%
oxygen with sheet resistance 50 Ω/sq. at 25 mm thickness) was purchased from Graphene
Laboratories (Calverton, NY, USA). Ag/AgCl ink (surface resistivity < 75 mΩ/square/mil
and viscosity 5570–14,600 CPS) and Carbon ink 79% C-220 carbon resistive ink were
obtained from Conductive Compounds. Potassium ferricyanide [K3Fe(CN)6] (CAS 13746-
66-2) was purchased from Fisher Scientific. SU-8 negative photoresist formulation 50 was
purchased from Micro-Chem (Newton, MA, USA). A pH 7.4 phosphate buffer solution
(PBS) was used in all the studies. Deionized water (>18 MΩcm) was obtained from a
Millipore purification system (Millipore, Burlington, MA, USA).
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2.2. Electrochemical Measurements

Voltammetry measurements, cyclic voltammetry (CV), and square wave voltammetry
(SWV) were carried out with a CHI 730E (CHI, Austin, TX, USA) electrochemical worksta-
tion at room temperature (25 ◦C). Three working electrodes, paper-carbon electrodes (PPE),
graphene oxide-PPE (GO-PPE), pre-anodized-PPE (PA-PPE), and modified PA-PPE-GOX-
glucose electrodes were studied with cyclic voltammetry at different scan rates ranging
from 30 mV/s to 500 mV/s.

The PA-PPE-GOX biosensor was studied in different electrochemical systems, such
as 5 mM potassium ferricyanide, 5 mM hexamine ruthenium III chloride, and 0.01 M PBS.
The electrochemical oxidation of the biosensor was evaluated to demonstrate the presence
of immobilized GOX and, therefore, the analysis of glucose.

2.3. Fabrication and Modification of the Paper-Based Carbon Electrode for GOX Immobilization

As shown in Figure 1A, the PPE was fabricated by pattering electrode designs onto a
low-tack paper, which was subsequently pasted onto a piece of SU8-treated chromatogra-
phy paper [26–30]. Afterwards, a carbon-based working electrode (WE area, 0.03141 cm2),
a counter electrode (CE), and a silver pseudo reference electrode (RE) were stencil printed
with conductive carbon and Ag/AgCl ink.

Figure 1. Photograph and schematic (A) of the paper-based glucose biosensor via direct electron
transfer. The circuitry consisted of a WE, CE, and RE. (B) Schematic of the electrode modification
process for GOX immobilization on paper-based carbon electrodes (PA-PPE-GOX) for the direct
electron transfer glucose biosensor.

Figure 1B depicts the process of GOX immobilization on the electrode surface for DET
glucose biosensors. The PPE electrode was prepared and subjected to pre-anodization in
pH 7.4 PBS by applying a potential at 2.0 V (vs Ag/AgCl) over the electrode for 300 s. With
pre-anodization, the ratio between O1s and C1s (O1s/C1s ratio) changed and created more
carbonyl-group functionalities [31,32]. The pre-anodization not only creates more edge
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plane sites, making the modified carbon electrode more electroactive but also provides low
susceptibility to electrode fouling [23,33,34]. Next, 5 mL of an EDC/NHS (0.35 M/0.1 M)
solution was dropped over the WE at the PA-PPE and was incubated for 30 min at room
temperature. Afterwards, the device was washed with 0.01 M PBS to remove the excess.
Then, GOX was coupled with the WE through EDC and NHS cross-linkers. The electrodes
(PA-PPE-GOX) were then dried at room temperature for 2 h and subsequently rinsed with
0.01 M PBS to remove the unbound GOX. The prepared electrodes (PA-PPE-GOX) and
modified electrodes with GO (PA-PPE-GO-GOX) were further used for the voltammetry
measurements and evaluated for the electrochemical oxidation of glucose through direct
electron transfer without utilizing any mediators.

2.4. Characterization of the Modified Electrodes

The Fourier transform infrared (FT-IR) spectra of different electrodes were recorded to
verify the electrode modification using a Spectrum 100 FT-IR Spectrometer (Perkin Elmer,
Waltham, MA, USA). The optical module contains a Class II/2 Helium-Neon (HeNe) laser
for continuous radiation at a wavelength of 633 nm.

X-ray photoelectron spectroscopy (XPS) is a powerful technique that provides useful
information on the molecular compositions and chemical bonding of the glucose biosen-
sor [35]. XPS analysis was conducted on a PHI 5600 spectrometer with a hemispherical
energy analyzer using an aluminum (Kα) source of 1487 eV at 100 Watts. The pressure
in the analysis chamber during XPS analysis was maintained in the low range of 10−9

Torr. The analyzed area was around 1 mm2. All the spectra were recorded at a 54◦ take-off
angle, with a 1.0 eV step. The spectra were further corrected using a carbon signal (C1s) at
284.5 eV and analyzed using Casa-XPS software version 2.3.18. The Shirley method was
used to extract the background necessary for the curve fitting.

3. Results and Discussion

3.1. Surface Characterization
3.1.1. Analysis of GOX Immobilization via FT-IR Spectroscopy

Using FT-IR spectroscopy, we observed the presence of the amide I band (an over-
lapping spectrum of α-helices, β-sheets, turns, and random coils, which form the basic
structure of the protein) [36] (Figure 2) at 1650 cm−1 and 1715 cm−1 caused by C=O stretch-
ing vibrations, which identified the C=O stretching vibrations of the peptide linkages in the
GOX backbone at 1600 cm−1 to 1700 cm−1 and 1650 cm−1 to 1750 cm−1 [29,37]. Further-
more, the amide band II peak at 1462 cm−1 was observed due to the combination of N-H
in-plane bending and C-N stretching linkages for the peptide groups [37–39]. There was
another small band, amide band III, at 1239 cm−1, which correlates well with the Delfino
data, 2013 [40]. In addition, we found two wide bands in the region 3400 to 2900 cm−1, rep-
resenting the amide A and bond linkages to -CH3 stretching at 3400 cm−1 and 2958 cm−1,
respectively [25]. Therefore, the FT-IR spectra indicate the successful immobilization of
GOX on the PA-PPE surface.

3.1.2. Specific Surface Area

The specific surface area of the sample was calculated by the Brunauer–Emmett–Teller
(BET) [41] surface adsorption method through the accelerated surface area and porosimetry
system (ASAP) 2020 Sorptometer from Micromeritics by measuring the N2 adsorption on
the surface of the sample. The sample was degassed at 150 ◦C for 70 min at 10 mm Hg to
remove any remaining solvent and ensure complete dryness and emptiness of the pores.
Hence, the amount of adsorbed N2 at a bath temperature of 76 K was obtained. The BET
surface area report showed 5.07 m2 per gram of material. The geometric surface area for
WE is 0.03141 cm2. The Brunauer–Emmett–Teller (BET) surface area is 12.675 cm2/g, with
a pore size of 92.607 Å and pore volume of 0.016736 cm3/g.

482



Biosensors 2023, 13, 566

Figure 2. FT-IR spectra for PA-PPE-GOX.

3.1.3. Analysis of GOX Immobilization via XPS

XPS studies were conducted on the PA-PPE-GOX sensor to understand GOX immo-
bilization [36]. The peaks of N and O from the XPS survey scan in Figure 3A indicate the
immobilization of GOX on the carbon electrode. The XPS high-resolution scan data in
Figure 3 illustrate that the data for C was fitted by a mix of pure C(1s), C-C, and C-O-C
bonds in the following proportions. The peak of C(1s) shifted from 284 eV and was focused
around 285.8 eV, corresponding to the overlap of the C-C, C-H, and C=C bonds [42,43]. A
C(1s) centered peak was observed around 288 eV with two binding energies, 288.3 (N-C-O
bond) and 286.3 (C-O bond), which can be assigned to overlap groups such as [R-CH2-
NH-(C*O)-] and [(R-CH2*-NH-(CO)-], respectively [42], and presents the overlap of C=N,
C≡N and C-O bonds [43]. These findings are consistent with previous XPS characteriza-
tions [44–46]. For instance, Li et al. reported two significant changes in the peaks obtained
by the binding energy for immobilized GOX on the film surface. The first change corre-
sponded to the reduction in the intensity of the carboxyl group near 288.7 eV, and the
second change corresponded to an increase in intensity at the peak of the peptide union at
287.8 eV [44]. Later, Dementjev et al. found a peak with a union energy at 287.9 eV [46] that
was identified as C(1s), indicating the interaction between C and N, specifically for carbon
atoms (four bonds) that have a single or double bond with nitrogen atoms (C-4N).

In the binding energy of the N(1s) spectrum (Figure 3D), we found a centered peak at
400 eV, which corresponded to the pure N(1s) peak at 399 eV [42]. The N(1s) spectra core-
level found the following binding energies at different peaks and was attributed to their
respective unions, such as 398.3 eV (overlap N1 sp3 as N-C and C-NH2 bonds) [43,46,47],
399.1 eV (overlap N≡C and C=N-C bonds) [43], 399.9 eV (N=C bond) [43], 400.6 eV (N-
C sp2 bonding) [47], and 400.8 eV [NO (N4)] [45]. These data confirm the presence of
organic molecules, due to the configurations of the N(1s) and C(1s) spectra, in the surface
of the biosensor and support the immobilization of GOX. The centered peaks overlapping
binding energy for 398.5 eV, 398.8 eV, 399.1 eV, and 400.7 eV were attributed to the (C-NH2
bond) [46], (N-C sp3 bonding) [47], (C=N-C bond) [46], and overlapping N-C sp2 bonding
and NH2 groups [43], respectively. All of them contributed to identifying the different
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bonds between the N(1s) and C(1s) as a part of the configurations of the carbon nitride
compounds. The XPS data we obtained, especially regarding the changes in the spectra of
C(1s) and N(1s), related to the chemical group characteristics of the proteins, indicated that
GOX was successfully immobilized in our PA-PPE-GOX biosensor.

Figure 3. XPS for GOX (A) found C(1s) (B,C), N(1s) (D), and O(1s) (E) spectra.

3.2. Electrochemical Characterization

After immobilizing GOX onto the PA-PPE, the electrochemical characterization was
performed in 0.01 M PBS under N2. The CV profile for PA-PPE-GOX exhibited a pair of
well-defined and nearly symmetric redox peaks with a formal potential of −0.44 V (see
Figure 4A) close to the standard electrode potential of GOX [48], which was similar to
previous reports [23]. In addition, we compared the CV responses for PPE-PA-GOX at
the scan rate of 0.050 V/s between 5 mM potassium ferricyanide, an anionic probe (left),
and 5 mM ruthenium-hexamine chloride 5 mM, which exhibited a cationic probe graphics
(Figure 4B, right). Two different probes toward the same electrode explained the electron
transfer involved and the interaction between the electrodes (negative charge) and the
electrostatic interaction between the electrode and probe molecules (specific potential for
oxidation and reduction).
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Figure 4. (A) CV response of PPE-PA-GOX in 0.01 M PBS at a scan rate of 50 mV/s. (B) CV response
comparison for PPE-PA-GOX between 5 mM potassium ferricyanide (anionic probe-left side) and
5 mM ruthenium-hexamine chloride (cationic probe-right side).

The difference in the potential between the peaks of the reduction (Epc) and oxidation
(Epa) curves was ΔEp = (Epa − Epc) = 0.0599 V (a value that is close to the theoretical
value of 0.059 V for the ferrocene redox pair) for all the scan rates in our experiments.
The peak current ratio (ipa/ipc) was equal to 1.01, and the formal electrode potential for
a redox process was Eo’ = 0.43145. The electrochemical response of GOX immobilized
onto the PA-PPE is attributed to the direct electron transfer of GOX for the conversion
of FAD/FADH2 [23,49,50]. The direct electron transfer reaction of the GOX/FAD redox
reaction involves two electrons coupled with two protons, as shown by the following
chemical reaction:

GOX/FAD + 2e− + 2H+ = GOX/FADH2

We also investigated the electrochemical responses at different scan rates. The scan
rate effect on the PA-PPE-GOX electrodes is shown in Figure 5. When the scan rates (v)
increased from 50 to 200 mV/s (Figure 5A), the anodic and cathodic peak currents changed
appreciably and increased with respect to the change in the scan rates and exhibited a good
linear relationship between both anodic and cathodic current and scan rates (Figure 5B),
indicating a surface-diffusion controlled redox electrode process. The relationship between
the log peak current versus the log scan rate was linear with a slope of 0.561714 (a = transfer
coefficient).

Figure 5. (A) CV response of PA-PPE immobilized with GOX in 0.01 M PBS at a scan rate of
50–200 mV/s. (B) Plots of anodic (ipa) and cathodic (ipc) peak current versus scan rates.

485



Biosensors 2023, 13, 566

The electron transfer rate constant, ks, on the PA-PPE-GOX electrode, was calculated
with the Laviron equation [51]:

Log ks = α log (1 − α) + (1 − α) logα − log (RT/nF ν) − α (1 − α) nFΔEp/2.3RT

where the calculated charge transfer coefficient (α) is 0.5617 with two electrons transfer
(n = 2), R is the universal gas constant (8.314 J mol−1K−1), T is the room temperature in
Kelvin degrees (298 ◦K), F is the Faraday constant (9.64853 × 104 ◦C), and v is the scan rate.

The electron transfer rate constant, ks, was calculated to be 3.363 s−1, which was
higher than the ks reported for carbon nanostructured materials, such as a Ks of 1.69 s−1

from Janegitz et al. [24], a Ks of 2.83 s−1 from Kang et al. [48], a Ks of 3.273 s−1 from Hua
et al. [52], and a Ks of 1.713 s−1 and 1.12 s−1 from Razmi et al. [53], and gold nanoparticle
incorporated matrices (a Ks of 1.713 s−1 from Wu et al. [54] and a Ks of 2.2 s−1 from Zhang
et al. [55]). From this, it is evident that the carbonyl functionalities and edge plane-like sites
formed during the pre-anodization process at PPE play an important role in improving the
electron transfer communication between the redox centers of GOX and the electrode.

The surface average concentration of the electroactive GOX (Γ) value was calculated
from the equation Γ = Q/nFA, where (Q) is the charge involved in the reaction, (n) is the num-
ber of electrons transferred, (F) is the Faraday constant, and (A) is the area of the WE. Ac-
cording to the equation, Γ of our system was calculated to be Γ = 8.30013 × 10−9 mol/cm2,
which was higher than other published values, such as Γ = 2.56 × 10−10 mol/cm2 [55],
Γ = 5.1 × 10−11 mol/cm2 [37], Γ = 1.12 × 10−9 mol/cm2 [49], Γ = 1.8 × 10−9 mol/cm2 [53],
and Γ = 4.65 ± 0.76 × 10−10 mol/cm2 [56] implying that the higher heterogeneous direct
electron transfer rate constant is directly influenced by the multilayer coverage of GOX.

3.3. Square Wave Voltammetry (SWV) Analysis

Additionally, the electrocatalytic activity of the PA-PPE-GOX toward glucose was
studied by conducting SWV experiments with different concentrations of glucose ranging
from 0.2 mM to 0.84 mM in 0.1 M PBS solution under N2. The successive addition of
glucose resulted in a gradual decrease in the reduction current (Figure 6A), which was
linearly proportional to the increased concentration of glucose. This trend can be explained
by the fact that the addition of glucose triggers the enzyme-catalyzed reaction between
GOX and glucose by the formation of FADH2 from FAD, resulting in a subsequent decrease
in the cathodic peak current [24,57]. This reaction causes a decrease in the amount of
oxidized GOX on the PA-PPE electrode and reduces the electrode reduction current. To
demonstrate the increased sensitivity of the newly developed electrode, PA-PPE-GOX,
toward glucose detection, we compared its response with the current response developed
for GOX immobilized on graphene oxide through the EDC/NHS cross-coupling method,
GO-PPE-GOX. As can be seen from the calibration plots of PA-PPE-GOX and GO-PPE-GOX
(Figure 6B), the pre-anodized electrode exhibited a 2.612 times higher current response than
the GO-modified electrodes. The improved electrocatalytic activity at PA-PPE-GOX again
points toward better electron transfer communication between GOX and the electrodes at
the electrochemically activated or pre-anodized electrodes than the GO-modified electrodes.

3.4. Chronoamperometry Analysis (CA)

The electrocatalytic performance of PA-PPE-GOX was further characterized by con-
ducting chronoamperometry experiments for the reduction of different concentrations
of glucose in 0.01 M PBS (pH 7.4), ranging from 30 μM to 50 mM. Figure 7 depicts the
CA responses of glucose reduction at different concentrations of glucose at −0.55 V. The
negative operating potential for the detection of glucose eliminates the interference from
other common electroactive species, such as ascorbic acid, uric acid, and dopamine, that
can be present in real blood samples, which is another advantage of our direct electron
transfer glucose biosensor. As the concentration of glucose increased, there was a shift
from the linearity between the concentration and current (Figure 8A), exhibiting typical
Michaelis-Menten kinetics [58,59]. The Lineweaver–Burk plot [57], a double reciprocal
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graphical representation of the enzyme kinetics, shows a linear curve graphic based on the
following equation:

1/v = (1/vmax) + {(Km/vmax) (1/[S]),

Figure 6. Square wave voltammogram (SWV) for different concentrations of glucose at PA-PPE-GOX
(A) and the corresponding calibration curve for PA-PPE-GOX and GO-PPE-GOX (B).

where v is the initial reaction rate at a given substrate concentration, vmax is a constant
reaction rate, Km is the Michaelis–Menten constant, and [S] is the substrate concentration.
Vmax = 0.021714, m = 1.38343, and b =−46.05323, which corresponds to the linear equation
y = b + mx, with a direct correlation between the current 1/v (1/mA) and the glucose
concentration 1/[S] (1/mM) [59].

Figure 7. Chronoamperometric responses for PA-PPE-GOX toward different concentrations of glucose
(30 μM to 50 mM). Section of (A) is zoomed in as (B).
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Figure 8. Peak current responses versus different glucose concentrations by the chronoamperometry
method (A) and their corresponding linearity range from 1 mM through 50 mM (B).

The calculated Km was found to be 0.03 mM, which is lower than that of the GOX
immobilized on graphene quantum dots (Km of 0.76 mM) [53], the reduced graphene
oxide (Km of 0.215 mM) [60], the poly (p-phenylenediamine)-based nanocomposite (Km of
0.42 mM) [56], and the pre-anodized screen-printed carbon electrodes (Km of 1.07 mM) [23].
A lower Km means a higher enzymatic activity of the immobilized GOX at PA-PPE. Thus,
the results suggest that the presented PA-PPE-GOX had a high affinity toward glucose,
with a limit of detection as low as 5.4 mg/dL (0.3 mM). Figure 8B shows a linearity range
for glucose of 0.3 mM through 50 mM (i.e., 5.4–900 mg/dL) with an R2 value of 0.989,
which includes the normal range of blood glucose in humans as well the abnormal range
values in hypoglycemia or hyperglycemia. Most commercial glucometers can only achieve
quantitative measurement of glucose in a limited range of operation.

3.5. Analytical Validation

There are substances in the blood that are considered to be interfering species and
can interfere with glucose readings in biosensors. We conducted specificity tests using
the amperometric i-t technique to validate the specificity of the biosensor PA-PPE-GOX
on glucose, as well as ascorbic acid (AA), salicylic acid (SA), and lactic acid (LA) as
interfering species. The concentrations of the interfering species were adjusted to a similar
concentration as glucose (0.1 M). The amperometric readings are shown in Figure 9, and the
currents of the interfering species were very low. We calculated the current ratios between
glucose and the interfering species, which were 1.65%, 5.35%, and 4.99% for SA, LA, and
AA, respectively. The current ratios between glucose and the interfering species allowed
us to infer that our sensor shows great specificity for glucose. The current values of the
interfering species represent a higher concentration (0.1 M) than the concentrations that
these species can obtain in blood. Therefore, we observed a minimum current response of
the interfering species with respect to glucose, indicating high selectivity of the biosensor
toward glucose.

The validation for the electrode PA-PPE-GOX towards glucose was carried out through
analytical recovery experiments, which were performed with different samples of whole
blood, and the percentage of recovery was calculated from the data. The recovery values
ranged from 90% to 101%, with an average of 95%, which are in the acceptable range in
bioanalytical chemistry. In addition, three human whole blood samples were measured
using our method, and the results are shown in Figure S1 and Table S1 (in the Supple-
mentary Materials) which were consistent with the measured values from a commercial
glucometer. To review the stability, different electrodes were tested for 3 months. The
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PA-PPE-GOX-glucose showed an error percentage of 3.76%, showing that the electrodes
have good shelf life and stability.

Figure 9. Specificity investigation by testing different interfering species. E, 0.5 V.

4. Conclusions

Herein, we developed a simple method for direct electron transfer of glucose oxi-
dase on a disposable pre-anodized paper-carbon electrode modified through zero-length
cross-linkers and demonstrated its application for glucose biosensors. FT-IR, XPS, and elec-
trochemical methods were used to characterize the immobilization of GOX. The DET-based
glucose biosensor has the following significant features:

(1) The direct electron transfer constant, Ks 3.363 s−1, is much higher than that demon-
strated in previous studies of carbon nanostructured materials [24,48,52,53] and gold
nanoparticle [54,55] incorporated matrices and comparable with SPCE-Nafion® film,
with a rapid detection time of less than 10 s.

(2) The surface average concentration of electroactive GOX (Γ) value was calculated to be
8.30013 × 10−9 mol/cm2, which was higher than other published values [48,53,55,56].
This indicates that the higher heterogeneous direct electron transfer rate constant is
directly influenced by the multilayer coverage of GOX.

(3) The DET-based glucose detection at PA-PPE-GOX showed higher electrocatalytic
activity (2.61-fold) than a graphene oxide composite modified electrode.

(4) PA-PPE-GOX has a higher affinity for glucose, Km 0.03 mM, with a wide range to
detect glucose from 5.4 mg/dL to 900 mg/dL, which involves the glucose human
range to measure diabetes variability in hypoglycemic and hyperglycemic states.
In contrast, most commercially available glucometers can only achieve quantitative
measurement of glucose in a limited range of operation. Our PA-PPE-GOX-glucose
biosensor meets both recommendations addressed by the FDA and SMBG to minimize
the hypoglycemia state and maximize euglycemia [61].

(5) Furthermore, our electrode (PPE-PA-GOX-glucose) showed remarkable stability and
selectivity. The use of the negative operating potential eliminates the interference
from ascorbic acid, uric acid, and dopamine.

This DET method can be used to immobilize other proteins and enzymes to achieve
a higher electrocatalytic activity in various bioassays [62–66]. Our next step in our fu-
ture work is to conduct clinical validation, especially for self-monitoring of blood glu-
cose (SMBG).
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios13050566/s1, Figure S1: Measurement of human whole blood
samples using the paper-based glucose biosensor via direct electron transfer; Table S1: Glucose
measurement results of human whole blood samples (mM).
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Abstract: Convenient and rapid detection of alpha fetoprotein (AFP) is vital for early diagnosis of
hepatocellular carcinoma. In this work, low-cost (0.22 USD for single sensor) and stable (during
6 days) electrochemical aptasensor was developed for highly sensitive and direct detection of AFP in
human serum with the assist of vertically-ordered mesoporous silica films (VMSF). VMSF has silanol
groups on the surface and regularly ordered nanopores, which could provide binding sites for further
functionalization of recognition aptamer and also confer the sensor with excellent anti-biofouling
capacity. The sensing mechanism relies on the target AFP-controlled diffusion of Fe(CN)6

3−/4− redox
electrochemical probe through the nanochannels of VMSF. The resulting reduced electrochemical
responses are related to the AFP concentration, allowing the linear determination of AFP with a
wide dynamic linear range and a low limit of detection. Accuracy and potential of the developed
aptasensor were also demonstrated in human serum by standard addition method.

Keywords: vertically-ordered mesoporous silica films; alpha fetoprotein; electrochemistry; aptasensor

1. Introduction

As one of the most common cancers in the world, hepatocellular carcinoma (HCC)
will cause the liver cirrhosis and even death [1]. Compared with the imaging and histology
commonly used in clinic, detection of alpha fetoprotein (AFP) concentration in serum is
more simple and also has closely associated with HCC [2,3]. The content of AFP in healthy
human is lower than 25 ng/mL [4], however, high levels of AFP (~500 ng/mL) can be
observed in the serum of HCC patients [5]. Therefore, developing convenient and highly
sensitive methods for monitoring the AFP concentration in human serum is very important
for early diagnosis and prognostic evaluation of HCC.

Currently, varieties of analytical approaches have been designed to detect AFP, such
as enzyme-linked immunosorption assay (ELISA) [6], electrochemistry [7], resonance light
scattering [8], photoelectrochemistry [9], surface enhanced Raman scattering [10], fluores-
cence [11] and mass spectrometry [12]. Among them, electrochemical sensors have aroused
the increasing attention due to their time-saving, low-cost, high sensitivity and easy opera-
tions [13–15], showing great clinical application potential in the early diagnosis of HCC [16].
To realize the specific determination, biological recognition elements including antibody, en-
zyme, and aptamer have been employed to be immobilized on the electrode surface [17–21].
Aptamer artificially screened and synthesized in vitro by systematic evolution of ligand
by exponential enrichment (SELEX) displays several advantages with respect to the small
size, low-cost, high stability and strong affinity towards preselected targets, which has been
widely combined with functional nanomaterials to construct highly specific and sensitive
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electrochemical aptasensors [22]. In addition, biological macromolecules existed in human
serum will cause severe bio-fouling issue on the electrodes, significantly impairing the
accuracy and stability of electrodes and limiting their practical application in direct analysis
of human serum. Therefore, direct and anti-fouling electrochemical determination of AFP
in human serum without tedious pretreatment process still remains as a challenge.

Nanostructured mesoporous silica nanoparticles emerged as therapeutic nanocarri-
ers have been widely utilized in the field of smart chemotheropy [23,24]. In comparison,
vertically-ordered mesoporous silica films (VMSF) with perpendicularly oriented nanochan-
nels have an apparent advantage of favored and fast mass transfer from the bulk solution
to the electrode surface through nanochannels. During past decade, VMSF have shown
great achievements in the construction of anti-fouling and anti-interference electrochemical
sensors, due to their unique characteristics of uniform and ultrasmall pore size (usually
2~3 nm), high pore density (~40,000 μm−2), and mechanical stability [25–29]. Apart from
direct analysis of small redox targets [30–34], researchers have also employed the recog-
nition elements (e.g., aptamer and antibody) to develop novel VMSF-based electrochemi-
cal/electrochemiluminescent sensors for specific determination of ions [35], disease-related
biomarkers [36], and cancer cell [37]. These sensors are often realized by targets-controlled
diffusion of electrochemical/electrochemiluminescent probes through the nanochannels
of VMSF [38–42]. In comparison with homogeneous sensors, immobilization of targets-
specific recognition elements on the surface of VMSF spares the reagents and reduces the
cost [43,44], which however remains challenge that the mass transfer through the nanochan-
nels to the underlying electrode will be influenced by steric effect. On the basis of above
issue, aptamer with small size (one tenth of antibody) becomes the prospective recognition
element for developing highly specific and sensitive VMSF-based sensors.

In this work, we present a cost-effective and highly sensitive electrochemical ap-
tasensor for specific determination of AFP by grafting AFP-specific aptamer on the VMSF
surface. VMSF attached to the indium tin oxide electrode (ITO) is prepared by Stöber-
solution growth method and rich of silanol groups, allowing the further functionalization of
aptamer to produce the sensing interface with high specificity and affinity. When generating
the complex between aptamer and AFP, the ingress of electrochemical redox (Fe(CN)6

3−/4−)
to the nanochannels of VMSF was hindered, which could result in the decreased electro-
chemical responses and realize the quantitative detection of AFP. Moreover, considering the
high selectivity of aptamer and anti-fouling characteristic of VMSF, accuracy and potential
of proposed electrochemical aptasensor in human serum samples are examined.

2. Materials and Methods

2.1. Materials and Reagents

All antigens including alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA),
carbohydrate antigen 125 (CA125) and carbohydrate antigen 199 (CA199) were all ob-
tained from KEY-BIO Biotech Co., Ltd. (Beijing, China). S-100 antigen was purchaed
from Proteintech (North America). Amino-functionalized AFP aptamer was synthe-
sized by Sangon Biotech Co., Ltd. (Shanghai, China), with the sequence of 5′-NH2-GTG
ACG CTC CTA ACG CTG ACT CAG GTG CAG TTC TCG ACT CGG TCT TGA TGT
GGG TCC TGT CCG TCC GAA CCA ATC-3′. Sodium dihydrogen phosphate dihydrate
(NaH2PO4•2H2O) was purchased from Mackin (Shanghai, China). Other reagents includ-
ing tetraethyl orthosilicate (TEOS), hexadecyl trimethyl ammonium bromide (CTAB), (3-
glycidoxypropyl)methyldiethoxysilane (GPTMS), bovine albumin (BSA) sodium phosphate
dibasic dodecahydrate (Na2HPO4•12H2O) were all bought from Aladdin (Shanghai, China).
And phosphate buffer (PBS) was prepared with NaH2PO4•2H2O and Na2HPO4•12H2O.
All reagents used were analytical reagent without further treatment. Human blood serum
was provided by Affiliated Hangzhou First People’s Hospital (Hangzhou, China). The
ultrapure water (18.2 MΩ cm) was prepared from Mill-Q system.
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2.2. Experiments and Instrumentations

The thickness and the pore structure of VMSF were characterized by scanning elec-
tron microscope (SEM, SU8010, Hitachi, Tokyo, Japan) and transmission electron micro-
scope (TEM, HT7700, Hitachi, Japan), respectively. The accelerating voltage used for SEM
and TEM measurements were 3 kV and 100 kV. Electrochemical characterization con-
tains cyclic voltammetry (CV), differential pulse voltammetry (DPV), and electrochemical
impedance spectroscopy (EIS), which was conducted on the electrochemical workstation
(PGSTAT302N, Metrohm, Herisau, Switzerland). The scan rate of CV was 50 mV/s, and the
step and modulation amplitude of DPV were 0.005 V and 0.025 V respectively. The error
bars in the measurements were calculated from the standard deviation of three experiments.

2.3. Modification of VMSF on ITO Electrode

Prior to the growth of VMSF, bare ITO electrodes need to be pretreated by placing bare
ITO electrodes into 1 M NaOH solution overnight, and then into acetone, ethanol and water
under ultrasonication for 30 min, respectively. After rinsed by amounts of ultrapure water
and dried by N2 atmosphere, the freshly cleaned bare ITO electrodes were obtained and
used to accomplish the growth of VMSF using Stöber-solution growth approach [45,46].
The detailed procedure was as follows: CTAB (160 mg) was dissolved in 100 mL 70%
ethanol aqueous solution and ammonia (2.5%, 100 μL) and TEOS (80 μL) were added in
turn to achieve silica-based precursor solution. Bare ITO electrodes (2.5 cm × 5 cm) were
placed into the above precursor solution with sealing treatment and incubated in a water
bath at 60 ◦C for 24 h. After the reaction finished, the resulting electrode confined surfactant
micelles (SM) into the nanochannels, termed as SM@VMSF/ITO electrodes, were washed
with ultrapure water and further aged at 100 ◦C for 10 h. SM could be extracted from silica
nanochannels by using 0.1 M HCl-ethanol solution to obtain VMSF/ITO electrodes.

2.4. Construction of Electrochemical Aptasensor

VMSF/ITO based electrochemical aptasensor for AFP detection was constructed as
the procedure shown in Figure 1a, which involved in the surface modification of GPTMS
and AFP-specific aptamer. Firstly, the SM@VMSF/ITO electrode was placed into ethanol
solution containing 0.052% (v/v) GPTMS for 1 h, allowing the modification of GPTMS
on the outer surface of SM@VMSF/ITO based on the silanization reaction and producing
epoxy groups for further functionalization. Subsequently, in order to remove the micelles
from the nanochannels of VMSF, the resulting electrode was stirred in HCl-ethanol (0.1 M)
solution for 5 min to obtain GPTMS modified VMSF/ITO, named as O-VMSF/ITO electrode.
Secondly, the AFP aptamer (50 μL, 0.1 μM) was dropped onto the surface of O-VMSF/ITO
at 4 ◦C for 2.5 h. After the residual aptamer was washed with PBS (0.01 M, pH = 7.4),
BSA (0.5%) was used to block the nonspecific active sites at 4 ◦C for 0.5 h. Finally, the
constructed electrochemical aptasensing interface was called Apt/O-VMSF/ITO.

2.5. Electrochemical Determination of AFP

K3[Fe(CN)6]/K4[Fe(CN)6] (2.5 mM) in KCl (0.1 M) solution was used as the electro-
chemical probe for the electrochemical determination of AFP. Different concentration of AFP
(50 μL) was dropped onto the electrochemical aptasensing interface (Apt/O-VMSF/ITO)
and incubated at 4 ◦C for 1 h. After rinsing with PBS (0.01 M, pH = 7.4) to remove the resid-
ual AFP, AFP was specifically recognized and bounded to the Apt/O-VMSF/ITO electrode
surface, resulting in the decreased electrochemical signals of Fe(CN)6

3−/4−. The variation
of electrochemical signals of Fe(CN)6

3−/4− was recorded using DPV method, realizing the
determination of AFP. To further evaluate the reliability of constructed electrochemical
aptasensor in clinical detection, standard addition method was chosen to detect AFP in
human serum samples.
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Figure 1. Schematic illustration for the fabrication of electrochemical aptasensing interface (a) and
AFP detection (b).

3. Results and Discussion

3.1. Construction of Electrochemical Aptasensor

Figure 1a shows the construction process of the electrochemical aptasensor, which
involves in the surface modification of GPTMS and AFP-specific aptamer. As seen,
SM@VMSF/ITO electrode directly prepared by Stöber-solution growth method is first mod-
ified with GPTMS, resulting in the epoxy groups onto the outer surface of VMSF (SM@O-
VMSF/ITO). Then, SM is excluded from the nanochannels of VMSF to obtain O-VMSF/ITO
electrode with open channels. AFP-specific aptamer is immobilized on the O-VMSF/ITO
electrode surface through silanization reaction between amino groups of aptamer and epoxy
groups of GPTMS. After blocking the nonspecific active sites by blocking agent (BSA), elec-
trochemical aptasensing interface is prepared, designated as BSA/Apt/O-VMSF/ITO. As
shown in Figure 1b, the access of Fe(CN)6

3−/4− to the underlying ITO electrode through
silica nanochannels is observed. And formed AFP-aptamer complex could inhibit the en-
trance of Fe(CN)6

3−/4− into the silica nanochannels, leading to the reduced electrochemical
responses and ultimately allowing the determination of AFP.

3.2. Morphological and Electrochemical Characterizations of VMSF

SEM and TEM were used to characterize the morphology of VMSF, as shown in
Figure 2a,b. The cross-sectional SEM image of VMSF/ITO electrode shows that VMSF with
homogeneous thickness (~90 nm) is on the top of ITO coated glass (Figure 2a). The top-view
TEM exhibits that regularly oriented and uniform silica nanopores are observed as bright
dots and their diameter measured by Image J software are about 2~3 nm (Figure 2b), which
is smaller than that of various biological fouling agents in human serum and could be
acted as efficient anti-fouling layer. It can be found from the cross-sectional view TEM
image that vertical silica nanochannels is parallel to each other and the lengh of silica
nanochannels is 90 nm (Figure S1), which is in a accordance to the result from Figure 2a.
CV and EIS were then used to examine the integrity of VMSF on the ITO electrode. As
shown in Figure 2c, there is almost no redox peak current of the Fe(CN)6

3−/4− probe before
SM removal, which is due to the hydrophobic SM filled in the channel inhibits the mass
transfer of the hydrophilic and charged Fe(CN)6

3−/4−. After SM removal, VMSF possesses
open nanochannels and Fe(CN)6

3−/4− probe could access to the underlying ITO electrode
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through the nanochannels, producing a pair of redox peaks. The semicircle in the high-
frequency region refers to the electron transfer-limited process and its equivalent diameter
reflects the apparent charge-transfer resistance (Rct). As presented in Figure 2d, Rct of
VMSF/ITO electrode is much smaller than that of SM@VMSF/ITO electrode, indicating
the integrity and permeability of the VMSF modified on the electrode.

  
(a) (b) 

 
(c) 

 
(d) 

Figure 2. Cross-sectional SEM (a) and top-view TEM (b) images of VMSF. (c) CV curves ob-
tained at SM@VMSF/ITO and VMSF/ITO electrodes in 0.1 M KCl solution containing 2.5 mM
K3Fe(CN)6/K4Fe(CN)6. (d) Nyquist plots of SM@VMSF/ITO and VMSF/ITO electrodes obtained in
0.1 M KCl solution containing 2.5 mM K3Fe(CN)6/K4Fe(CN)6.

3.3. Electrochemical Characterization of the Construction Process of Electrochemical Aptasensor

Electrochemical probe, Fe(CN)6
3−/4−, was employed to investigate the construction

process of our proposed electrochemical aptasensor using CV and EIS methods and the
results were shown in Figure 3. As seen in Figure 3a, modification of VMSF with GPTMS,
aptamer and further BSA leads to the progressively decreased redox responses, which is as-
cribed to the steric hindrance impedes the diffusion of Fe(CN)6

3−/4− to the underlying ITO
electrode through silica nanochannels. And the redox responses of Fe(CN)6

3−/4− further
decrease after incubation with AFP, indicating the successful preparation of electrochemical
aptasensing interface. Similar phenomenon could be observed from EIS data displayed
in Figure 3b, modification of VMSF with GPTMS, aptamer, BSA and further binding of
AFP results in a progressive increase of Rct, suggesting the feasibility of our developed
electrochemical aptasensor for AFP determination.
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(a) 

 
(b) 

Figure 3. CV curves (a) and EIS plots (b) of VMSF/ITO, O-VMSF/ITO, Apt/O-VMSF/ITO,
BSA/Apt/O-VMSF/ITO and AFP/BSA/Apt/O-VMSF/ITO electrodes obtained in 0.1 M KCl con-
taining 2.5 mM K3Fe(CN)6/K4Fe(CN)6. The concentration of AFP is 1 ng/mL.

3.4. Optimized Conditions for the Construction of Electrochemical Aptasensor

In order to improve the sensitivity of AFP detection, effect of coupling time of aptamer
onto the surface of the O-VMSF/ITO electrode was first studied. As shown in Figure 4a,
in the range of 0–3 h, the anodic peak current of Fe(CN)6

3−/4− decreases obviously with
increasing the coupling time and reaches equilibrium at 2.5 h, proving the outer surface
of VMSF has been successfully modified with AFP-specific aptamer. Therefore, 2.5 h is
selected as the optimal coupling time for aptamer modification.

a  b  
 

c  

Figure 4. Effect of coupling time for aptamer immobilization (a), aptamer concentration (b) and
incubation time for AFP (c) on current signal value.

As AFP-aptamer complex was formed in the recognition process by the developed
BSA/Apt/O-VMSF/ITO sensor, aptamer concentration and the incubation time between
aptasensor and AFP were investigated. AFP-specific aptamers with five different concen-
trations were used to prepare BSA/Apt/O-VMSF/ITO aptasensor and their responses on
the AFP (1.0 ng/mL) were explored. When the aptamer concentration exceeded 0.1 μM,
the anodic peak current remained almost unchanged, indicating that the aptamer was
fully immobilized on the sensor surface. Therefore, the aptamer concentration of 0.1 μM is
selected for subsequent work (Figure 4b). As depicted in Figure 4c, the anodic peak current
decreases with an increase of incubation time and reaches stable at 1.0 h. Thus, 1 h is set as
the optimal interaction time between aptamer and AFP.
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3.5. Determination of AFP

Under the optimal detection conditions, different concentrations of AFP (1 pg/mL
to 1 μg/mL) were incubated with the developed BSA/Apt/O-VMSF/ITO sensor and the
electrochemical responses of Fe(CN)6

3−/4− were recorded by DPV. As shown in Figure 5a,
anodic peak current decreases as the AFP concentration increases, which arises from the
steric hindrances formed by AFP-aptamer complex on the electrode surface. And the
calibration curve for AFP detection shown in Figure 5b displays a good linear range
between the anodic peak current and the logarithm of AFP concentration (logCAFP), with a
regression equation of I (μA) = −2.10 logCAFP (pg/mL) + 21.9 (R2 = 0.992) and a limit of
detection (LOD) of 0.31 pg/mL (signal to noise ratio is 3). Such a low LOD arises from the
fast mass transport inside the vertical silica nanochannels and high affinity between aptamer
and AFP. Table 1 presents a comparison of our developed BSA/Apt/O-VMSF/ITO sensor
with other electroanalytical techniques for AFP determination. By contrast, our proposed
electrochemical aptasensor possesses a wider dynamic linear range and a lower LOD.

 
(a) 

 
(b) 

Figure 5. (a) DPV curves of the developed electrochemical aptasensor in the presence of different
concentrations of AFP (1 pg/mL–1 μg/mL). (b) Corresponding calibration curve.

Table 1. Comparison with the existing electroanalytical techniques for the detection of AFP.

Electrode Method
Liner Rang

(ng/mL)
LOD (pg/mL)

Incubation
Time (h)

Ref.

AFP/PBNP 1-Apt 2/GO/AuE DPV 0.01–300 6.3 1.5 [47]
Apt/PtNPs/RGO 3-CS 4-Fc 5/AuNPs/SPCE 6 DPV 1–104 3.013 × 104 0.5 [48]

Apt/PtNPs/
GO-COOH 7/SPGE 8 SWV 15 3–30 1.22 × 103 0.75 [49]

AFP/Apt/Peptide/
PANI 9/GCE DPV 10−6–1 5.9 × 10−4 1.0 [50]

ConA 10-AgNPs/AFP/miR16/ESP 11/AuE 12 DPV 0.05–10 8.76 2.0 [51]
Ab1

13/2D 14 MoSe2/2D WSe2/SPCE DPV 0.001–5 0.75 0.75 [52]
AFP/Apt/O-VMSF/ITO DPV 0.001–1000 0.31 1.0 This work

1 prussian blue nanoparticles; 2 aptamer; 3 reduced graphene oxide; 4 chitosan; 5 ferrocene; 6 screen-printed
carbon electrode; 7 carboxylated-graphene oxide; 8 screen-printed graphene-carbon paste electrode; 9 polyaniline;
10 concanavalin A; 11 electrochemical sensing probe; 12 gold electrode; 13 antibody; 14 two dimensional; 15 square
wave voltammetry.

3.6. Selectivity, Reproducibility and Stability of the Developed Electrochemical Aptasensor

Selectivity, reproducibility and stability play important roles in evaluation of the de-
veloped electrochemical aptasensor. Some common antigens including CEA, CA199, S-100,
CA125 and their mixture were incubated with the BSA/Apt/O-VMSF/ITO sensor and
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their results were shown in Figure 6a. As revealed, except for AFP, no significant responses
to other proteins are observed at the proposed aptasensor, implying the satisfactory speci-
ficity of the constructed electrochemical aptasensor. To evaluate the reproducibility of the
developed BSA/Apt/O-VMSF/ITO sensor, five different modified electrodes were pre-
pared and used to detect 1.0 ng/mL AFP. As presented in Figure 6b, the relative standard
deviation (RSD) of anodic peak current calculated from these modified electrodes was 1.8%,
indicating the great reproducibility of the electrochemical aptasensor. Figure 6c studies
the stability of the developed electrochemical aptasensor within 6 days. It could be found
that after six-day storage, our BSA/Apt/O-VMSF/ITO sensor remains almost unchanged
responses to 1.0 ng/mL AFP with an RSD of 1.5%, showing the attractive stability of the
as-prepared electrochemical aptasensor.

   
(a) (b) (c) 

Figure 6. (a) Electrochemical responses of BSA/Apt/O-VMSF/ITO sensor to CEA, S-100, CA199,
CA125, AFP or their mixture. I0 and I denote the anodic peak current before (I0) and after (I)
incubation with AFP or other antigens and ΔI = I − I0. The concentration of AFP and other proteins
are 0.1 ng/mL and 1 ng/mL, respectively. (b) Anodic peak currents obtained at five different
electrodes. (c) Stability of the developed electrochemical aptasensor after storage for different days.
The concentration of AFP in (b,c) is 1.0 ng/mL.

3.7. Real Sample Analysis

To access the practical utility of our proposed electrochemical aptasensor, the healthy
human serum was spiked with a series of known concentrations of AFP standard solu-
tion and tested by our BSA/Apt/O-VMSF/ITO sensor. As shown in Table 2, the initial
concentration of AFP in healthy human serum is measured as 1.0 ng/mL, which is close
to the result measured by ELISA method (1.7 ng/mL). Recoveries ranging from 98.8% to
101% and RSD values ranging from 1.7% to 2.9% are obtained, verifying that the developed
electrochemical aptasensor can be served as a reliable tool for AFP detection in clinical
diagnosis of HCC.

Table 2. Determination of AFP in diluted human serum samples.

Sample Spiked (ng/mL) Found (ng/mL) RSD (%) (n = 3) Recovery (%)

Human serum *
0.100 0.100 2.9 100
1.00 1.01 1.7 101
10.0 9.88 1.8 98.8

* Human serum was diluted by 100-fold using 0.01 M PBS (pH 7.4) solution.

4. Conclusions

In summary, we reported the low-cost and simple electrochemical aptasensor for
highly sensitive and selective detection of AFP in human serum based on an excellent
anti-fouling layer of VMSF and a specific recognition layer of AFP-specific aptamer. Owing
to the silanol groups of VMSF, AFP-specific aptamer with small size can not only covalently
graft to the surface of VMSF and endow the sensing interface with selective recognition
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ability, but also remain the effective permeability of VMSF. With the help of electrochemical
probe (Fe(CN)6

3−/4−), electrochemical response variations have closely relation with AFP
concentration, enabling the linear determination of AFP with a wide dynamic linear range
and a low limit of detection. Furthermore, the inherent anti-fouling property of VMSF
confers the proposed electrochemical aptasensor with promising feasibility in direct and
selective analysis of AFP in human serum, which is potential to design a miniaturized and
portable sensor integrated with smart phone. And the proposed strategy provides a conve-
nient method for early diagnosis and prognostic evaluation of hepatocellular carcinoma.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios13060628/s1, Figure S1: TEM characterization of VMSF.
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Abstract: The rise in diabetes cases is a growing concern due to the aging of populations. This not
only places a strain on healthcare systems but also creates serious public health problems. Traditional
blood tests are currently used to check blood sugar levels, but they are invasive and can discourage
patients from regularly monitoring their levels. We recently developed nano-sensing probes that
integrate Au microelectrodes and conductivity meters, requiring only 50 μL of saliva for measurement.
The usage of the co-planar design of coating-free Au electrodes makes the measurement more stable,
precise, and easier. This study found a positive correlation between the participant’s fasting blood
sugar levels and salivary conductivity. We observed a diabetes prevalence of 11.6% among 395 adults
under 65 years in this study, using the glycated hemoglobin > 6.5% definition. This study found
significantly higher salivary conductivity in the diabetes group, and also a clear trend of increasing
diabetes as conductivity levels rose. The prediction model, using salivary conductivity, age, and
body mass index, performed well in diagnosing diabetes, with a ROC curve area of 0.75. The study
participants were further divided into low and high groups based on salivary conductivity using the
Youden index with a cutoff value of 5.987 ms/cm. Individuals with higher salivary conductivity had
a 3.82 times greater risk of diabetes than those with lower levels, as determined by the odds ratio
calculation. In conclusion, this portable sensing device for salivary conductivity has the potential to
be a screening tool for detecting diabetes.

Keywords: diabetes mellitus; salivary conductivity; sensor; non-invasive; blood sugar self-monitoring

1. Introduction

Diabetes is a major chronic disease that not only poses significant public health prob-
lems but also results in significant economic losses [1–4]. Currently, it is estimated to
affect approximately 10.5% of the world’s population, and its prevalence is on the rise [5].
Metabolic syndrome is a serious complication of diabetes, but the prolonged state of abnor-
mal blood sugar is also associated with several other comorbidities [6]. Diabetes patients
are also more vulnerable to other illnesses, placing them at higher risk of prolonged hospi-
talization, greater mortality rate, and reduced quality of life [7]. The current standard for
diagnosing diabetes and monitoring blood glucose levels involves a blood test, which is
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invasive and may cause short-term complications, such as pain or local infections [8–10].
Therefore, a rapid, non-invasive, and user-friendly method for measuring blood glucose
levels is necessary to enhance patient engagement in monitoring their health.

Saliva is an excellent bodily fluid specimen for health evaluation because it can be
obtained non-invasively and contains a diverse array of water, electrolytes, cytokines,
antibodies, and metabolites [11–15]. Saliva is a valuable biomarker for monitoring different
diseases, and its collection is simple and inexpensive [16–18]. While some studies have
shown a correlation between salivary and blood glucose levels, measuring it requires
sophisticated instruments [19–21]. Our research team is dedicated to creating a portable
and easy-to-use saliva-analyzing device to investigate its potential as a diagnostic biomarker
for diabetes.

Salivary electrolyte concentrations, such as sodium, potassium, calcium, chloride,
and bicarbonate, significantly increase with the advancement of diabetes [22–25]. It is
believed that changes in the permeability of the salivary gland and blood vessel basement
membranes caused by prolonged hyperglycemia can lead to significant increases in the
salivary electrolytes. Additionally, patients with diabetes often experience xerostomia due
to low saliva secretion rates, which can alter the electrical conductivity of saliva [24,25]. Our
team has developed a novel sensing device with miniaturized probes for measuring salivary
conductivity [26]. The portable device is easy-to-use and does not require specialized
personnel to operate. Our initial data suggests a positive correlation between higher
salivary conductivity and elevated fasting glucose levels, as well as an increased risk of
developing chronic kidney disease [27–29]. However, further research is necessary to
validate salivary conductivity as a reliable biomarker for diabetes. Therefore, this pilot
study aims to confirm the association between salivary conductivity and diabetes in healthy
adults and explore the potential of salivary conductivity as a screening tool for diabetes.

2. Materials and Methods

2.1. The Sensing Device

A portable device has been developed for determining the conductivity of saliva.
It comprises two components, a conductivity meter, and a printed circuit board (PCB)
equipped with electroless nickel immersion gold electrodes to prevent the oxide layer over
the probe (shown in Figure 1A–C). The micro-fabricated gold electrodes are 2 × 2 mm2 in
size and connected to the PCB using nickel immersion gold wire. The compact size of the
electrodes means that only 50 μL of the test sample is needed to cover the electrodes ade-
quately (as illustrated in Figure 1B). The conductivity meter, measuring 10 × 5.5 × 2.2 cm3,
includes a temperature sensor from Aosong (Guangzhou, China), a micro-control unit
(MCU system) from STMicroelectronics (Geneva, Switzerland), an analog-to-digital con-
verter (ADC) from Analog Devices (Norwood, MA, USA), and an organic light-emitting
diode (OLED) from Zhongjingyuan (Henan, China). The conductivity meter can be acti-
vated using the ADC with 1 App and 1 kHz sine waves, and the conductivity parameters
can be computed through a discrete Fourier transform. The temperature compensation
through the MCU system allows the measurement signal to be obtained at 25 ◦C, and the
result can be displayed on the OLED within 10 s (Figure 1D). Our device is highly reusable,
as supported by previous research [29].

2.2. Saliva Collection and Analysis

The collection and analysis of saliva samples follow established protocols from prior
research [27–29]. In brief, the process involves four key steps (Figure 1E). Firstly, partici-
pants are instructed to rinse their mouths with tap water for 30 s and empty any excess
saliva. Secondly, they hold a saliva sample collection swab under their tongue for 10 s to
collect saliva. Thirdly, the swab is inserted into the sample well of the sensing probe for
analysis. Lastly, the conductivity is measured and displayed on the conductivity meter.
The entire process, including preparation, takes approximately 3 min to complete.
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 T h e  p a rt ic ip a n t s w a llo w e d  a n d  e m p t ie d  th e ir  m o u th .
P la c e  a  m o u th  c a re  c o tto n  s w a b  u n d e r  th e  to n g u e  fo r  1 0  s e c o n d s .
L o a d  th e  s a m p le  o n to  th e  p r in te d  c irc u it  b o a r d  (P C B ) e le c tro d e  a n d
a n a ly z e  th e  s a liv a  c o n d u c t iv ity  th ro u g h  th e  d e v e lo p e d  p o rta b le  m o n ito r .
D a ta  o f  s a liv a ry  c o n d u c t iv ity  w e re  re c o rd e d .

1 .
2 .
3 .

4 .

Figure 1. The portable device and the principles for measuring salivary conductivity. (A) This
portable sensing system has dimensions of 10 × 5.5 × 2.2 cm3. (B) A PCB equipped with co-planar
electroless nickel immersion gold electrodes that are free of coating and located in the sample
well. (C) Connection of the two components and the saliva sample collection swab. (D) Electronic
schematics of the fabricated conductivity meter. (E) Steps for saliva collection and measurement
of conductivity. Abbreviations: ADC, analog-to-digital converter; (C) capacitance; GND, ground;
IIC, inter-integrated circuit; MCU, micro control unit; OLED, organic light-emitting diode; PCB,
printed-circuit-board; R, resistance; RGB, red, green, blue color model; VCC, volt current condenser.
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2.3. Study Participants

This pilot study, with a cross-sectional design, enrolled adults aged between 18 and
65 years. A total of 421 subjects were recruited during their annual health check-up at
the Yunlin Branch of the Chang Gung Memorial Hospital, a regional teaching hospital
located in central Taiwan, in August 2021. After excluding participants with poor renal
function, 408 eligible subjects were enrolled, but 13 of them were later excluded due to
difficulties in cooperating with the saliva collection process, such as rinsing the mouth or
placing cotton swabs under the tongue. Ultimately, this study was completed by 395 adult
participants (Figure 2). This study adhered to the guidelines of the Declaration of Helsinki
and was approved by the Medical Ethics Committee of Chang Gung Memorial Hospital
(institutional review board numbers: 202002186B0). All participants provided informed
consent before participating in this study.

Figure 2. Flow chart of patient enrollment. The diagram illustrates the enrollment status of
the participants.

2.4. Clinical Study Design

Before their health examination, participants were asked to fill out a comprehensive
questionnaire provided by trained nurses. The questionnaire covered basic health informa-
tion, including medical histories, such as diabetes, chronic kidney disease, ischemic heart
disease, stroke, dyslipidemia, hypertension, gout, and cancer. Body height, weight, and
corresponding body mass index (BMI) were measured, and blood pressure was taken in a
quiet environment. Participants were instructed to fast overnight before the examination.
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Both blood and saliva samples were collected and analyzed. The blood samples were
processed using an automatic chemistry analyzer (Beckman DXC880i, Brea, CA, USA)
following established laboratory procedures. The saliva samples were collected twice
to calculate the average of the salivary conductivity. If the results of the two tests were
inconsistent, the collection steps would be repeated to make sure the saliva samples were
collected in the right way. Based on our previous work, we have shown that our device can
yield great reusability, with the mean absolute percentage error (MAPE) being 0.88% after
measuring the same saliva sample 20 times [29].

2.5. Definition of Diabetes

Diabetes is defined as having a glycated hemoglobin A1c (HbA1c) level higher than
6.5%, according to the recommendation of the American Diabetes Association.

2.6. Statistical Analysis

In this study, continuous variables are expressed as means with standard deviations,
while categorical variables are presented as the number and percentage of observations.
For comparing two groups, the independent Student’s t-test was used for continuous vari-
ables with a normal distribution, and the Mann–Whitney U test was used for continuous
variables that were not normally distributed. The normality of numerical variables was
assessed using the Kolmogorov–Smirnov method. The results of the normality tests and
the distribution plots of the salivary conductivity among different groups were shown in
the Supplementary materials (Tables S1 and S2, Figure S1). Pearson’s chi-square test was
employed for comparing multiple groups of categorical variables. To evaluate the diagnos-
tic accuracy of salivary conductivity in diabetes, receiver operating characteristic (ROC)
curve analysis was used, and multivariable logistic regression analysis with backward
selection was applied to improve its diagnostic performance. The diagnostic power was
determined by calculating the area under the ROC curve (AUROC). The null hypothesis
was rejected at a 95% confidence interval, and all statistical analyses were two-sided. The
statistical analysis was performed using the Statistical Program for Social Sciences (SPSS)
version 26 (IBM Corporation, Armonk, NY, USA) and Python version 3.10.

3. Results

3.1. Demographic Characteristics of the Study Group

The results of this study showed that the mean age of the participants was 51.78 years
with a standard deviation of 11.31 years, and the age ranged from 15 to 65 years old. Of the
total participants, 126 (31.9%) were male, while the rest were female. The survey revealed
that 46 participants (11.6%) had diabetes, 95 (24.1%) had hypertension, 47 (11.9%) had
dyslipidemia, and 11 (2.8%) had gout. The mean fasting glucose and hemoglobin A1c levels
were 108.40 mg/dL and 5.88%, respectively. The mean value of salivary conductivity was
5.58 ms/cm. The remaining anthropometric parameters, blood pressure, and biochemical
data are presented in Table 1.

3.2. Comparison of DM versus Non-DM Study Group

The participants were divided into the DM (Diabetes mellitus) and non-DM groups
based on their HbA1c levels. DM group was defined by an HbA1c level greater than 6.5%,
while the non-DM group was the rest of the participants. In the DM group (n = 46), the
mean salivary conductivity value was 6.29± 1.58 ms/cm, which was higher than that in the
non-DM group (5.48 ± 1.59 ms/cm, n = 349). Additionally, the DM group had significantly
higher age and BMI, and a higher prevalence of comorbidities such as hypertension and
dyslipidemia than the non-DM group. Furthermore, the DM group had significantly higher
serum osmolarity and fasting glucose levels compared to the non-DM group. Hemoglobin
A1c levels were also significantly higher in the DM group (7.80 ± 1.51%) than in the non-
DM group (5.63 ± 0.35) (Table 1). To minimize any potential bias that may have resulted
from the unequal distribution of confounding variables, we utilized subgroup analysis to
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compare the male and female groups (Tables S3 and S4) and propensity score matching
analysis (Table S5). These results were consistent with the initial analysis that gender or
other demographic data would not be the confounding factors. It suggests that the salivary
conductivity value could serve as a potential biomarker for diabetes mellitus.

Table 1. Baseline characteristics of participants stratified by Diabetes (n = 395).

All
(N = 395)

DM
(N = 46)

Non-DM
(N = 349)

p-Value

Salivary conductivity, ms/cm 5.58 ± 1.61 6.29 ± 1.58 5.48 ± 1.59 <0.01

Demographics
Age, years 51.78 ± 11.31 56.96 ± 6.78 51.10 ± 11.61 <0.01
Gender (male), n (%) 126 (31.9) 15 (32.7) 111 (31.8) 0.91
Body weight, kg 64.43 ± 12.53 70.41 ± 12.90 63.65 ± 12.29 <0.01
Body height, cm 160.65 ± 7.84 160.66 ± 7.94 160.65 ± 7.83 0.91
Body mass index, kg/m2 24.90 ± 4.15 27.19 ± 4.01 24.60 ± 4.08 <0.01
Systolic blood pressure, mmHg 128.36 ± 21.15 138.87 ± 24.84 126.97 ± 20.26 <0.01
Diastolic blood pressure, mmHg 78.72 ± 12.61 82.24 ± 12.61 78.26 ± 12.55 0.04

Comorbid conditions, n (%) @

Known history of DM 46 (11.6) 26 (56.5) 20 (5.7) <0.01
Hypertension 95 (24.1) 19 (41.3) 76 (21.8) <0.01
Dyslipidemia 47 (11.9) 10 (21.7) 37 (10.6) 0.03
Gout 11 (2.8) 1 (2.2) 10 (2.9) 1.00

Laboratory parameters
BUN, mg/dL 13.97 ± 4.11 14.85 ± 4.65 13.86 ± 4.03 0.11
Creatinine, mg/dL 0.74 ± 0.16 0.73 ± 0.16 0.74 ± 0.16 0.44
eGFR, mL/min/1.73 m2 101.54 ± 21.18 101.97 ± 22.20 101.49 ± 21.08 0.86
Serum osmolality, mOsm/kgH2O 291.41 ± 6.63 294.91 ± 5.94 290.95 ± 6.58 <0.01
Fasting glucose, mg/dL 108.40 ± 35.69 170.15 ± 56.35 100.26 ± 21.47 <0.01
Hemoglobin A1c, % 5.88 ± 0.93 7.80 ± 1.51 5.63 ± 0.35 <0.01

Values are expressed as mean ± standard deviation or number (percentage). @ The information on comorbid
conditions was obtained by questionnaires. Abbreviations: BUN, blood urea nitrogen; eGFR, estimated glomerular
filtration rate; DM, diabetes mellitus.

3.3. Relationship between Salivary Conductivity and Diabetes Mellitus

This study then evaluated the association between salivary conductivity and diabetes
by categorizing the participants into four groups according to their salivary conductivity
levels (Figure 3). As the salivary conductivity levels increased, the incidence of diabetes
also increased, with diabetes prevalence being 4.5%, 6.9%, 8.3%, and 20.1% for the four
groups, respectively (with a p-value for the trend < 0.01).

3.4. The Use of Salivary Conductivity to Diagnose Participants with Diabetes Mellitus

We further assessed the diagnostic ability of salivary conductivity in detecting diabetes
by performing a ROC curve analysis. Using only salivary conductivity as the predictor,
the AUROC was 0.654 (95% CI: 0.563–0.744). To enhance the predictive performance
of the model, we incorporated age and BMI as additional predictors since they can be
measured non-invasively. The AUROC increased to 0.698 (95% CI: 0.610–0.787) when
salivary conductivity and age were combined as predictors. When BMI was also included,
the AUROC further increased to 0.749 (95% CI: 0.664–0.833) (Figure 4).
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Figure 3. A bar chart showing the percentage of participants with DM at different levels of salivary
conductivity. The number of subjects with DM and each group is also displayed in the graph (p for
trend < 0.01). DM, diabetes mellitus.

Figure 4. Three receiver operating characteristic curves. The AUROC is equal to 0.65 when using
salivary conductivity as the only predicting factor. When combing salivary conductivity, age, and
BMI as the predicting factors, the AUROC can be increased to 0.75. AUROC, the area under the
receiver operating characteristic curve.
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3.5. Comparison of Low versus High Salivary Conductivity Study Group

The study participants were further divided into two groups based on their salivary
conductivity levels, using a cutoff value (5.987 ms/cm) determined by the Youden index of
the ROC curve. The low group had a mean salivary conductivity level of 4.57± 0.81 ms/cm,
while the high group had a mean of 7.33 ± 1.06 ms/cm. Table 2 shows a comparison of
different variables between the two groups. The results showed that participants in the
low salivary conductivity group were younger and had lower body weight, BMI, systolic
and diastolic blood pressure, and a lower likelihood of having diabetes, hypertension, and
dyslipidemia, in comparison to those in the high salivary conductivity group. Additionally,
they had lower levels of BUN, creatinine, fasting glucose, and HbA1c and higher levels of
eGFR than those in the high group.

Table 2. Population characteristics of low and high salivary conductivity groups.

Low Salivary Conductivity
Group * (N = 251)

High Salivary
Conductivity Group

(N = 144)
p-Value

Salivary conductivity, ms/cm 4.57 ± 0.81 7.33 ± 1.06 <0.01 #

Demographics
Age, years 50.57 ± 11.35 53.90 ± 10.95 <0.01 #

Gender (male), n (%) 79 (31.5) 47 (32.6) 0.81
Body weight, kg 62.47 ± 11.32 67.85 ± 13.79 <0.01 #

Body height, cm 160.37 ± 7.44 161.15 ± 8.49 0.61
Body mass index, kg/m2 24.23 ± 3.67 26.07 ± 4.65 <0.01 #

Systolic blood pressure, mmHg 125.81 ± 20.06 132.80 ± 22.32 <0.01 #

Diastolic blood pressure, mmHg 77.76 ± 12.46 80.40 ± 12.73 0.05 #

Comorbid conditions, n (%)
Known history of DM 17 (6.8) 29 (20.1) <0.01 #

Hypertension 51 (20.3) 44 (30.6) 0.03 #

Dyslipidemia 23 (9.2) 24 (16.7) 0.03 #

Gout 7 (2.8) 4 (2.8) 1.00

Laboratory parameters
BUN, mg/dL 13.71 ± 4.20 14.44 ± 3.93 0.02 #

Creatinine, mg/dL 0.73 ± 0.16 0.76 ± 0.16 0.05 #

eGFR, mL/min/1.73 m2 103.20 ± 20.48 98.65 ± 22.14 0.01 #

Serum osmolality, mOsm/kgH2O 291.09 ± 6.83 291.97 ± 6.23 0.12
Fasting glucose, mg/dL 105.02 ± 33.83 114.30 ± 38.12 <0.01 #

Hemoglobin A1c, % 5.77 ± 0.88 6.08 ± 1.00 <0.01 #

Values are expressed as mean ± standard deviation or number (percentage). * Study populations were strat-
ified into low and high groups according to the cutoff value of salivary conductivity (5.987 ms/cm). # indi-
cates p value < 0.05. Abbreviations: BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; DM,
diabetes mellitus.

3.6. Associations between Salivary Conductivity and the Risk of Diabetes

The odds of having diabetes were determined for participants with high and low
salivary conductivity. The crude odds ratio was 3.82 (95% CI: 1.44–5.56), indicating that
subjects with higher salivary conductivity were 3.82 times more likely to have diabetes
compared to those with lower conductivity. The adjusted odds ratio, calculated using two
different multivariate models, was 3.35 and 2.69, respectively (Table 3). Table 4 displays the
crude and adjusted odds ratios for other clinical parameters.
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Table 3. The crude and adjusted odds ratios for the association between salivary conductivity and
the risk of diabetes.

Model Odds Ratio (95% CI) p-Value

Crude 3.82 1.44–5.56 <0.01
Model 1 * 3.35 1.74–6.46 <0.01
Model 2 # 2.69 1.36–5.32 <0.01

Abbreviations: CI, confidence interval. * Model 1 was adjusted for age and gender. # Model 2 was adjusted
for age, gender, body mass index, systolic blood pressure, diastolic blood pressure, and estimated glomerular
filtration rate.

Table 4. Crude and adjusted odds ratios for the association between the clinical parameters and the
risk of diabetes.

Parameters Unadjusted Adjusted

Crude Model 1 * Model 2 #

Odds Ratio p-Value Odds Ratio p-Value Odds Ratio p-Value

Age 1.06 <0.01 1.05 <0.01 1.05 0.02
Gender 1.04 0.91 1.02 0.95 0.98 0.97

BMI 1.15 <0.01 1.11 <0.01
SBP 1.03 <0.01 1.02 0.05
DBP 1.02 0.05 0.99 0.46
eGFR 1.00 0.88 1.01 0.22

Salivary conductivity 3.82 <0.01 3.35 <0.01 2.65 <0.01

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate;
SBP, systolic blood pressure. * Model 1 was adjusted for age, gender, and salivary conductivity. # Model 2 was
adjusted for age, gender, body mass index, systolic blood pressure, diastolic blood pressure, estimated glomerular
filtration rate, and salivary conductivity.

4. Discussion

The presented results indicate a positive correlation between salivary conductivity and
HbA1c and fasting glucose, implying that salivary conductivity may serve as a potential
biomarker for detecting diabetes and monitoring blood sugar levels. Blood tests for glucose
or HbA1c are typically regarded as the gold standard for diabetes diagnosis. However, such
tests are invasive and may involve procedures such as venipuncture and fingertip pricking,
which patients often find burdensome and are, therefore, less willing to perform regularly.
In our previous research, a strong positive correlation between salivary conductivity and
fasting glucose or HbA1c was found through Pearson’s correlation test [29]. Additionally,
as salivary conductivity levels increased, so did the prevalence of diabetes. Thus, salivary
conductivity may offer a promising alternative to traditional methods of monitoring blood
sugar levels.

In our study, we found that the prevalence rate of diabetes, as defined by the American
Diabetes Association, was 11.6%. This is consistent with the national prevalence rate of
10.10% reported in a large-scale cohort study conducted in Taiwan in 2014, suggesting
that our study participants can be considered representative of the general population [30].
Our previous study also showed a positive correlation between salivary conductivity and
age or creatinine, and a negative correlation with eGFR [27,28]. These findings align with
those of the current study. Participants with high salivary conductivity were older, had
higher fasting sugar and HbA1c levels, and were at a higher risk of developing chronic
kidney disease. It is known that the properties and secretion of saliva change with age,
leading to an increase in electrolytes, as well as a direct link between salivary conductivity
and age [28,31–34]. Furthermore, serum glucose levels have been shown to directly reflect
salivary glucose concentration, which supports the use of saliva as a predictor of blood
sugar levels [35]. Salivary conductivity was also found to be positively correlated with
body weight, BMI, and blood pressure. Given that diabetes patients are often overweight,
this may partly explain why they have higher salivary conductivity levels [23].
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We have developed a sensor that is utilized for measuring salivary conductivity, which
is determined by the electrical admittance between the electrodes. This measurement
predominantly reflects the concentration of electrolytes. To enhance selectivity, we have
implemented specific design features in our device. Firstly, considering that the signal
follows the path of least resistance, electroimpedance spectroscopy primarily occurs at
the periphery of the microelectrodes. As a result, interference effects caused by larger
particles like food debris and nasal secretion, which typically settle on the top surface of the
co-planar electrode, are minimized, leading to improved selectivity. Secondly, to evaluate
the stability of the saliva sample, we conducted additional experiments since interfering
particles may accumulate over time on the surface of the salivary solution. The findings
indicated that the saliva sample exhibited good stability over a prolonged duration. Thirdly,
a mere 50 μL saliva sample is required for conducting the test. Consequently, we can
assume that the sample temperature quickly reaches equilibrium with the surrounding
ambient temperature.

The ROC curve analysis of our study indicated that salivary conductivity, in combina-
tion with age and BMI, can be used as a good predictive model with an AUROC of 0.75.
Although body weight and BMI can both serve as predictive factors, we selected BMI as
it provides more information about an individual’s body shape. Our model’s sensitivity
and specificity were not as good as those of traditional blood glucose meters, but it still
represents a useful tool for self-monitoring sugar levels. Pain is a significant obstacle to
self-monitoring blood glucose among patients with type 2 diabetes [10], and a device that
can indirectly measure blood sugar levels non-invasively, even if less accurately, may be
more useful than a device that is more accurate but also invasive if patients need to check
their blood sugar multiple times per day.

According to a review article written by Tang et al., they have divided non-invasive
blood glucose monitoring technology into three categories: optics, microwave, and elec-
trochemistry [21]. The optics method can be subdivided into five categories, including
near-infrared spectroscopy, optical polarimetry, Raman spectroscopy, fluorescence method,
and optical coherence tomography. The electrochemistry method can be subdivided into
reverse iontophoresis technology and non-invasive biofluid-based glucose monitoring. The
advantages of optics and microwave methods are that they are more non-invasive and
provide the possibility to continuous monitoring blood sugar levels, while less accuracy
and poor correlation to actual blood glucose are the disadvantages. The electrochemistry
method can predict more accurate blood sugar levels but delay in measurement results, the
need for calibration, and biofluid collection are the defects. A meta-analysis by Lindner
et al. has proposed that the diagnostic accuracy of non-invasive glucose monitoring devices
is still not sufficiently accurate for blood sugar monitoring due to low sensitivity [36].
Although our prediction model result is similar to the previous work, we still provided a
different and potential idea for monitoring blood sugar non-invasively. In addition, the
same method has been proposed for detecting chronic kidney disease in our previous
article [29]. It means that saliva could indeed reflect the physiological change in our body.

Localized surface plasmon resonance (LSPR) technology is a promising label-free
biosensing technique. It utilizes the sensitivity of the plasmon frequency to changes in
the local index of refraction at the nanoparticle surface. It has been used to detect several
biomolecules, such as creatinine, troponin I, and aflatoxin [37–39]. Using LSPR technology
to detect blood sugar is under investigation but still lacks robust evidence. Therefore,
combining our salivary conductivity meter with the LSPR technology could be a possible
method to increase accuracy when monitoring blood glucose levels in the future.

There are several limitations to this study. Firstly, it is a cross-sectional study, and we
did not collect longitudinal data on each participant’s blood glucose level, so we cannot
definitively confirm the association between salivary conductivity and blood sugar levels.
Secondly, we did not distinguish between type 1 and type 2 diabetes, although the preva-
lence of type 1 diabetes among mostly adult participants is likely to be very low. Thirdly,
diabetes was defined as HbA1c higher than 6.5%, which is a narrower definition than the
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gold standard and may underestimate the prevalence of diabetes. However, our study re-
sults, both from the questionnaire survey and blood test, align with the national prevalence
rate in Taiwan, suggesting that our study participants are still representative. Fourth, the
study participants were collected during an annual health examination, which might attract
individuals who are more health conscious. This could limit the generalizability of the
findings to the broader population. Fifth, the saliva was collected when the patients were
mildly dehydrated in the morning. We did not compare the saliva collected from different
instances in which the flow rate or composition of the saliva may alter. Finally, we did not
analyze the components of saliva, such as electrolytes, in the diabetes versus the normal
group, so we were unable to clearly compare the underlying reason for their difference in
salivary conductivity and justify our mechanism hypothesis. Further studies should focus
on the limitations mentioned above to enhance the robustness and generalizability of the
findings, strengthen the relationship between salivary conductivity and diabetes, and prove
that salivary conductivity can be a reliable biomarker to monitor blood glucose levels.

5. Conclusions

Regular monitoring of blood glucose and prompt diagnosis of diabetes is crucial in
reducing the associated health risks. The findings of this study demonstrate the relationship
between salivary conductivity and blood sugar levels, with higher salivary conductivity
associated with higher fasting glucose or HbA1c levels. Our research also shows that using
salivary conductivity as a biomarker can be a potential method for screening diabetes, with
a prediction model having adequate diagnostic accuracy and sensitivity. In conclusion,
using a non-invasive, easy-to-use, and portable device to measure salivary conductivity
has the possibility to serve as an alternative method for monitoring blood glucose levels,
and could be a valuable tool for diabetes screening in the future.
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Kolmogorov-Smirnov method; Table S2: Normality tests of the sample data in Table 2 using
Kolmogorov-Smirnov method; Table S3: Baseline characteristics of male participants stratified by
Diabetes (n = 126); Table S4: Baseline characteristics of female participants stratified by Diabetes
(n = 269) Table S5 Comparison of demographics and laboratory parameters between diabetes and
non-diabetes after propensity-score matching (n = 230).
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Abstract: Chewing is essential in regulating metabolism and initiating digestion. Various methods
have been used to examine chewing, including analyzing chewing sounds and using piezoelectric
sensors to detect muscle contractions. However, these methods struggle to distinguish chewing
from other movements. Electromyography (EMG) has proven to be an accurate solution, although it
requires sensors attached to the skin. Existing EMG devices focus on detecting the act of chewing or
classifying foods and do not provide self-awareness of chewing habits. We developed a non-invasive
device that evaluates a personalized chewing style by analyzing various aspects, like chewing time,
cycle time, work rate, number of chews and work. It was tested in a case study comparing the chewing
pattern of smokers and non-smokers, as smoking can alter chewing habits. Previous studies have
shown that smokers exhibit reduced chewing speed, but other aspects of chewing were overlooked.
The goal of this study is to present the device and provide additional insights into the effects of
smoking on chewing patterns by considering multiple chewing features. Statistical analysis revealed
significant differences, as non-smokers had more chews and higher work values, indicating more
efficient chewing. The device provides valuable insights into personalized chewing profiles and
could modify unhealthy chewing habits.

Keywords: mastication; chewing profile; EMG device; smoking; chewing features; statistical analysis

1. Introduction

Chewing is a fundamental regulator of the entire metabolic process [1] (cap 22,
pp. 716–743). When food is introduced into the oral cavity, the mechanical activity induced
by the masticatory muscles and the concomitant salivary secretion (salivary amylase and
small quantities of lipase) dissolve the chemical substances present in the food, starting
the chemical digestion of some macronutrients. This phase of digestion is important as it
triggers an anticipatory response of subsequent sections of the digestive system known
as the cephalic phase [1] (cap 22, pp. 716–743), conditioning and regulating the whole
digestive process and nutrient absorption.

In the literature, there are several works whose purpose was the analysis of chewing.
Various aspects of this activity can be evaluated [2], for example, the force exerted by the
masticatory muscles [2–4]. Frequently, dental implants with strain gauges are used [4].
However, these devices could alter oral sensation and cannot be used for long-term mon-
itoring. In some solutions, the sounds emitted during the act of chewing are analyzed
using acoustic sensors and microphones [5–7]. The collected data of these devices suffer
from noisy components due to the surrounding environment. Another possible approach
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consists of measuring the contraction of the masseter and temporal muscles (the main
muscles of chewing). For this purpose, piezoelectric sensors [8–10] are used. Piezoelectric
sensors produce a voltage value when subjected to physical stress [8]. They are, therefore,
suitable for detecting muscular activities, such as chewing and even swallowing. A wear-
able piezoelectric strain sensor in the form of glasses positioned on the temporalis muscle
was engineered in [9] to detect chewing features. Similarly, in [10], a method was presented
for the automatic quantification of chewing episodes captured by a piezoelectric sensor
system. Also, in [8] a device was realized using a necklace with a piezoelectric sensor
positioned at the throat level to recognize chewing activity. Although these examples use
piezoelectric sensors for chewing analysis, piezoelectric sensors are not able to reliably
distinguish movements of masticatory activity from head and neck movements unrelated
to this act [11]. Some devices exploit photoplethysmography (PPG) technology [12,13]
to detect changes in reflected light levels due to altered venous blood characteristics [14].
The lower jaw moves to open and close the mouth, causing the ear canal to expand as the
mandibular condyle slides back and forth. A PPG signal is not completely free of noise;
indeed, sudden changes in ambient lighting can produce significant artefacts and cause
signal saturation [14].

Among the options mentioned, surface electromyography (EMG) [15–18] is the most
useful and accurate solution for practical purposes. However, standard EMG practice has
not been established, and some problems remain [14]. One of the disadvantages of using
EMG is the requirement for the direct attachment of sensors to the skin [19]. In [15], the
authors exploited EMG technology to analyze the variations in jaw movements when the
subject varied the masticatory region, while the authors of [16] presented a 3D glass with
bilateral EMG electrodes placed on the temporal muscles. The purpose of this device is to
automatically monitor the subject’s diet by recognizing the chewing act and classifying the
data relating to the ingested food, obtaining good performance. In [20], an EMG system
capable of identifying masticatory events from other activities and their duration was
presented. The invention presents an interface with various sections in which different
characteristics of the act are analyzed. For example, there is a section capable of determining
the maximum value reached by the recorded signal.

The devices described above, which exploit EMG technology, analyze mastication to
ascertain the presence of the act or to classify foods based on the masticatory signal. How-
ever, no electromyographic device describes chewing performance in its entirety with the
aim of defining a precise chewing profile of the user, making him self-aware of his chewing
habits to eventually modify them. To obtain more insights into the chewing process, we
implemented ‘Chewing’, a device representing a solution to evaluate the chewing style,
as it can characterize the masticatory activity in a non-invasive way. ‘Chewing’ analyzes
mastication considering different aspects of the process: the chewing time, cycle time,
work rate, number of chews and masticatory work. In this way, it is possible to analyze
the masticatory process itself, considering different aspects of it, and define personalized
chewing profiles. We tested our device by performing a case study in which the chewing
profile of smokers and non-smokers was analyzed and identified. Smoking can indeed alter
a person’s chewing pattern. The constant exposure to tobacco chemicals leads to damage
to oral tissue, lesions of the lips and mucous membranes, loss of teeth and a weakening
of the perception of taste and smell [21–23], leading to a change in the chewing pattern.
In [22], the presence of oral alterations in smokers was verified, and the impact of the
alterations on masticatory function was evaluated compared to subjects who have never
smoked. However, the variables considered in the study were halitosis, malocclusion,
chewing speed and others. It was noted that the chewing speed was significantly reduced
in smokers. Similarly, in [24], the authors identified differences in the chewing patterns
between smokers and non-smokers considering aspects such as the chewing speed, atypical
muscle contractions, and orbicularis and mental contraction muscles during swallowing.
Also, in this case, considering the masticatory speed, it has been verified that smokers
have a slower pattern. However, in these previous works, only the masticatory speed
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was evaluated, and other chewing features were neglected. Our aim is, therefore, to add
additional insights to this important case study.

2. Materials and Methods

2.1. Development of a Device to Assess Chewing Behavior

The masticatory behavior is evaluated using the Chewing device, which uses elec-
tromyographic technology. Electromyography (EMG) is a technique that allows the mea-
surement of the electrical activity produced by muscles during contraction [25]. Since the
masseter and temporal muscles are the most important muscles in mastication, the first
one was chosen for monitoring as it is more easily accessible. The signal is picked up using
surface electrodes, which are commonly used with this technique. These electrodes are
made of conductive materials, such as silver or silver chloride, which are characterized by
high electrical conductivity and can adhere to the skin securely.

This device consists of an Arduino nano BLE 33 microprocessor (Microcontroller:
nRF52840, Operating Voltage: 3.3 V, DC Current per I/O Pin: 15 mA, Length: 45 mm, Width:
18 mm, Weight: 5 g, Digital Input/Output Pins: 14), shown in Figure 1a(5), connected to a
PC via a cable in Figure 1a(6), two Arduino muscle v3 modules (Voltage range: ±3.5–±18 V,
Gain settings: 0.01–100 kΩ, Output signal voltage: 0–+Vs) in Figure 1a(1), a 9 volt battery
in Figure 1a(3) and a resistive divider in Figure 1a(4). The signal is obtained using the
six electrodes (Figure 1a(2)), which are positioned on both masseter muscles of the subject
(Figure 1b(1,2)). Specifically, one is positioned on the central part of the right muscle (red),
one at the end of the right muscle (green) and one (yellow) on a bone not involved in
movement (right cheekbone). The other three are positioned on the left side in the same
way. It is possible to see the circuit diagram and the correct placement of the electrodes in
Figure 1a,b, respectively.

Figure 1. Chewing device. (a) Scheme of the device and all the parts that it includes: (5) Arduino
nano 33 BLE microprocessor connected to a PC via cable (6), two Arduino muscle v3 modules
(1) connected to the microprocessor through a resistive divider (4) and a 9 volt battery (3). The signal
is taken through the electrodes (2) connected to the Arduino muscle v3 modules. (b) Placement
of EMG electrodes on both the masseters of a subject (1–2): the red ones on the central part of the
muscles, the green ones at the end of the masseters and the yellow ones on the cheekbones.

As demonstrated in [25], the data collected using EMG technology, from which the
masticatory features are extracted, are repeatable and reproducible. Regarding the noise of
the signal, the muscle v3 modules are used because they contain a circuit with diodes to
rectify the signal, an active low-pass filter to eliminate noise and another active amplifier to
obtain an accurate signal (Muscle_Sensor_v3_users_manual, https://www.pololu.com/
file/0J745/Muscle_Sensor_v3_users_manual.pdf, accessed on 6 June 2023).
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2.2. Sample Preparation and Characterization

In this study, Conad bread is used as a food sample and is pre-cut into cubes of 1 cm3.
The hardness (Young’s modulus) of the bread is equal to 0.87 N/m and is calculated using
the “univert mechanical tester” tool. Table 1 shows the grams of macronutrients in this
food sample.

Table 1. Macronutrients of the food used in the test (bread).

Food
Salt

(100 g)
Fats

(100 g)
Carbohydrates

(100 g)
Proteins
(100 g)

Sugars
(100 g)

Fiber
(100 g)

Bread 0 6.5 58 10 4 2.5

While seated comfortably, the subjects are asked to eat the sample. They are asked
not to speak and not to move during the recording, and, finally, they are asked to indicate
with a gesture when they have completed chewing. In addition, they are asked to freely
consume the food following their typical chewing style. All the subjects provide voluntary
informed consent to participate in the study and are informed about the ingredients present
in the food administered to avoid allergic reactions.

First, the electrodes are placed as described in Section 2.1. Then, the chewing signals
in tension vdx (t) and vsx (t) are acquired, which represent the electromyographic signal of
the right and left masseter, respectively. Finally, these data are processed through Python
software. In the algorithm, raw signals from the right vdx (t) and left vsx (t) masseter are
analyzed separately and then averaged with the masticatory features defined later.

Before analysis, the signals vdx (t) and vsx (t) are rectified, amplified and filtered by
the circuit modules. To eliminate any bias, the mean value of the first five samples acquired
while the subject is not chewing is respectively subtracted from each signal.

Figure 2 shows an example of signal recordings vdx(t) and vsx(t) of a subject under
test while eating the bread sample (respectively (a) and (b)). Each peak represents the
masseter contraction.

Figure 2. Chewing registration of the signals vdx(t) and vsx(t). The signals shown in the figures have
been rectified, amplified and filtered by the circuit modules, and any bias has been eliminated via
software. (a) Right masseter activity vdx(t). (b) Left masseter activity vsx(t).

The sampling time of the signal acquired is Δt = 10 milliseconds. For vdx (t), we
define the time interval of a Δtchew_dx = te − ts where te is the ending time and ts is the
starting time. We define the threshold σ∗dx , which is the standard deviation of the first
five samples of vdx (t) before the subject starts to chew. So, the time ts is determined as
the value in which two consecutive vdx(ts) and vdx(ts + Δt ) exceed σ∗dx. The time te is
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determined as the value by which vdx(te) > σ∗dx and vdx(te + Δt) < σ*
dx. This condition is

verified by performing a cycle for every t of the signal vdx (t). The same is performed for
vsx (t).

From each time series, the chewing behavior is described in terms of five features:
‘Chewing time’, ‘Number of chews’, ‘Cycle time’, ‘Work’ and ‘Work rate’ [25]:

1. Number of chews (nchew adimensional): the number of chews made by the subject
(). The number of detected chewing cycles Δtchew_dx is called nchew_dx. The whole
process is repeated to calculate nchew_sx. The average of nchew_dx and nchew_sx, gives
an estimate of the number of chews nchew:

nchew =
(nchew_dx + nchew_sx)

2
(1)

2. Cycle Time (tcyc, second): the time spent on a single bite in seconds. tcyc_dx is
calculated as the ratio of the sum of all the time intervals of the chews Δtchew_dx and
the number of chews nchew_dx. The whole process is repeated to calculate tcyc_sx. The
average of tcyc_dx and tcyc_sx, gives an estimate of the cycle time tcyc. This parameter is
a good estimate of the chewing rate (in seconds). In the following, the full formula
used to calculate tcyc is reported.

tcyc =

(
tcyc_dx + tcyc_sx

)
2

=

(
∑ Δtchew_dx

nchew_dx

)
+

(
∑ Δtchew_sx

nchew_sx

)
2

(2)

3. Chewing Time (tchew, second): the effective time in which the subject has chewed in
seconds (), as expressed by the product between the number of chews and the cycle
time, calculated according to the following equation:

tchew =
(tchew_dx + tchew_sx)

2
=

(
nchew_dx·tcyc_dx

)
+

(
nchew_sx·tcyc_sx

)
2

(3)

4. Work (w, volts * second): the estimated area under the masticatory signal. Right work
wdx is the sum of the products between the mean voltage ( vdx) and Δtchew_dx. Dually,
it is calculated as wsx. The average between wdx and wsx is the work w.

w =
(wdx + wsx)

2
=

(∑(vdx·Δtchew_dx)) + (∑(vsx·Δtchew_sx))

2
(4)

5. Work rate (wr, volt): indicates the power exerted by the masticatory muscles (in volts),
which is expressed as the ratio between the work and chewing time. This feature is
calculated as the ratio between the work and chewing time:

wr =
(wrdx + wrsx)

2
=

(
( wdx

tchew_dx
)
)
+

(
( wsx

tchew_sx
)
)

2
(5)

6. Asymmetry index ias: is related to the number of chews of the masticatory, assessing
whether it is balanced or not, and is calculated as follows:

ias = mean(nchew_dx)−mean(nchew_sx) (6)

A chewing flag is associated with the index, distinguishing between:

• balanced if −1 < ias < 1,
• slightly unbalanced to the right if 0 < ias < 5 or to left if −5 < ias < 0
• unbalanced to the right ias > 5 or to the left if ias < −5
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2.3. Statistics

In this work, a case study to assess the chewing profiles of smokers and non-smokers
was conducted to test the chewing pattern evaluation. To quantify the differences between
the two groups through statistical analysis, the t-test and the Mann–Whitney test were
used to clarify the relationship between the chewing behaviors and characteristics of the
subjects involved in the work. Also, the FDR correction was performed to minimize
the risk of obtaining false positive results when many hypothesis tests were performed
simultaneously. The significance level was set at p = 0.05. The statistical power of the study
was also determined using the “smp.NormalIndPower” function from the statsmodels
library (stats-models.stats.power.NormalIndPower.solve_power). This function takes three
inputs: the effect size, which is calculated as twice the U test statistic divided by the product
of the sample size, as the features follow a normal distribution; the number of samples (22);
and the alpha level (0.05). The resulting statistical power is equal to 0.8 (0.7 for the number
of chews and 0.9 for work), indicating a high likelihood of detecting true effects in the study.
The test included 25 subjects, but 3 subjects were excluded from the analysis because they
presented more than one masticatory feature equal to zero (this indicates that the subject
did not correctly chew the test food but directly swallowed it). The other subjects were
divided into two categories: 0 are smokers (14) and 1 are non-smokers (8).

3. Results

3.1. Study Population

We involved 25 subjects (16 men and 8 women) with an average age of 44.04 ± 16.92 years
(range 17–80 years) and an average body mass index (BMI) equal to 25.05 ± 2.83 kg/m2.
The subjects were divided into two groups: smokers (0) and non-smokers (1), as shown in
Figure 3. Each category was divided into four sub-categories based on age (17–24; 25–40,
41–60, >60), and the number of female (women) and male (men) subjects in the various
sub-categories is indicated.

Figure 3. Characteristics of the group of people undergoing the test. The 25 subjects were divided
into two macro-categories: smokers (9) and non-smokers (16). Each macro-category was divided into
four sub-categories based on the age of the subjects (17–24, 25–40, 41–60, >60), of which the number
of female (women) and male (men) subjects is indicated.

3.2. Chewing Profiles of Smokers and Non-Smokers

Figure 4 shows two representative chewing profiles of a smoker and a non-smoker
who chewed the tested food (bread). It can be seen from these two profiles that the nchew
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and tchew of the non-smoker are higher than those of the smoker (greater number of peaks
and time of chewing).

Figure 4. Examples of the chewing profiles of a smoker and a non-smoker. (a) Chewing profile for the
sample of bread of a smoker; (b) Chewing profile for the sample of bread of a non-smoker. Chewing
time and number of bites appear to be greater in the pattern of (b).

A complete statistical analysis of the chewing characteristics detected by our device
has produced the results shown in Table 2.

Table 2. Results of the statistical analysis.

Features
Mean

Smokers
Standard Dev.

Smokers
Mean

Non-Smokers
Standard Dev.
Non-Smokers

Statistical Test p-Value 1

Age 43.88 14.4 46.79 20.73 −0.33 0.32

Sex 0.62 0.48 0.64 0.48 0.14 0.49

BMI 25.64 3.02 24.38 2.02 1.11 0.16

tchew 3.15 1.66 4.39 1.39 −1.78 0.07 ◦

nchew 6.31 2.6 9.82 3.13 −2.56 0.02 *

tcyc 0.5 0.25 0.57 0.38 53 0.34

w 0.06 0.03 0.11 0.04 −3.12 0.01 *

wr 0.02 0.01 0.03 0.01 −0.99 0.17

ias 2 2.96 −0.57 3.66 37 0.14

1t-test and Mann–Whitney test based on Shapiro’s test for data normality. Statistically significant differences are
reported in bold. (*) stands for p-value < 0.05; (◦) stands for p-value ≤ 0.1

The non-smokers bite more often (nchew = 6.31 for smokers and 9.8 for non-smokers,
p = 0.02), the work is higher (w = 0.06 V*sec for smokers and 0.11 V*sec for non-smokers,
p < 0.01) and the chewing time is higher (tchew = 3.15 s for smokers and 4.39 s for non-
smokers, p < 0.1) than the smokers. However, these results indicate that what is significant
between the two groups is not the chewing time but rather the number of chews and the
mechanical work exerted to break up the food.
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Also, the statistical differences reported in Table 2 are represented as boxplots in
Figure 5, where the smokers are represented in blue and the non-smokers are represented
in red.

Figure 5. Boxplots of the chewing features of smokers (in blue) and non-smokers (in red): in the first
row of the figure, there are the boxplots of chewing time, number of chews and work features; in the
second row, there are boxplots of cycle time, work rate and asymmetry index. The asterisks represent
a significance level ≤ 0.05. The dot represents a significance level ≤ 0.1.

3.3. Graphical Clustering of the Chewing Profiles of Smokers and Non-Smokers

Furthermore, the device allows one to perform a clusterization in this space of the
masticatory features. In Figure 6, the smokers are shown in blue, and the non-smokers
are shown in red. A visual inspection of the graphs shows that the non-smokers are
placed on the right side of the space, having a higher number of chews and higher work
values than the smokers. Furthermore, it is possible to observe the presence of two crosses,
which represent the geometric centers of the two distributions: the smokers (blue) and
non-smokers (red). Specifically, the geometric center of the smokers has a number of chews
of 5.71 and work of 0.05 V*sec, while the geometric center of the non-smokers has a number
of chews of 8.97 and work of 0.10 V*sec.
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Figure 6. Representation of the data distribution in 2D space realized with nchew and w. The crosses in
blue and red represent the geometric center of the distribution of smokers and non-smokers, respectively.

4. Discussion

We have presented an innovative device, “Chewing”, which allows one to carry out
a chewing analysis in a non-invasive and objective way. Compared to the other devices
used for this scope, “Chewing” exploits EMG technology [18]. Once the data has been
obtained, it is able to analyze them automatically, extracting the features of interest and
producing a complete masticatory profile based exclusively on the performance itself. In
the previous works described [22,24], the only masticatory variable considered was the
speed, and, furthermore, no instrument was used to measure it. These problems have been
overcome using “Chewing”, mainly for two reasons: (1) different masticatory features are
defined (chewing time, number of chews, masticatory work, masticatory power, time for a
single bite) and (2) it uses a gold standard technology for the evaluation. Although the use
of the electrodes is uncomfortable because there are several cables connecting them to the
device, this problem could be overcome by using wireless data transmission technologies
(such as NFC or others).

Furthermore, our device has been tested on a use case: we considered smokers and
non-smokers. The results obtained from this analysis showed how the chewing pattern of
non-smokers is characterized by a higher number of chews (p = 0.02) and work (p = 0.01).
These results suggest that smokers have an inefficient chewing pattern. Indeed, smokers
take fewer bites than non-smokers. In relation to this aspect, in [24], it was shown that the
chewing pattern of non-smokers allows for the ingestion of larger and less saliva-moistened
fragments, resulting in greater effort during chewing and swallowing, which may be
accompanied by compensatory movements of the head and face muscles. Similarly, here,
we observed that the work performed by the smokers was less than that of the non-smokers,
again indicating that they worked the bolus very little before swallowing.

In addition, smoking impacts olfactory and gustatory sensory perception. It can
structurally and functionally alter the ability to perceive different stimuli in a subject.
Previous studies have already demonstrated that a smoker’s ability to recognize taste is
lower than that of non-smokers, with the need to increase the concentration of the tested
stimulus to be recognized correctly. This results in variations in an individual’s acts of
chewing and digestion. Olfactory and gustatory stimulation allows the preparation of
the oral and gastrointestinal motor apparatus for the reception of food. This stimulation
induces an increase in salivary secretion and gastric juice, favors the correct positioning
of the oropharyngeal structures for swallowing and generates nervous and muscular
excitability for the passage of food into the stomach [22]. It has also been explained how
this difficulty occurs due to changes in the shape, number and vascularity of the taste
buds that affect sensing ability and the perception of taste by inducing an increase in the
sensory recognition threshold [22]. Continuous exposure to smoke can result in structural
and functional changes in the neuroepithelium, leading to a decrease in the production of

526



Biosensors 2023, 13, 749

sensory cells and impaired odor recognition. This reduction in olfactory abilities, combined
with a decreased gustatory capacity in smokers, may explain their tendency to chew
for shorter durations and take fewer bites compared to non-smokers. The diminished
perception of taste due to reduced sample quantities in this case study further hampers
their ability to adequately sense flavors. The major limitation of this study is the number
of subjects. As a future development, the authors aim to expand the participant pool to
conduct additional analyses and differentiate chewing patterns among various subject
categories. Increasing the number of subjects involved will allow a more comprehensive
understanding of chewing behavior in different populations. Another limitation is the
small quantities of food samples and the use of only one test food in the protocol. Indeed,
this analysis can be considered the first exploratory analysis of the differences in terms of
chewing patterns between smokers and non-smokers to be expanded using different types
of foods and larger quantities.

As mentioned above, the areas of application of the tool can be different. First, it
is a device useful to realize a specific chewing pattern. This result can be useful for the
user himself to know and possibly improve his chewing style but also for carrying out
specific studies for research purposes. Also, it can be used as a support for the diagnosis
of dental problems, for example, to ascertain the presence of temporomandibular joint
pain syndrome in the patient. Furthermore, in speech therapy, it can be a useful device
because it could realize a further evaluation of the functionality of oro-facial muscles. In
this way, the speech therapist can obtain more complete information about the user, and
this allows him to set precise objectives of the therapeutic project based on the objective
starting data to be monitored during treatment. The device could also be integrated into
environments analyzing metabolic digital twins, such as Personalized Metabolic Avatar
(PMA) [26,27] allowing one to estimate the subject’s energy balance and predict the weight
in a personalized way.

5. Conclusions

In conclusion, this work demonstrates that non-smokers exhibit a more extensive
and efficient chewing pattern compared to smokers, as evidenced by the higher values
regarding the number of chews and work. The developed device provides valuable insights
into personalized chewing profiles and can potentially contribute to modifying unhealthy
chewing habits. In addition, it is non-invasive, requiring only the application of electrodes
on masticatory muscles. The system presented in this paper is an alternative tool to
characterize the user’s chewing and make him aware of his eating habits.

Author Contributions: Conceptualization, G.M. and A.R.; methodology, G.M., A.R., A.A., G.B., C.S.,
M.D.S., S.C. and R.E.; software, A.R. and G.M.; validation, G.M., A.R., A.A., G.B., C.S., M.D.S., S.C.
and R.E.; formal analysis, G.M. and A.R.; investigation, G.M., A.R., A.A., G.B., C.S., M.D.S., S.C. and
R.E.; resources, G.M. and A.R.; data curation, A.R. and G.M.; writing—original draft preparation, G.M.
and A.R.; writing—review and editing, A.R. and G.M.; visualization, A.R. and G.M.; supervision,
G.M.; project administration, G.M.; funding acquisition, G.M. All the authors have read and agreed to
the published version of the manuscript. All authors have read and agreed to the published version
of the manuscript.

Funding: This project was supported in part by a research grant awarded to G.M. from Regione Lazio
PO FSE 2014-2020 “QUaD2: Una piattaforma e-Health potenziata da algoritmi di machine learning
QUantistico per la prevenzione di complicazioni macrovascolari e microvascolari nel Diabete di tipo
2”, co-funded by Blu Sistemi s.r.l, and by a research grant awarded to G.M. by Università Cattolica
del Sacro Cuore-Linea D1 2021.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Università Cattolica del Sacro Cuore (Protocol
Code diab_mf).

Informed Consent Statement: Informed consent was obtained from all the subjects involved in the
study. Written informed consent was obtained from the participants to publish this paper.

527



Biosensors 2023, 13, 749

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Silverthon, D.U. Fisiologia: Un Approccio Integrato, 2nd ed.; Casa Editrice Ambrosiana: Rozzano, Italy, 2005.
2. Hossain, D.; Imtiaz, M.H.; Sazonov, E. Comparison of Wearable Sensors for Estimation of Chewing Strength. IEEE Sens. J. 2020,

20, 5379–5388. [CrossRef] [PubMed]
3. Chung, J.; Oh, W.; Baek, D.; Ryu, S.; Lee, W.G.; Bang, H. Design and Evaluation of Smart Glasses for Food Intake and Physical

Activity Classification. J. Vis. Exp. 2018, 2018, e56633. [CrossRef]
4. Selamat, N.A.; Ali, S.H.M. A Novel Approach of Chewing Detection based on Temporalis Muscle Movement using Proximity

Sensor for Diet Monitoring. In Proceedings of the 2020 IEEE EMBS Conference on Biomedical Engineering and Sciences, IECBES
2020, Langkawi Island, Malaysia, 1–3 March 2021; Institute of Electrical and Electronics Engineers Inc.: New York, NY, USA, 2021;
pp. 12–17. [CrossRef]

5. Amft, O. A Wearable Earpad Sensor for Chewing Monitoring. In Proceedings of the Sensors, 2010 IEEE, Waikoloa, HI, USA,
1–4 November 2010; IEEE: New York, NY, USA, 2010.

6. Shuzo, M.; Komori, S.; Takashima, T.; Lopez, G.; Tatsuta, S.; Yanagimoto, S.; Warisawa, S.; Delaunay, J.-J.; Yamada, I. Wearable
Eating Habit Sensing System Using Internal Body Sound. J. Adv. Mech. Des. Syst. Manuf. 2010, 4, 158–166. [CrossRef]

7. Bi, Y.; Lv, M.; Song, C.; Xu, W.; Guan, N.; Yi, W. AutoDietary: A Wearable Acoustic Sensor System for Food Intake Recognition in
Daily Life. IEEE Sens. J. 2016, 16, 806–816. [CrossRef]

8. Kalantarian, H.; Alshurafa, N.; Le, T.; Sarrafzadeh, M. Monitoring eating habits using a piezoelectric sensor-based necklace.
Comput. Biol. Med. 2015, 58, 46–55. [CrossRef]

9. Farooq, M.; Sazonov, E. Segmentation and Characterization of Chewing Bouts by Monitoring Temporalis Muscle Using Smart
Glasses with Piezoelectric Sensor. IEEE J. Biomed. Health Inform. 2017, 21, 1495–1503. [CrossRef]

10. Farooq, M.; Sazonov, E. Automatic Measurement of Chew Count and Chewing Rate during Food Intake. Electronics 2016, 5, 62.
[CrossRef]

11. Farooq, M.; Sazonov, E. A Novel Wearable Device for Food Intake and Physical Activity Recognition. Sensors 2016, 16, 1067.
[CrossRef]

12. Papapanagiotou, V.; Diou, C.; Zhou, L.; Boer, J.v.D.; Mars, M.; Delopoulos, A. A novel approach for chewing detection based on a
wearable PPG sensor. IEEE Eng. Med. Biol. Soc. 2016, 2016, 6485–6488.

13. Papapanagiotou, V.; Diou, C.; Zhou, L.; Boer, J.V.D.; Mars, M.; Delopoulos, A. A Novel Chewing Detection System Based on PPG,
Audio, and Accelerometry. IEEE J. Biomed. Health Inform. 2017, 21, 607–618. [CrossRef]

14. Wei, Y.; Minhad, K.N.; Selamat, N.A.; Ali, S.H.M.; Bhuiyan, M.A.S.; Ooi, K.J.A.; Samdin, S.B. A review of chewing detection for
automated dietary monitoring. J. Chin. Inst. Eng. 2022, 45, 331–341. [CrossRef]

15. Hashii, K.; Tomida, M.; Yamashita, S. Influence of changing the chewing region on mandibular movement. Aust. Dent. J. 2009, 54,
38–44. [CrossRef] [PubMed]

16. Zhang, R.; Amft, O. Monitoring Chewing and Eating in Free-Living Using Smart Eyeglasses. IEEE J. Biomed. Health Inform. 2018,
22, 23–32. [CrossRef] [PubMed]

17. Zhang, R.; Actlab, O.A. Bite Glasses-Measuring Chewing Using EMG and Bone Vibration in Smart Eyeglasses. Available online:
http://www.bitalino.com (accessed on 6 June 2023).

18. Nicolas, E.; Veyrune, J.L.; Lassauzay, C.; Peyron, M.A.; Hennequin, M. Validation of video versus electromyography for chewing
evaluation of the elderly wearing a complete denture. J. Oral Rehabil. 2007, 34, 566–571. [CrossRef]

19. Adachi, S.; Morikawa, K. Interface System Utilizing Musticatory Electromyogram. U.S. Patent US20100160808A1, 24 June 2010.
20. Santos, K.W.; Echeveste, S.S.; Vidor, C.G.M. Influence of gustatory and olfactory perception in the oral. CoDAS 2014, 26, 68–75.

[CrossRef]
21. Santos, K.; Maahs, M.A.P.; Vidor, D.C.G.M.; Rech, R.S. Masticatory Changes as a Result of Oral Disorders in Smokers. Int. Arch.

Otorhinolaryngol. 2014, 18, 369–375. [CrossRef]
22. Reibel, J. Tobacco and oral diseases: Update on the evidence, with recommendations. In Medical Principles and Practice; Karger

Publisher: Berlin, Germany, 2003; pp. 22–32. [CrossRef]
23. Da Silva, G.R.; Rech, R.S.; Vidor, D.C.G.M.; dos Santos, K.W. Influence of Masticatory Behavior on Muscle Compensations During

the Oral Phase of Swallowing of Smokers. Int. Arch. Otorhinolaryngol. 2019, 23, e317–e321. [CrossRef]
24. Brown, W.E.; Shearn, M.; Macfie, H.J.H. Method to investigate differences in chewing behaviour in humans: II. Use of electromyo-

graphy during chewing to assess chewing behaviour. Science 1993, 25, 17–31. [CrossRef]
25. Abeltino, A.; Bianchetti, G.; Serantoni, C.; Ardito, C.F.; Malta, D.; De Spirito, M.; Maulucci, G. Personalized Metabolic Avatar: A

Data Driven Model of Metabolism for Weight Variation Forecasting and Diet Plan Evaluation. Nutrients 2022, 14, 3520. [CrossRef]

528



Biosensors 2023, 13, 749

26. Bianchetti, G.; Abeltino, A.; Serantoni, C.; Ardito, F.; Malta, D.; De Spirito, M.; Maulucci, G. Personalized Self-Monitoring of
Energy Balance through Integration in a Web-Application of Dietary, Anthropometric, and Physical Activity Data. J. Pers. Med.
2022, 12, 568. [CrossRef]

27. Abeltino, A.; Bianchetti, G.; Serantoni, C.; Riente, A.; De Spirito, M.; Maulucci, G. Putting the Personalized Metabolic Avatar
into Production: A Comparison between Deep-Learning and Statistical Models for Weight Prediction. Nutrients 2023, 15, 1199.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

529





MDPI AG
Grosspeteranlage 5

4052 Basel
Switzerland

Tel.: +41 61 683 77 34

Biosensors Editorial Office
E-mail: biosensors@mdpi.com

www.mdpi.com/journal/biosensors

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are

solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s).

MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from

any ideas, methods, instructions or products referred to in the content.





Academic Open 

Access Publishing

mdpi.com ISBN 978-3-7258-2602-5


