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Electrochemical sensors have attracted enormous attention for their precision, high
sensitivity, rapid response, and ease-of-use for analysis. Electrochemical sensors use an
electrode as transducer element for the target. In particular, nanomaterials with excellent
properties are essential for the modification of electrodes, which highlights the importance
of research on the preparation of nanomaterials for electrochemical sensing. Our Special
Issue includes eleven research papers, consisting of nine articles and two reviews. These re-
ports cover the preparation of nanomaterials (magnesium phyllosilicate [1], metal-organic
frameworks (MOF) [2], and covalent-organic frameworks (COF) [3]), the fabrication of
electrodes with unique properties (e.g., transparency) using carbon nanomaterials [4-7] or
new nanotechnologies [8,9], and applications of electrochemical sensors [10,11].

Pecheu et al. synthesized a talc-like magnesium phyllosilicate functionalized with
amine groups (TalcNH>) via a sol-gel process to fabricate electrochemical sensors for strip-
ping voltametric analysis. The TalcNH,-modified electrode was used for the detection of
Pb%* with anodic adsorptive stripping differential pulse voltammetry. The detection and
quantification limits were calculated to be 7.45 x 10~8 M and 24.84 x 10~ M, respectively,
for TalcNH;-based sensors [1]. This work provided an attracting nanomaterial for the
fabrication of electrochemical sensors. Zhang et al. used the Co-Cu MOF precursor to
synthesize porous spindle-like Cu—-Co sulfide microparticles via solvothermal sulfurization.
The resultant Cu—Co sulfides exhibited high catalytic activity for the electrochemical oxida-
tion of glucose. The Co—CuS-2-based sensor exhibited enhanced analytical performance
for the nonenzymatic electrochemical detection of glucose, which allowed a sensitivity
of 1475.97 A mM~! ecm™2 [2]. This work provided a new method to synthesize high-
performance nanomaterials from MOFs for the construction of electrochemical sensors.
Li et al. synthesized a TpPa-1 COF with abundant nitrogen and oxo-functionalities by using
1,3,5-triformylphloroglucinol and phenylenediamine to develop electrochemical sensors
and electrocatalysts. Pd>* was employed to modify the TpPa-1 COF by taking advantage
of the high adsorption affinity of TpPa-1 COF to Pd?**. The Pd?**-modified TpPa-1 COF
exhibited high catalytic activity for the electrochemical oxidation of hydrazine and the
reduction of nitrophenol. The nitrogen-doped carbon derived from TpPa-1 showed supe-
rior electrocatalytic activity for the oxidation of reduced glutathione (GSH), which can be
used for GSH detection [3]. The synthesized TpPa-1 COFs can be suitable substrates and
precursors for potential applications of electrochemical sensing and electrocatalysis.

Carbon nanomaterials, particularly carbon nanotubes and graphene, are among the
most investigated nanomaterials for the fabrication of electrodes. Angizi et al. estimated
the possibility to develop a pH-sensing platform with several graphene derivatives, and
demonstrated the dependence of pH-sensing behaviors on the type and defect density of
graphene derivatives. Eventually, a highly pH-sensitive platform was successfully fabricated
with thermally annealed graphene oxide, which allowed for a maximum current change of
175% in a pH range from 3 to 9 [4]. Their research could offer a new way to develop micro-
and nano-sized pH sensors based on graphene derivatives. Sun et al. designed a portable

Nanomaterials 2022, 12, 4010. https:/ /doi.org/10.3390/nano12224010 1

https:/ /www.mdpi.com/journal /nanomaterials



Nanomaterials 2022, 12, 4010

E. coli detection system using the combination of immunomagnetic separation technology, a
graphene-based transparent electrode, and the improved adenosine triphosphate biolumi-
nescence technology. Such a system offered a detection range of 3.1 x 10'-10° CFU/mL and
a coefficient of variation of 3.96%, and no more than 30 min was required to complete the
detection. Moreover, it allowed a high accuracy of more than 94% for E. coli detection in bev-
erages and food [5]. Stanojev et al. explored the fabrication of a transparent electrode with
single-walled carbon nanotubes (SWCNTs) using a combination of experimental tests and
computational studies. The density functional tight-binding method was used to explore
the interaction of carboxylic SWCNT with some solvents. PEI and carboxylic SWCNT were
deposited on soda lime glass substrates to fabricate the thin film electrode, and its stability
was tested in different solvents. By optimizing the number of depositions, transparency
in the MIR range and conductivity, the electrode with suitable thickness of film enables a
reduction of 20% in the MIR’s transparency compared with that of the thickest SWCNT
layers, while its sheet resistance can be decreased to 150-200 kW /sq [6].

Graphene oxide shows some unique advantages for electrochemical sensing. Yuan et al.
constructed a micro-electrochemical sensor with a graphene oxide-modified screen-printed
electrode and a polydimethylsiloxane (PDMS) micro-cell for multi-analyte detection. Their
experiment demonstrated that the residual oxygen-containing functional species on graphene
oxide can enhance the selectivity of sensors for different targets. Meanwhile, their investi-
gation revealed that the attachment of bovine serum albumin can favor the diffusion of
probes rather than hinder electron transfer [7].

Furthermore, many nanotechnologies have been applied to fabricate electrodes to
enable them with some unique properties. Li et al. fabricated a flexible and stretchable
electrode with a PDMS-Ag nanosheet composite. A low resistivity of 4.28 Wm and a low
resistance variation in strain in the range of 0-50% was recorded for the resultant electrode,
while the electrical conductivity of the electrode remained stable over 1000 cycles. These
attracting characteristics were ascribed to the flexibility and stretchability of PDMS and high
electrical conductivity of Ag nanosheets. By coupling the experiment with a theoretical
model and finite element simulation, the conductive mechanism of the electrode during
stretching was analyzed [8]. This work would facilitate the exploration of flexible electrodes
in terms of structural design and material selection and promote the development of flexible
electronic and wearable devices. Yan et al. constructed an electrochemical immunosensor
using an indium tin oxide (ITO) electrode with an amino-rich nanochannels array for the
detection of prostate-specific antigens (PSA). The amino-group-containing precursor was
employed to grow the vertically ordered mesoporous silica nanochannel film on ITO, and the
introduction of surfactant micelles caused aldehyde groups to anchor recognitive antibodies
for the assembly of an immuno-recognitive interface. For detection, the specific recognition
of PSA by antibody depressed the diffusion of the probe, causing the electrochemical signal
to “Turn-off”. Such an immunosensor offered a detection limit of 8.1 pg/mL and was used
in the analysis of human serum [9]. The developed immunosensor can be also applied to
develop a universal immunosensing platform for tumor marker detection.

In addition to excellent nanomaterials, strategies to assemble the sensing interface at
the electrode are also vital for improving the analytical performance of electrochemical
sensors. Chang et al. reviewed advances in the in-situ assembly of nanomaterials on
the surface of electrodes for efficient signal readout and amplification. Furthermore, the
assembly of organic molecules and biomolecules on electrodes were also discussed [10].

Recently, thanks to their unique advantages, electrochemical sensors are being widely
used to monitor the important small molecules in life. Ahmad et al. reviewed the recent ad-
vances in electrochemical biosensing of HyO,, and a subdivision of electrochemical sensors
was provided by types of nanomaterials used for fabrication. The strengths and weaknesses
of the sensors were discussed by the comparison of their analytical performances. They
highlighted the advantages of electrochemical sensors for H,O, detection and the vital role
of nanomaterials for such sensors in the early detection of cancerous cells [11].
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This Special Issue has highlighted the important role of nanomaterials in fabricating
high-performance electrochemical sensors. Meanwhile, the results provided by this Special
Issue can favor the design and application of electrochemical sensors in the future.
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Abstract: A talc-like magnesium phyllosilicate functionalized with amine groups (TalcNH,), useful
as sensor material in voltammetry stripping analysis, was synthesized by a sol-gel-based processing
method. The characterizations of the resulting synthetic organoclay by scanning electron microscopy
(SEM), X-ray diffraction, N, sorption isotherms (BET method), Fourier transform infrared spec-
troscopy (FTIR), CHN elemental analysis and UV-Vis diffuse reflectance spectroscopy (UV-Vis-DRS)
demonstrated the effectiveness of the process used for grafting of amine functionality in the inter-
lamellar clay. The results indicate the presence of organic moieties covalently bonded to the inorganic
lattice of talc-like magnesium phyllosilicate silicon sheet, with interlayer distances of 1568.4 pm. In
an effort to use a talc-like material as an electrode material without the addition of a dispersing agent
and/or molecular glue, the TalcNH, material was successfully dispersed in distilled water in contrast
to natural talc. Then, it was used to modify a glassy carbon electrode (GCE) by drop coating. The
characterization of the resulting modified electrode by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) revealed its charge selectivity ability. In addition, EIS results showed
low charge transfer resistance (0.32 Q) during the electro-oxidation of [Fe(CN)s]>~. Kinetics studies
were also performed by EIS, which revealed that the standard heterogeneous electron transfer rate
constant was (0.019 + 0.001) cm.s !, indicating a fast direct electron transfer rate of [Fe(CN)]>~ to the
electrode. Using anodic adsorptive stripping differential pulse voltammetry (DPV), fast and highly
sensitive determination of Pb(II) ions was achieved. The peak current of Pb>* ions on TaleNH, /GCE
was about three-fold more important than that obtained on bare GCE. The calculated detection and
quantification limits were respectively 7.45 x 1078 M (S/N = 3) and 24.84 x 1078 M (S/N 10), for the
determination of Pb>* under optimized conditions. The method was successfully used to tap water
with satisfactory results. The results highlight the efficient chelation of Pb?* ions by the grafted NHy
groups and the potential of talc-like amino-functionalized magnesium phyllosilicate for application
in electrochemical sensors.
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Keywords: sol-gel processing; talc-like clay; amino-functionalized clay; glassy carbon electrode;
Pb(II) detection; water bioremediation

1. Introduction

Talc or steatite is a clay mineral with the chemical formula Mg35i40;9(OH),. It consists
of tetrahedral Si and octahedral Mg sheets forming the layered structure 2:1 [1,2]. Silicon
dioxide (SiO;), magnesium oxide (MgO) and H,O are the main constituents of talc [3]. The
talc surface consists of basal cleavage faces and edges. The neutral surface faces consist
of tetrahedral siloxane with -Si-O-Si- bonds, giving them a non-polar and hydrophobic
character, while the edges are hydrophilic due to the presence of charged ions (Mg?* and
OH™) [4]. The hydrophobic behaviour of the surface layers of talc is due to oxygen atoms [5].
Talc has very interesting properties, it is organophilic, has a lamellar structure, chemical
inertia, high thermal stability, low electrical conductivity, heat resistance, wide particle
size distribution and high specific surface area [6,7]. Due to its hydrophobic nature, talc is
highly valued for various applications such as paints, adhesives and sealants [8]. Despite
its good properties, its chemical reactivity is limited when it has to undergo chemical
surface modification with organic molecules, due to the rather strong attractive forces
between the sheets [9]. Previous studies have shown that talc can be easily dispersed in a
surfactant/polymer by absorption on its surface [10]. However, its difficult dispersion in
aqueous solution limits its applications, for example, in the development of electrochemical
sensors [11].

Synthetic clay materials are very popular compared to their natural counterparts
due to their high purity [12,13]. Inorganic-organic materials based on magnesium sili-
cates, similar to natural talc, have been synthesised by a sol-gel process. Under normal
conditions of temperature and pressure, covalent attachment of organic functionalities
occurs, thus creating homogeneous pure inorganic-organic hybrid materials with con-
trolled porosity [14]. Ca®* and Ni?* ions have been extensively studied to obtain these
organosilicate materials [15-18]. However, other organomodified phyllosilicates have also
been synthesised, including aluminium [15], copper [19], zinc [20], and calcium [21] inside
the inorganic layer. It should be noted that the magnesium and nickel-based organosili-
cates have a lamellar structure similar to the 2:1 trioctahedral phyllosilicates. The main
objective of these synthetic materials remains their applicability, which would be multiple
in case of organo-functionalisation [22]. Organoclays can be used as adsorbents, environ-
mental barriers, polymer fillers, catalytic supports, electrochemical sensors or chemical
sensors [23]. Previous work has shown their use for binding cations in aqueous solutions at
the solid /liquid interface [16,19,20,24]. Their ability to extract heavy metals is a promising
property to be explored in many applications [25].

Lead is a heavy metal that can have negative effects on human health, including kidney
disease, cardiovascular effects, reproductive toxicity and irreversible nerve damage [26,27].
The Quantification of lead in real samples is usually performed by electrothermal atomic
absorption spectrometry [28], atomic fluorescence spectrometry [29], inductively coupled
plasma spectrometry [30]. As these methods are somewhat limited in selectivity and sensi-
tivity, electrochemical methods have been widely studied as electrochemical sensors [31,32].
In this regard, several works based on chemically modified electrode materials have been
proposed [33-38]. Most of these studies demonstrate organoclays for heavy metal electro-
analysis due to the affinity between the organic modifier and the target species. To our
knowledge, no work in the literature mentions the use of amino-functionalized magnesium
phyllosilicates of the synthetic talc type as a glassy carbon electrode (GCE) modifier.

This work describes the preparation of a new amino-functionalised magnesium phyl-
losilicate obtained by a sol-gel process. The resulting synthesised material and natural talc
were characterised by physicochemical methods. The characterised material was tested as
electrochemical sensor with electrochemical characterizations of the modified electrode,



Nanomaterials 2022, 12, 2928

which was tested for the detection of Pb?* ions in aqueous solution, by means of anodic
stripping differential pulse voltammetry (DPV).

2. Materials and Methods
2.1. Chemicals

The natural talc clay mineral (Nat-Talc) used in this work is a commercial sample
(NICRON® 674, Luzenac America, Inc., 767 Old Yellowstone Trl, Three Forks, MT, USA).
All chemicals were obtained commercially and used without further purifications. These in-
cluded (3-aminopropyl)triethoxy-silane (APTES, 99%, Sigma-Aldrich Taufkirchen, Bavaria,
Germany), MgCly-6H,O (99%, Fluka, Buchs, Switzerland), Pb(NO3)z (99%, Analar, Prince-
ton, NJ, USA), K3[Fe(CN)¢] (Prolabo, Bern, Switzerland) and Ru(NHj3)¢Cls (Alfa, Binfield,
UK). NaNOj3 (99.99%, Prolabo, Bern, Switzerland), KClI (99.5%, Fisher Scientific Interna-
tional Inc., Pittsburgh, PA, USA), HCl (36%, Phillip Harris, Birmingham, England), NaCl
(99.5%, Fisher Scientific International Inc., Pittsburgh, PA, USA). Zn(NO3),-6H,O (98%),
Cd(NO3)2-4H20 (980/0), Cu(NO3)2-XHQO (99.990/0) and Hg(NO3)2-H20 (99.990/0) were from
Sigma-Aldrich (Taufkirchen, Bavaria, Germany).

2.2. Material Characterization

In order to evaluate the morphology of our materials, an Amray 1610 Turbo scanning
electron microscope (SEMTech Solutions, Inc., North Billerica, MA, USA) was used. For the
measurements, the samples were deposited on a conductive strip placed on a specimen
holder and coated with gold by vacuum sputtering.

Characterisation by Fourier Transform Infrared Spectroscopy (FTIR) was carried out using
a Nicolet 8700 instrument equipped with a specular reflectance accessory (Smart Collector).

The crystallinity of the materials was assessed by X-ray diffraction analysis, using an
STOE Stadi-p X-ray powder diffractometer (STOE & Cie GmbH, Darmstadt, Germany)
operated at 40 kV and 30 mA with Cu Ka1 radiation (A = 1.54056 A), in transmission
geometry with an IP-PSD (STOE & Cie GmbH, Darmstadt, Germany) and /or a DECTRIS®
MYTHEN 1K detector (DECTRIS, Baden-Daettwil, Switzerland).

The Brunauer-Emmett-Teller (BET) specific surface areas of the samples were deter-
mined by means of N, adsorption-desorption at 77.13 K using a micrometrics model sorp-
tometer (Thermo Electron Corporation, Sorptomatic Advanced Data Processing, Waltham,
MA, USA). Before N, adsorption, the samples were degassed at 307.13 K under vacuum.
The linear part of the BET equation was used to evaluate the surface area.

A CHNS Euro EA 3000 analyser (HEKAtech GmbH, Wegberg, Germany) was used to
determine the chemical composition of our materials.

The optical properties of our materials were determined using a Shimadzu UV-Vis
3101PC Diffuse Reflectance Absorption Spectrophotometer (DRS) in the wavelength range
200-800 nm. BaSQO,4 was used as the reflectance standard.

Voltammetry measurements were performed on a p-Autolab potentiostat running
GPES software and using a standard three-electrode cell (bare or modified GCEs used
as working electrodes (WE), the saturated silver chloride electrode (Ag/AgCl/KCl) as
reference electrode (RE), and a stainless-steel bar as auxiliary electrode). Cyclic voltam-
mograms of [Fe(CN)g]?~ and [Ru(NH3)4]3* ions were recorded from —0.15 V to 0.7 V and
from —0.6 V to 0.2 V respectively, in 0.1 M KCI at a scan rate of 50 mV /s, unless other-
wise stated and without stirring. Using anodic stripping differential pulse voltammetry
(ASDPV), the electroanalysis of Pb?* ions involved two successive steps: open circuit
preconcentration of the analyte under gentle agitation followed by voltammetric detection
in the potential range of —0.7 V to —0.3 V after 30 s electrolysis at —0.8 V. Electrochemical
impedance spectroscopy (EIS) measurements were performed on a Palmsens3 potentiostat
driven by PS Trace 4.2 software. It was performed over the frequency range of 0.01 Hz
to 10 kHz with a potential amplitude of 10 mV in a 0.1 M KCl solution containing 1 mM
[Fe(CN)s]*~ /[Fe(CN)6]*~
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2.2.1. Preparation of the Organofunctionalized Talc-like Magnesium Phyllosilicate

The synthetic organic/inorganic hybrid was synthesised according to a previously
published procedure [13,39]. Firstly, 845.77 mg of magnesium chloride hexahydrate was
dissolved at room temperature under stirring in 100 mL of distilled water. To this solution,
a 1.0 mL ethanolic solution containing 1197.6 mg of (3-aminopropyl)triethoxysilane was
added dropwise at room temperature. The mixture obtained corresponded to a Si/Mg
molar ratio of 4/3, as in natural talc. The resulting dense, pale suspension was placed
under stirring for 1 h, and 20 mL of 0.1 M NaOH was added dropwise. The suspension
was aged for 24 h at room temperature, then filtered and washed with ethanol and distilled
water to neutral pH. After centrifugation, the product obtained was dried under vacuum
for 48 h at 50 °C and noted TalcNH,.

2.2.2. Preparation of the Working Electrode

For the electrochemical characterisations, a GCE was used. This was first polished
with alumina powder of different sizes, then placed in a 1:1 ethanol-water solution and
ultrasonicated for 10 min to remove the remaining alumina particles. GCE modified with
a TacNHj film was prepared by drop coating: 6 uL of TalecNH, suspension previously
prepared by dispersing 5 mg of TalcNH, in 1 mL of water were drop coated on the active
surface of the GCE (about 0.071 cm?). The modified electrode was placed in an oven set at
110 °C for 4 min to dry. The modified electrode obtained was TalcNH, /GCE.

3. Results and Discussion
3.1. Physicochemical Characterization of Organofunctionalized Clay Material

Elemental analysis carried out with a CHNS Euro EA 3000 analyser on both natural
talc (Nat-Talc) and the synthesised material TalcNH, gave the experimental results shown
in Table 1. The theoretical results are also presented in Table 1. During the synthesis of
TalcNHy, the ethoxy groups of the organosilane molecules were transformed into silanol by
hydrolysis, being able to lose an H* proton in basic medium. By being negatively charged,
these silanols aggregate into ordered molecular networks as do anionic surfactants [40]. The
negatively charged micelles can act as a matrix and attract magnesium cations from solution
to give a hybrid layered structure, in which the inorganic phase is formed by Si-O-Mg
bonds. For TaleNH; (Table 1), the theoretical contents of CHN meet the experimental results,
which correspond to the following formula of synthetic amine talc: Mg gSi 9O19CsHo4 N1 .
From this formula, it was evident that the presence of nitrogen containing fractions and the
obtained C/N molar ratio (3.33) were high and close to the calculated value (3.00), evidence
that the organic fractions remained intact during the synthesis process. The high calculated
value may be due to partial condensation, involving the methoxy groups of the silylating
agents, which would have resulted in an increase in carbon content. The Si/Mg ratio of 0.50
for the TalcNH, material differs from the expected value of 1.33 for natural talc. Clearly,
there is 2.67-fold more magnesium in the TalcNH, structure than in natural talc, which
could be due to the presence of exchangeable cations between the layers or complexed by
the pendant groups arranged in the lamellar cavity. The latter is the most plausible reason
as the nitrogen atoms in the pendant groups can complex them [13].

Table 1. Chemical composition of Nat-Talc and TalcNH,.

Molar Ratios
Reaction Mixture Product Weight (%)
Si/Mg C/N Si/Mg C/N C H N
Nat-Talc - - 1.33 - 0.357 0.469 0
TalcNH; 1.33 3.00 0.50 3.33 14.90 (14.57*)  4.83(4.89%) 4.42(5.10%)

* Theoretical values.
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Figure 1 displays nitrogen sorption isotherms for Nat-Talc (curve a) and TalcNH,
(curve b). Both clay samples show type III nitrogen isotherms, which is characteristic of non-
porous or macroporous solids. A specific surface of 14.39 m? /g was obtained for natural
talc. This low value compared to those of other families of clay minerals is due to the fact
that N, molecules cannot access the interlayer regions of expanding clays or the structural
tunnels of natural talc. The cumulative mesopore volume, cumulative micropore volume
and surface area, and specific surface area of aminated synthetic talc were 0.013 cm3/g,
0.0048 cm®/¢g, 9.04 m?/g, and 12.16 m?/g, respectively. The low surface area compared
to that of natural talc can be attributed to the high level of amino-functionalization of the
hybrid material, as the pendant carboxyl groups of the (3-aminopropyl)triethoxy-silane
(APTES) molecule block the access of nitrogen gas to the pores of the material [13,41].
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Figure 1. N, sorption isotherms (at 77.13 K) for (a) Nat-Talc, and (b) TalcNH; materials.
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Figure 2 shows the FT-IR spectra of the raw and synthesised amine clay samples. In
the spectrum of raw clay mineral (Figure 2a), a broad band at 3683 cm ™!, associated with
(Mg-OH) vibrations, is observed [42,43]. In addition, some remarkable bands related to
the inorganic structure of clay were obtained at 983 cm ™! and 535 cm ™!, due to v (Si-O-Si)
and 5(Mg-OH) vibrations, respectively. Some changes were observed in the spectrum of
the synthesised clay sample (TalcNH,) (Figure 2b). The absorption bands at 3366 cm™!
v(N-H), 2919 em~! v(C-H), 1613 cm ™! §(N-H), 1481 cm~! v(C-N), 1198 cm~! 9(Si-C), and at
995 and 877 cm ™! associated with Si-O-Si and Si-O-Mg bonds [44-49]. Around 3600 cm !,
we observed a broad band attributed to the vibration of the Mg-OH bond, and the stretching
bands of water and the Si-OH bond [50-52]. The band at 1628 cm ™1 corresponds to the
bending vibration mode of water. At535 cm~ !, another band is observed which is attributed
to the overlapping of the Si-O and Mg(OH) vibrational modes as observed in magnesium-
based and trioctahedral clays [53-55]. However, the presence of new bands observed for the
synthetic amino clay corresponds to all the vibrations of the surface organosilane functions.
This significant difference shows that the functionalization of the synthetic clay by the
APTES molecules was effective.
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Figure 2. Fourier transform infrared (FTIR) spectra of: (a) Nat-Talc, and (b) TaleNH,.

XRD characterizations were performed to compare the crystalline structures of the
synthetic and the natural clay materials. XRD patterns of Nat-Talc and synthetic amino-clay
(TalcNHy) are shown on Figure 3. Figure 3a showed diffraction peaks at 26 = 9.3° (lamellae
width/ spacing d = 950.2 pm), 19.4° and 28.7° that correspond to the primary diffractions
of the (001), (020) and (003) planes of natural talc material [56]. The XRD analysis revealed
the presence of small amounts of chlorite at 26 = 26.7° and of dolomite at 20 = 31°, in
addition to talc signals. TalcNH, material showed diffraction peaks at 20 = 5.63° (lamellae
width/spacing d = 1568.4 pm) and at 21.13°, assigned to the primary diffractions of the (001)
and (020) planes. The use of (3-aminopropyl)triethoxysilane (APTES) during the synthetic
process led to an increase (1.65-fold) in basal spacing when comparing the natural talc value
to that of the functionalized talc (950.2 pm to 1568.4 pm, respectively) (Figure 3b). This
slight difference arises from the incorporation of organic chains (APTES) in the interlamellar
space. This conclusion is derived from the data on the length of the organic chains. By
estimating this length using a bond distance model and assuming a zigzag conformation,
a value of 543 pm was obtained, for the -(CH;)3;NH, fragments attached to the inorganic
backbone. The low intensity peak at 20 at 59.07° (156.3 pm) corresponds to a reflection in
the 060 plane and is in agreement with the formation of trioctahedral layers [15].
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Figure 3. X-ray diffraction patterns of: (a) Nat-Talc, and (b) TalcNH,.
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Figure 4 shows SEM micrographs of Nat-Talc and TalcNH;. The surface morphology of
both materials shows a tendency towards aggregation with the microcrystalline character of
talc. These observations allowed us to conclude that the structure of Nat-Talc and TalcNH,
is practically the same. The raw talc sample showed a solid microporous structure. The
surface of natural talc is mainly made up of aggregates or agglomerates of particles with
non-uniform pores either in slits, plates or sharpened particles. After functionalization,
the synthesised amine talc retained the same surface shape, with a reduction in textural
microporosity probably due to the progressive diffusion of APTES molecules between

its pores.

Figure 4. SEM micrographs of: (a) Nat-Talc, and (b) TaleNH,.

The optical properties of raw talc and synthetic amine clay have generally been
elucidated by UV-Visible Diffuse Reflectance Spectroscopy (Figure 5). It provides direct
evidence of the transmission, absorption or reflection of light by a material. The UV-Vis
spectra showed the strongest bands for two materials (Nat-Talc and TalcNH;) around
300 nm, indicating that they reflect light in this range. The absorbance values decreased
from Nat-Talc (0.01 a.u.) to TalcNH; (0.006 a.u.). The decrease in absorbance is probably
related to the incorporation of organosilane into TalcNH, during the synthesis process and
to the reduction of the physical surface area of the material. The light thus interacts with
the amino parts of TalcNH,, highlighting their energy absorption capacity.
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Figure 5. UV-Vis diffuse reflectance spectra of: (a) Talc, and (b) TaleNH;. The dot line corresponds to
the reflectance standard BaSOy,.
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In summary, the presence of C, H, N in the TalcNH, material successfully demon-
strated the covalent grafting of organosilane groups onto the chemical functional groups of
natural talc, results confirmed by infrared spectroscopy showing the main characteristic
bands of APTEAS embedded in the tetrahedral silica layers and by the increase in interlayer
distances observed on X-ray diffractograms. Based on the literature on talc and considering
the physico-chemical characteristics carried out on the virgin talc used in this work, we
noticed that this mineral clay is made up of neutral layers stacked on top of each other and
connected by van der Waals interactions. The basal faces of the talc do not carry any -OH
functional groups or active ions, while the lateral faces carry very few -SiOH and MgOH
functions. The latter two chemical functions mentioned behave as Bronsted acids and are
more reactive, whereas the basal surface of talc, consisting of Si-O-Si siloxane bonds, has a
low Lewis basicity. Due to the chemical composition as well as the lamellar geometry of
talc, which gives talc a hydrophobic basal surface, it is very difficult to disperse natural
talc in an aqueous medium, in ethanol (96%) and in dilute solutions of acids and alkali
hydroxides. Although compounds such as nafion, carboxymethylcellulose (CMC) can
increase the solubility of talc, allowing better adhesion of talc on a glassy carbon electrode
for electroanalysis applications, our study aims at the possibility of using talc-like material
without binder on a solid electrode. The nafion, a membrane and ion exchange resins, or
CMC with numerous hydroxyl (-OH) functions and carboxyl groups of interest in electro-
analysis [57-63], would automatically modify the electrochemical (ion exchange, charge
transfer resistances) and electroanalytical properties (better accumulation of Pb?* ions and
consequently a better detection limit in aqueous solution) of talc, when the latter is used to
prepare composites. Since these compounds do not solve the problem of hydrophobicity
of talc and consequently difficulty to disperse it in water, while the synthesized amino-
functionalized talc can be dispersed in aqueous solution and be stable on the glassy carbon
electrode, we undertook to study its electrochemical and electroanalytical properties by
comparing it to bare GCE.

3.2. Electrochemical Characterization of Modified GCE by Cyclic Voltammetry

The electrochemical characterization of the sensor consisting of the GCE modified
with TalcNH; clay (TaleNH; /GCE) was first performed in solution with neutral pH us-
ing cyclic voltammetry (CV). Negatively charged ([Fe(CN)g]*>~) and positively charged
([Ru(NH3)6]3*) redox probes were probes were used to verify and confirm the ion exchange
properties of TalcNH,. The analysis of [Fe(CN)g]*~ was carried out within a potential win-
dow ranging from —0.15 V to 0.7 V in 0.1 M KCl and the results are depicted on Figure 6a.
As can be seen, the CV peak current of the first scan on TalctNH,/GCE (Ipa = 4.91 pA
and Ipc = 5.15 pA) is lower compared to that observed on bare GCE (Ipa = 8.07 pA and
Ipc =8.93 pA). This is due to a gradual increase of ions on the electrode surface through
the binding sites or pores of the electrode material. Not all [Fe(CN)g]®~ ion binding sites
on the electrode surface have the same accessibility. An increase in CV peak currents
is then observed up to the 20th scan (Ipa = 24.5 uA and Ipc = 23.5 nA). The high peak
currents (anodic and cathodic) and a strong accumulation up to the 20th scan could be due
to the electrostatic attraction between the negatively charged redox system [Fe(CN)]>~
and the positively charged amino (-NH3") groups present on the organosilane fragments
used in the synthesis process. Several recently published works have highlighted the
good affinity that protonated amine functions have in an acid medium to interact (through
electrostatic interactions) with either negatively charged molecules or those having free
pairs of electrons capable of reacting with other species in solution [64—66].
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Figure 6. Multisweep cyclic voltammograms recorded in 0.1 M KCl containing (a) 1 mM [Fe(CN)g]*~
and (b) 1 mM [Ru(NH3)6]3+ on TalcNH, /GCE. The red curve in (a,b) corresponds to the probe signal
recorded on the bare GCE, v =50 mV/s.

Similarly, the analysis of [Ru(NH3)s]** ions was carried out in the potential range
from —0.6 V to 0.2 V in 0.1 M KCl, and the results are presented on Figure 6b. The
comparison of the signals revealed that the oxidation and reduction peaks are more intense
on the bare GCE (Ipa 5.490 pA, Ipc 6.187 pA) compared to TaleNH, /GCE (Ipa 2.110 pA, Ipc
2.164 pA). The lower peak current and non-accumulation obtained on TalcNH; / GCE could
be explained by the fact that the synthesised and protonated TalcNHj film in solution acted
as an electrostatic barrier, preventing the absorption of the cationic species [Ru(NHz)g]3*.
These electrochemical results support the results obtained during the physico-chemical
characterisations which confirmed the effectiveness of the synthesis of a talc-like material
and the incorporation of APTES into the structure of the synthesised product.

3.3. Determination of Electroactive Surface Area

The electrochemically active surface areas of bare GCE and TalcNH,/GCE were
estimated, using the [Fe(CN)s]>~/4~ redox system and applying the Randles-Sevcik for a
reversible Equation (1):

I, = (269 x 10°)An®/2D'/2CV1/2 (1)

where I}, is the peak current, A the electrode electroactive area (cm?2), n the number of elec-
trons transferred, D the diffusion coefficient of [Fe(CN)s]*~ in a 0.1 M KCl solution, C the
concentration of [Fe(CN)¢]>~ (mol-em~3) and v the potential scan rate (V-s~h [67]. Cyclic
voltammetry experiments at different scan rates, as shown on Figures 7 and 8 were per-
formed, and the obtained slopes of the Ip (peak current) vs. vi/2 plots for the [Fe(CN)s]?~
oxidation process were 4.29 x 1075 A-v~1/2.51/2 for the GCE and 5.59 x 107> A.v~1/2.1/2
for the TalcNH, /GCE. From the D value for [Fe(CN)g]>~ equal to 7.6 x 107% em?-s71 [68],
the corresponding electroactive areas were (0.058 = 0.001) and (0.075 £ 0.002) cm? for the
GCE and TalcNHj; /GCE, respectively. From these results, we can conclude that the electro-
chemical response of the [Fe(CN)s]3~ probe is affected by modification on the GCE, with
the TalcNH; material allowed an increase in the electroactive area by 1.3 fold compared to
the GCE.
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Figure 7. (a) Cyclic voltammograms at various scan rates (10 to 100 mV-s~1) recorded in 0.1 M KCl
containing 1 mM [Fe(CN)¢]3~ on bare GCE, and (b) linear plot of Ip (peak current) vs. vl/2,
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Figure 8. (a) Cyclic voltammograms at various scan rates (10 to 100 mV-s 1) recorded in 0.1 M KC1
containing 1 mM [Fe(CN)]>~ on TaleNH, /GCE, and (b) linear plot of Ip (peak current) vs. v1/2,

3.4. Impedance Characterization

Using electrochemical impedance spectroscopy (EIS), it is possible to elucidate the
heterogeneous electron transfer properties at the electrode-solution interface. The EIS
curves display semi-circular and linear areas corresponding respectively to a process
limited by electron transfer and diffusion. The diameter of semicircle is equal to the charge
transfer resistance (R) [69]. Figure 9 shows the Nyquist plots recorded at bare GCE and
TalcNH, /GCE in 0.1 M KCl containing 1 mM [Fe(CN)s]?~/4~. On the bare GCE, the value
of Ret was 2725.7 () (Figure 9a). On TalcNH;/GCE, the value of Rct was decreased to
186.8 Q) (Figure 9b), which was much smaller than that of TaleNH, /GCE, indicating higher
electron transfer for the TalcNH,-modified electrode. It was due to the presence of high
conductive amino-synthetic material on GCE. As known, higher electron transfer and
charge carrier density will increase the sensitivity of the target sensor. All these results
indicated that Pb?* ions can be successfully reduced on the surface of TalecNH; /GCE. The
higher electrocatalytic behavior of the TalcNH, /GCE was confirmed by its lower charge
transfer resistance. The EIS was also used to calculate the standard heterogeneous rate
constant for the two electrodes in accordance with Equation (2) [50]:

RT

o __
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where k° is the standard heterogeneous electron transfer rate constant (cm-s~1), R the uni-
versal gas constant (8.314 J-K~1-mol™1), T the thermodynamic temperature (298.15 K), F the
Faraday constant (96485 C-mol 1), Rt the electron transfer resistance (Q), A the electrode
surface area (cm?) and C the concentration of the [Fe(CN)g]>~/4~ solution (10~¢ mol-cm—3).
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Figure 9. Electrochemical impedance spectroscopy (EIS) of bare GCE (a) and TaleNH, /GCE (b) in
0.1 M KClI containing 1 mM K3Fe(CN)g /K4Fe(CN)g. Frequency range: 0.01 Hz-10 kHz.

The k° values were obtained for the bare GCE (0.0017 4 0.0003 cm-s~!) and TalcNH, /
GCE (0.019 = 0.001 cm-s~1). The k° values give information on the kinetic ease of a reaction
process. A system with a low k° value will reach equilibrium faster than a system with a
high k° value. The k° value is greater on TalcNH, /GCE than on GCE, indicating a faster
electron transfer on this electrode, a property that is very beneficial in electrochemistry
both in terms of energy savings and analysis time.

3.5. Electrochemical Behavior of Pb2* lons at TaleNH,/GCE

After the characterization of the TalcNH; and the TalcNH;/GCE, the ability of the
modified electrode to detect Pb?* ions was investigated and preliminary experiments were
carried out. The comparison between the anodic stripping differential pulse voltammetry
responses on a bare GCE (curve a) and TaleNH, /GCE (curve b) is shown on Figure 10. It
indicated that the sensitivity was higher on the TalcNH, /GCE.
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Figure 10. Anodic stripping differential pulse voltammetry (ASDPV) curves obtained on (a) GCE,
and (b) TaleNH, /GCE of 5 uM Pb?* in 0.1 M HCl after 30 s electrolysis at —0.8 V. Accumulation time:
1 min.
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The results demonstrated that the peak height of Pb?* ions on TaleNH, /GCE was
about 3 times more important than that obtained on bare GCE. This shows the better affinity
between Pb?* ions and TalcNH, synthesized clay which can be explained by the presence
of amino functional groups -NH, on its surface and in its structure that can easily chelate
Pb?* ions.

3.6. Optimization of the Experimental Conditions for the Detection of Lead Ions atTalcNH,/GCE

To achieve a best detection of Pb%* ions with the TaleNH, modified GCE, parameters
such as pH of the accumulation medium, the concentration of the detection medium, the
deposition potential and the deposition time were optimised.

The pH of the accumulation or detection medium can influence the electrochemical
response of the modified electrodes with respect to the detection of heavy metal ions [70].
The ionization of functional groups on the TalcNH, clay surface depends on the pH of the
solution. At pH < pKa (the pKa of amines being around 9-10), most of these functional
groups are mainly in ionized form (protonated amine) and can exchange H" with metal
ions in solution. The effect of the pH of the accumulation medium (from 1 to 9) on the peak
current was studied in the range of 1.0 to 9.0, in order to find the right pH value to define
the optimal values of detection of lead ions. The results were shown in Figure 11a.
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Figure 11. Influence of pH of the accumulation medium (a), the concentration of the stripping
solution (b), the deposition time (c) and the deposition potential (d), on the stripping current response
of TaleNH, / GCE (accumulation time of 1 min in 5 uM Pb?*). The experiments were conducted in
triplicate.

The results (Figure 11a) showed the current peaks are low for pH values up 5.0 due
to its mainly protonated state (protonated amine groups) of TalcNH, material that can
prevent the fixation of lead ions (predominant in accumulation medium) on its surface via
electrostatic repulsions forces. The absorption of H* (H" coming from hydrochloric acid
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(HCI) used) hinders the adsorption of Pb%*, as it is a stronger acid than Pb%*. However,
the peak currents increase when the pH increase from 1.0 to 7.0, and further decrease
up to a pH value of 9.0. Yet, in the pH range 3.0-7.0, polymeric hydroxocomplexes
of lead, mainly Pb(OH)™ and Pb(OH), predominate due to hydrolysis reactions [71],
which inhibit the accumulation of lead ions [72]. The pH value 7 was chosen as optimal
value for further studies. The pH range from 6.0 to 7.0 corresponds approximately to the
beginning of the formation of the first lead monohydroxide complex Pb(OH)* and to a
low concentration of H* in solution. Pb(OH)* can therefore be easily absorbed by TaleNH,
when the concentration of H* becomes much lower.

The concentration of detection medium (H3O%, C17) was studied from 0.01 M to 1 M
on TaleNH, /GCE and the results were presented in Figure 11b. As shown, the electrode
response was less between 0.01 M and 0.1 M due to the smaller amount of H* ions in the
solution capable of weakening the complexes formed during the accumulation stage. After
0.1 M, the electrode response increased significantly and was more quantitative at 1 M. This
may be due to the increase of H* ions in solution. A concentration of 1 M of HCl was selected
as the stripping medium for further studies. The deposition time was studied in the range of
0 to 45 s. The results in Figure 11c showed that the stripping current intensities of Pb?* ions
increased up to 30 s and almost reached the maximum at 30 s. Regarding sensitivity and
measurement time in practice, 30 s was retained as the optimal deposition time for further
investigations. To obtain the best sensitivity for TalcNH; /GCE, the deposition potential
was studied from —0.4 to —1.1 V. The results presented in Figure 11d showed higher peak
currents between —1.1 V and —0.9 V. The electrode response significantly decreased when
the deposition potential shifted from —0.9 V to —0.4 V, due to lower amount of energy
required to reduce Pb%* ions. In the following study, —0.9 V was used as the optimal
deposition potential.

3.7. Detection Limit, Interference Study and Analytical Application of the Developed Sensor

Under the optimal conditions, Figure 12a showed that the anodic stripping peak
currents of Pb2* increased with concentration in the range of 0.8 uM to 2.5 uM (curve 1
to curve 6). The calibration curve (insert of Figure 12a) was linear over the studied con-
centration range, with the equation Ip(A) = 3.6[PbZ*](M) + (2.66 x 107°) (R? = 0.997). The
detection limit (Dy ) and quantitation limit (Qr) were calculated from Dy, =3 S, /m [73,74],
and Q. = 10 S, /m, where S}, is the standard deviation of the blank and m is the slope of
the calibration curve. Dy and Q;, were estimated to be 7.45 x 10~8 M and 24.84 x 108 M,
respectively, and the sensitivity of the method of 3.6 pA.uM~! was obtained. The perfor-
mances of the sensor developed were compared with some other electrochemical sensors
of Pb%* ions (Table 2). Prior to the application of TalcNH,/GCE as a sensing device, the
reproducibility of the electrode was checked by performing five successive measurements
of 5 uM Pb2* on different electrodes (GCE surface was renewed between successive runs).
A relative standard deviation of 5.65% was obtained, showing the stability, repeatability
and reproducibility of TaleNH, /GCE (Figure 12b).

Figure 13 shows the DPASV responses toward 5 uM Pb?* in the presence of 5 uM Cu?,
Cd?*, Zn?* and Hg?* under optimal experimental conditions. It was observed that the
presence of Cd?* and Zn?* does not significantly influence the signal of Pb?* ions. However,
a decrease in the peak current of Pb>* ions was observed upon addition of Cu?*, due to
its high affinity for protonated amine groups on the synthesized TalcHN,. A significant
increase in peak current was observed when Hg?* were added, due to code position of
Hg(0) during the detection step. It was found that some other ions, Na*, K*, C1~, S0,2~
and NO3~, which were not listed in Figure 13, did not interfere with the signal of Pb?+.

The applicability of TaleNH, /GCE as a sensing device was evaluated for the detection
of traces of lead in tap water sample. Tap water was used to prepare accumulation medium
at a final Pb?* concentration of 5 uM. After analysis under optimal conditions, a recovery
amount of 95.65% of added Pb?* ions was obtained. A high recovery obtained indicated
that the TaleNH, /GCE can be successfully applied to analyse water polluted by lead ions.
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Figure 12. (a) Differential pulse anodic stripping voltammetry (DPASV) response of the
TalcNH, /GCE at different concentrations of Pb?* ions under optimal conditions (insert corresponding
to calibration curve). The experiments were conducted in triplicate. (b) Series of 5 DPASV response
of 5 uM Pb?*, recorded in 0.1 M HCl after 1 min accumulation in pH 6 aqueous solution.

Table 2. Comparison of the performance of some Pb?* ion sensors.

Electrode Dp (uM) Linear Range (uM) Reference
Cay(PO4)6(OH), modified CPE * 0.0768 0.002-0.24 [75]
Nanosized HA nafion modified GCE 0.001 0.005-0.8 [76]
GCE covered by engineered MWCNT ** 0.0188 0.4-80 [77]
GCE covered by zinc oxide nanofibers
functionalized by L-cysteine 0.0012 0.03-0.42 78l
CPE modified with magnetic eggshell
nanocomposite and MWCNT 0452 1:5-600 7l
TalcNH, /GCE 0.0745 0.8-2.5 This work

* CPE: Carbon paste electrode, ** MWCNT: Multi-walled carbon nanotubes.
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Figure 13. Interference studies of TaleNH,/GCE at 5 uM Pb?* ions in the presence of 5 pM Cu?*,
Cd?*, Zn** and Hg?* ions under optimal experimental conditions. Experiments were performed
in triplicate.
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4. Conclusions

Overall, this study has shown that it is possible to use a synthetic talc-type clay,
easily functionalized with amine chelating groups as electrode material to improve the
sensitivity and selectivity of the resulting modified electrodes. Indeed, a synthetic talc-like
magnesium phyllosilicate amino-functionalized was obtained from the sol-gel process.
Infrared spectroscopy, X-ray diffraction, CHN elemental analysis, SEM, BET method and
UV-Vis diffuse reflectance spectroscopy study results confirmed the synthesis process.
We have demonstrated that a TalcNH,/GCE can be used for the analysis of Pb?* ions
by stripping voltammetry. The ability of the TalcNH, to complex Pb?* ions onto the
electrode was precise and accurate. After optimization of the factors affecting the pre-
concentration and stripping steps, a detection limit of 7.45 x 10~8 M was obtained. The
amino-functionalized talc/glassy carbon electrode prepared in this study was applied in
the determination of Pb?* ions in tap water with good results. This study demonstrates the
potential of TalcNH, synthetic material, a hydrophilic talc-like magnesium phyllosilicate
amino-functionalized to serve as electrode material for the preparation of sensing devices
dedicated to the detection of heavy metals.
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Abstract: Nonenzymatic electrochemical detection of glucose is popular because of its low price, sim-
ple operation, high sensitivity, and good reproducibility. Co-Cu MOFs precursors were synthesized
via the solvothermal way at first, and a series of porous spindle-like Cu-Co sulfide microparticles were
obtained by secondary solvothermal sulfurization, which maintained the morphology of the MOFs
precursors. Electrochemical studies exhibit that the as-synthesized Cu-Co sulfides own excellent
nonenzymatic glucose detection performances. Compared with CuS, Co (II) ion-doped CuS can
improve the conductivity and electrocatalytic activity of the materials. At a potential of 0.55 V, the
as-prepared Co-CuS-2 modified electrode exhibits distinguished performance for glucose detection
with wide linear ranges of 0.001-3.66 mM and high sensitivity of 1475.97 uA-mM~!.cm~2, which was
much higher than that of CuS- and Co-CuS-1-modified electrodes. The constructed sulfide sensors
derived from MOF precursors exhibit a low detection limit and excellent anti-interference ability for
glucose detection.

Keywords: copper cobalt sulfide; porous structures; nonenzymatic glucose sensing; electrocatalysts

1. Introduction

Currently, diabetes as a common chronic disease is already a serious threat to hu-
man health. Therefore, developing a simple and sensitive detection method for glucose
is important for clinical diagnosis and diabetes management [1,2]. Compared with col-
orimetry, spectroscopy, and fluorescence analytical methods, nonenzymatic electrochemical
glucose detection has received widespread attention due to its low cost, simple operation,
and high sensitivity [3-5]. In recent years, transition-metal oxides (TMOs) and transition-
metal sulfides (TMSs) have been exploited as advanced electrocatalysts to construct high
performance electrochemical sensors [6-19].

Recently, among the transition-metal based electrodes materials, copper-based oxides
and sulfides with various morphologies and structures have been used as electrode materi-
als for nonenzymatic electrochemical glucose detection. For instance, Cu/Cu,O hollow
microspheres were prepared by solvothermal conditions and exhibited a high catalytic
activity for glucose oxidation [20]. The glucose electrochemical sensor constructed by CuO
nanorod dispersed hollow carbon fibers (CuO NR @ PCFs) [21] showed a wide linear range
(0.005-0.8 mM, 0.8-8.5 mM) and a low detection limit (0.1 uM). The reported flower-like
CuCo,04/C microspheres [22] -constructed sensor exhibited a wide linear range and low
detection limit. The CuxCo3z.O4 nano-needle framework thin-film electrode reported by
Xu [23] exhibited an ultrahigh sensitivity of 13,291.7 uA- mM~!-cm~2 for glucose detection.
CuS nanotubes were prepared in an O/W microemulsion system at low temperature [24],
and the glucose concentration could be detected by the CuS nanotube sensor with high
sensitivity (7.842 pA-pM~1). Karikalan et al. synthesized S-rGO/CuS nanocomposites
to construct an electrochemical glucose sensor, and the linear concentration range of the
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constructed sensor was 0.0001-3.88 mM and 3.88-20.17 mM, respectively, and the detec-
tion limit of 32 nM was quite low [25]. Xu et al. demonstrated the synthesis of CuCo,5,
nanosheets on flexible carbon fiber textiles (CFT) by a hydrothermal method [26]. The
sensor constructed of CuCo,Ss nanosheets had a high sensitivity of 3852.7 pA-mM1.cm—2
and a linear range up to 3.67 mM. Compared with related transition metal oxides, copper
cobalt sulfides are more suitable as electrode materials for nonenzymatic glucose sensors
due to the improved electrical conductivity [26].

In recent years, metal—organic frameworks (MOFs) have served as self-sacrificial
precursors for preparation of porous micro-/nanostructured transition metal oxides and
sulfides [27-30]. The MOF-derived TMOs and TMSs usually exhibit porous structures
and high surface areas with enhanced electrocatalytic and electrochemical energy storage
performances [31-35]. In this work, the shuttle-like copper cobalt sulfide structures were
synthesized via MOF sacrificial templates. The electrochemical properties of copper cobalt
sulfide -constructed electrodes were studied by cyclic voltammetry and the amperometric
method. At a potential of 0.55 V, the linear range of Co-CuS-2 modified electrode was
0.001-3.66 mM with a detection limit of 0.1 uM, and the sensitivity of the electrode was
1475.97 uA-mM~-cm~2. The results indicate that the sensor owns good electrochemical
sensing performance for glucose and has a potential application in glucose detection.

2. Experimental Section
2.1. Chemicals

Polyvinylpyrrolidone (PVP) and 2,5-dihydroxyterephthalic acid (Hsdobdc) were pur-
chased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China); Cu(NO3),-4H,O,
Co(NO3),-6H,0, glucose (Glu), ascorbic acid (AA), and NaOH were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China); Thioacetamide (TAA), uric acid
(UA), dopamine (DA), sodium chloride (NaCl), glutathione (GSH), and sucrose (Suc) were
purchased from Aladdin Industrial Corporation (Shanghai, China); Ethylene glycol, ethanol,
and N,N-dimethylformamide (DMF) were purchased from Tianjin Fuyu Fine Chemical Co.,
Ltd. (Tianjin, China). All chemicals and solvents were used without further purification.

2.2. Preparation of Spindle-like Cu-Co Sulfide Microparticles

The solvent system of Cu-Co MOF precursors synthesis is similar to that of our previ-
ously reported paper [36]. For the preparation of Co-Cu MOF precursors, Cu(NO3),-4H,O,
Co(NO3),-6H,0, 2,5-dihydroxyterephthalic acid (Hydobdc), and polyvinylpyrrolidone
(PVP) were added in DMF/ethanol/water mixed solvent according to the molar ratio
of Co/Cu of 8:2, 7:3 and 0:1, the mixture was heated at 100 °C for 12 h, and then MOF
precursors were isolated and washed twice with DMF and water. Cu-Co sulfides were
synthesized via an effective sulfurization treatment of MOF precursors with thioacetamide
(TAA), the samples with Co/Cu ratio from high to low denoted as Co-CuS-1 and Co-CuS-2,
respectively. The MOF precursors were redispersed into 3 mL of ethylene glycol. Then,
0.0043 g of TAA was added and fully stirred, the mixture was transferred into a 25 mL
stainless-steel Teflon-lined autoclave and reacted at 110 °C for 12 h, and the black powder
was obtained and washed three times with ethanol and water.

2.3. Materials Characterization

Powder X-ray diffraction (PXRD) analyses of the as-prepared samples were conducted
on a PANalytical X'Pert PRO MPD system with Cug, radiation (A = 1.5418 A) and operated
at 40 kV and 40 mA. The morphologies and compositions were analyzed by scanning
electron microscopy (SEM) with energy dispersive spectroscopy (EDS) on a Hitachi SU-8010
instrument and X-ray photo-electron spectroscopy (XPS) using Thermo-Scientific system.
The specific surface areas of the samples were acquired by N, adsorption/desorption
isotherms measured on a Gemini VII 2390 analyzer at 77 K.

24



Nanomaterials 2022, 12, 1394

2.4. Electrode Preparation and Measurement

All electrochemical tests were conducted on a CHI660E electrochemical workstation
with a typical three-electrode system. First, 2 mg Co-Cu sulfides was dispersed in 1.0 mL
distilled H,O via ultrasound 30 min. A glassy carbon electrode (GCE) with diameter 3 mm
was polished with alumina slurries and washed with ultrapure H,O. Afterward, 5 puL of
the suspension was covered onto the GCE surface to obtain Co-CuS/GCE. The modified
electrode was used as the working electrode, Ag/AgCl was used as the reference electrode,
and Pt wire was used as the counter electrode.

3. Results and Discussion

The morphologies of Co-Cu MOF precursors were analyzed by scanning electron
microscopy (SEM) technique and are shown in Figure 1, which exhibited a spindle-like
structure with a well-distributed and smooth surface. Figure 2 shows the SEM images
of derived samples of CuS (Figure 2a,b), Co-CuS-1 (Figure 2d) and Co-CuS-2 (Figure 2e).
After effective sulfurization treatment of MOF precursors with TAA, the derived products
can largely retain the morphology of MOF precursors; however, the surface of all samples
seems rough and porous. According to the EDS mapping images of a single shuttle-like
CusS particle (Figure 2c), the Cu and S elements are evenly distributed. Figures S1 and 2f
show the EDS mapping images of Co-CuS-1 and Co-CuS-2, respectively. It can be seen
from the images that there is a distribution of Co, Cu and S elements, which indicates that
Co element is doped into CuS microparticles. The phase of as-synthesized sulfides was
checked by the XRD patterns and are exhibited in Figure 3a; all the positions of the peaks
are consistent with the standard card number JCPDS No.065-3588 of the hexagonal phase
CuS, and no other impurity peaks appear in the patterns. It can be deduced that partial-
doped cobalt ions into CuS do not change its crystal structure. Figure 3b shows the Nj
adsorption isotherm of the Co-CuS-2 sample and the corresponding pore size distribution.
Co-CuS-2 is the type IV adsorption isotherm, which belongs to the typical mesoporous
structure. The specific surface area calculated by the BET method is 16.3 m? g1, and the
average pore size is 31.72 nm. The element content of the Co-CuS-1 and Co-CuS-2 samples
were further characterized by EDS, which indicated that the Co/Cu ratios are close to the
stoichiometric ratio of raw materials (Figure 4a). XPS technique was further used to analyze
the surface valance state of Co and Cu in the corresponding sulfide. Figure S2 provides the
XPS survey spectra of the as-synthesized samples. The high revolution spectra are shown
in Figure 4b—d. The high revolution spectra of Cu in the three samples are similar, the
binding energy of the two peaks located at 931.4 and 951.3 eV was attributed to Cu 2ps/»
and Cu 2pj /,, respectively [25]. The fitted peaks of 931.4 and 951.2 eV indicate the existence
of Cu*, and the peaks at 932.4 and 953.1 eV correspond to Cu?*. The high resolution Co
2p spectra in Co-CuS-1 are fitted with two doublet peaks centered at 780.5 and 796.4 eV,
which correspond to Co®*. The peaks at 781.9 and 797.5 eV correspond to Co?*. Figure 4d
shows the S 2p spectra, with the peaks centered at 161.2 and 162.4 eV for S 2p3,, and S
2p1 /2, respectively. For Co-CuS-2, the peak of 163.6 eV increased dramatically, which can
be ascribed to a Metal-S bond at a low coordination environment and contributed to an
increase in the intrinsic conductivity [37,38].
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Figure 2. SEM images of copper cobalt sulfides (a,b) CuS, (d) Co-CuS-1, (e) Co-CuS-2, and the EDX
mapping element distribution of (c¢) CuS, (f) Co-CuS-2.
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Figure 3. (a) XRD patterns of the samples with different proportions; (b) N, adsorption isotherm and
pore distribution of Co-CuS-2.
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Figure 4. (a) EDS of CuS-1 and Co-CuS-2 samples. High resolution XPS spectra of Cu (b), Co (c), and
S (d) for CuS, Co-CuS-1, and Co-CuS-2 samples.

Figure 5a shows the CV curves of the bare electrode and copper cobalt sulfide-modified
electrodes in the 0.1 M NaOH electrolyte containing 1 mM Glu. As shown in Figure 5a, the
bare electrode has almost no response, CuS- and Co-CuS-1-modified electrodes have weak
redox peaks, and the Co-CuS-2-modified electrode has a pair of obvious redox peaks at
0.45/0.60 V (vs. Ag/AgCl), indicating that the Co-CuS-2 sample exhibits the best response
to glucose. As shown in Figure 5b—d, the CV curves of CuS, Co-CuS-1, and Co-CuS-2 at
different glucose concentrations further show that the redox peaks of the Co-CuS-2 electrode
is the strongest, indicating that this material has the best electrocatalytic performance for
glucose among the three samples. The possible oxidation mechanism of glucose may be
described in the following three steps [22,23,26]:

CuCo-S+OH™ + H,O — CuSOH + CoSOH + e~ 1)
CoSOH + OH™ — CoSO + HyO + e~ ()
CuOSH + CoSO + glucose — CuS + CoSOH + glucolactone 3)

CuSOH and CoSO intermediator might be formed through electrooxidation at alkaline
conditions. The formed CuSOH and CoSO adsorbed glucose molecules and subsequently
oxidated to gluconolactone in an alkaline medium.
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Figure 5. (a) CV curves of CuS, Co-CuS-1, Co-CuS-2 and bare electrode in 0.1 M NaOH electrolyte
containing 1 mM Glu (20 mV-s~1). CV curves in NaOH solution with different glucose concentration:

(b) CuS, (c) Co-CuS-1, and (d) Co-CuS-2 (100 mV-s~1).

In order to further acquire the kinetic information of glucose electrocatalytic ox-
idation of the CuS, Co-CuS-1, and Co-CuS-2 electrodes, the CV curves of three sam-
ples at scan rates varying from 20 to 180 mV-s~! were studied. Figure 6a,c,e shows
the CV curves of CuS, Co-CuS-1, and Co-CuS-2 in 0.1 M NaOH solution containing
1 mM glucose at different scan rates. The peak current of the three samples increases
steadily with the increase in scan rate. As seen in Figure 6b,d, the peak current (an-
odic and cathodic) of the CuS and Co-CuS-1 electrodes increases linearly with the scan
rate, and the fitted linear equations are I, = 0.6260 + 31.172, I, = —0.489v + 12.852, and
Ipa = 0.6340 + 28.708, I, = —0.717v + 17.782 respectively, indicating that CuS and Co-CuS-1
electrodes are adsorption-controlled processes for oxidation glucose. Figure 6f shows that
both the anodic and cathodic peak current has a linear relationship with the square root of
the scan rate, indicating that Co-CuS-2 is a diffusion-controlled process. The fitted linear
equations are I, = 21.1760'/2 + 47.474, I, = —15.7160'/2 + 8.971, respectively, and this
may be attributed to the large surface area and good conductivity; thus, it is conducive to
glucose detection.
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Figure 6. CV curves at different scan rates (20-180 mV s~ 1) in a 1 mM glucose solution (a) CuS,

(c) Co-CuS-1, (e) Co-CuS-2, and the corresponding linear calibration curves, (b) CuS, (d) Co-CuS-1,
(f) Co-CuS-2, respectively.

In order to systematically study the effect of working potential on the electrocat-
alytic oxidation of glucose for CuS-, Co-CuS-1-, and Co-CuS-2-modified electrodes, the
current—time (I-t) curves at different potentials were measured. Figure 7a shows the
current response (0.1 M NaOH) of the CuS electrode via a continuously increasing glucose
concentration at 0.5, 0.55 and 0.6 V. The CuS electrode exhibits the highest amperometric re-
sponse at 0.6 V. The corresponding calibration curve at 0.6 V is also shown in Figure 7b. The
linear range of the CusS electrode is 0.002-2.16 mM, the sensitivity is 905.42 yA-mM~!.cm~2,
and the limit of detection (LOD) of 0.9 uM is calculated based on 30/s, where ¢ is the
standard deviation of the blank, and s is the slope of the calibration curve [12,39].
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Figure 7. (a) Current—time curves of the CuS electrode with the continuous addition of glucose
solution at 0.5, 0.55 and 0.6 V (0.1 M NaOH), respectively. (b) The calibration curves fitted from the
current responses at 0.6 V.

Figure 8a,b shows the I-t curves of Co-CuS-1 and Co-CuS-2 at different potentials,
which shows the best glucose electrocatalytic performance at a potential of 0.55 V after Co
doping. Thus, the electrocatalytic properties of CuS, Co-CuS-1 and Co-CuS-2 at 0.55 V were
compared and are shown in Figure 8c. It can be seen from the image that the amperometric
response of Co-CuS-2 is the highest. Figure 8d shows the calibration curve of CuS at
0.55V; the linear range is 0.002-2.66 mM, the sensitivity is 686.13 pA-mM~1.ecm~2, and the
detection limit is 0.4 uM (30/s). Figure 8e shows the calibration curve of Co-CuS-1; the
linear range is 0.001-3.16 mM, the sensitivity increases to 1206.75 pA-mM~!.cm~2, and
the detection limit decreases to 0.3 uM (30/s). Figure 8f shows the calibration curve of
Co-CuS-2 at 0.55 V; the linear range extends from 0.001 mM to 3.66 mM, the sensitivity
is 1475.97 uA-mM~1.cm™2, and the detection limit is 0.1 uM (30/s). Table 1 shows the
details. As compared, at a potential of 0.55 V, Co-CuS-2 has the widest linear range, the
highest sensitivity and lowest LOD among the three electrodes. The sensitivity of the Co-
CuS-2 sensor is higher than that of the Cu/Cu,0O hollow microspheres [20], CuCo,04/C
microspheres [22], hierarchical CozOy film [39], CuO4-CoOx/graphene [40], Octahedral
Cu,0 [41], and CuO microspheres [42]; however, it is lower than that of the CuCo,S,
nanosheets [26] and NiCo,O4 hollow nanorods [43]. The comprehensive performance of
Co-CuS-2/GCE is equivalent to or better than that of previously reported electrochemical
glucose sensors (Table 2).

Table 1. Electrochemical sensing properties of Cu-Co sulfides with different doping ratios.

Electrode Material Pot(evn)tial Lini:rrll\l}[;mge Detec(t;(;\;ll)Limit N ::ls\;lti‘ln?;n .
Cus 0.55 0.002-2.66 0.4 686.13
0.60 0.002-2.16 09 905.42
Co-CuS-1 0.55 0.001-3.16 0.3 1206.75
Co-CuS-2 0.55 0.001-3.66 0.1 1475.97

Table 2. Comparison of the Co-CuS-2 electrode with some reported sensors for glucose detection.

. Potential Linear Range Detection Limit Sensitivity
Electrode Material W) (mM) (uM) (LA-mM - 1-cm2) Ref.
Co-CuS-2 0.55 0.001-3.66 0.1 1475.97 This work
Cu/Cuy0 hollow microspheres 0.45 0.22-10.89 0.05 33.63 pA-mM ! 20
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Table 2. Cont.

. Potential Linear Range Detection Limit Sensitivity
Electrode Material W) (mM) (uM) (LA-mM1-cm~2) Ref.
CuO NR @ PCFs 0.60 0.005-0.8 0.1 608 21
0.8-8.5
CuCoy0,,C 0.60 0.005-8 15 707.71 2
microspheres
CuS nanotube 0.20 0.05-5 - 7.842 uA-mM~! 24
CuCo,S,/carbon fiber textile 0.35 up to 3.67 1.01 3852.7 26
Co304 porous film 0.6 up to 3.0 1 366.03 39
CuOyx-CoOy/ 0.50
graphene (vs. SCE) 0.005-0.57 0.5 507 40
Octahedral Cu,O 0.60 0.3-4.1 128 241 41
. 0.45
CuO microspheres (vs. SCE) 0.001-4 0.5 349.6 42
NiCo0,04 hollow nanorods 0.60 0.0003-1 0.16 1685.1 43
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Figure 8. Current response of continuously increasing glucose concentration at 0.5, 0.55 and 0.60 V
(0.1 M NaOH): (a) Co-CuS-1, (b) Co-CuS-2, (c) current response of CuS, Co-CuS-1 and Co-CuS-2 at
0.55 V. The corresponding calibration curves at 0.55 V: (d) CuS, (e) Co-CuS-1, (f) Co-CuS-2.
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As shown in Figure 9a, all Nyquist diagrams contain the semicircular part at high
frequency and the oblique line at low frequency. The tilt line is related to the diffusion limit
step, and the R of the electrode surface can be equal to the radius of the semicircular part.
The radius of Co-CuS-2 is the smallest, indicating that the conductivity of Co-CuS-2 is the
largest, which is one of the reasons for its best electrocatalytic performance for glucose.
The repeatability of CuS, Co-CuS-1 and Co-CuS-2 electrodes were tested and are shown in
Figure 9b. The current response of adding 200 M Glu 13 times in 0.1 M NaOH solution at
a potential of 0.55 V shows that the current response of Co-CuS-2 is high, the step change
is almost unchanged, and the calculated RSD is 4.19%. In order to evaluate the selectivity
of the constructed electrodes to glucose detection, as shown in Figure 9c, three different
sulfide electrodes showed good anti-interference performance at a working potential of
0.55 V. The specific operation is to add 200 uM glucose (Glu), 20 uM ascorbic acid (AA),
uric acid (UA), dopamine (DA), sodium chloride (NaCl), glutathione (GSH), sucrose (Suc)
and 200 uM glucose (Glu) in 0.1 M NaOH supporting solution. It can be seen from the I-t
curves that the response current for glucose of the Co-CuS-2-modified electrode remains
unchanged after adding interfering substances, while the response current of interferents is
almost negligible, indicating that the electrode has good selectivity for glucose detection.
Figure 9d shows the stability of the as-synthesized sample-modified electrodes. After
adding 200 uM Glu solution, the current response lasts for 3500 s. The results show that
the retention rates of Co-CuS-2, Co-CuS-1 and CuS are 93%, 76% and 84%, respectively,
indicating that Co-CuS-2 has the best stability. Therefore, the Co-CuS-2-modified electrode
has good reproducibility, selectivity, and stability for the detection of glucose.
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Figure 9. (a) Impedance diagram of CuS, Co-CuS-1 and Co-CuS-2 samples, (b) reproducibility,
() anti-interference, and (d) stability.

4. Conclusions

Co/Cu MOFs precursors were synthesized by the one-step solvothermal method, and
a series of porous spindle-like Cu-Co sulfide microparticles were obtained by secondary
solvothermal sulfurization, which maintained the morphology of the MOFs precursors.
The porous structure of these materials was conducive to the diffusion of electrolytes
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and analytes. Compared with CuS, Co (II) ion doping can improve the conductivity and
electrocatalytic activity of the materials. At a potential of 0.55 V, the linear range of the
Co-CuS-2 electrode for glucose detection was 0.001-3.66 mM with an LOD of 0.1 uM, and
the sensitivity was 1475.97 pA-mM~!.cm~2, which was much better than that of the CuS
and Co-CuS-1 samples. This work provides an effective strategy for glucose detection
and opens up a new way to improve the electrochemical performance of non-enzyme
electrochemical sensors.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nan012091394 /51, Figure S1: EDX mapping images of Co-CuS-1
sample; Figure S2: XPS survey spectra of (a) CuS-1, (b) Co-CuS-1 and (c) Co-CuS-2 samples.
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Abstract: Covalent organic frameworks (COFs) are a new type of metal-free porous architecture with
a well-designed pore structure and high stability. Here an efficient electrochemical sensing platform
was demonstrated based on COFs TpPa-1 constructed by 1,3,5-triformylphloroglucinol (Tp) with p-
phenylenediamine (Pa-1), which possesses abundant nitrogen and oxo-functionalities. COFs TpPa-1
exhibited good water dispersibility and strong adsorption affinities for Pd?* and thus was used as
loading support to modify Pd**. The Pd?*-modified COFs TpPa-1 electrode (Pd>* /COFs) showed high
electrocatalytic activity for both hydrazine oxidation reaction and nitrophenol reduction reaction. In
addition, TpPa-1-derived nitrogen-doped carbon presented high activity for the electro-oxidation of
reduced glutathione (GSH), and sensitive electrochemical detection of GSH was achieved. The presented
COFs TpPa-1 can be utilized as a precursor as well as support for anchoring electro-active molecules and
nanoparticles, which will be useful for electrochemical sensing and electrocatalysis.

Keywords: covalent organic frameworks; electrochemical sensor; hydrazine; nitrophenol; nitrogen
doped carbon; reduced glutathione

1. Introduction

The synthesis and construction of efficient electrode materials to gain high sensitivity
and selectivity is crucial for electroanalysis. The successful development of nonenzymatic
electrochemical sensors depends critically on electrode materials with excellent electro-
catalytic properties because many analytes are electrochemically inactive when using
traditional electrodes. Up to now, different categories of materials, including noble metals,
metal oxides, and carbons (such as CNT and graphene), have been applied in electrochemi-
cal sensing [1]. Recently, porous materials have demonstrated advantages in constructing
electrochemical sensors due to their high specific surface areas and powerful adsorption
and loading capability [2].

Metal-organic frameworks (MOFs) and covalent organic frameworks (COFs), as two
emerging families of crystalline porous materials, have been explored in electroanalysis and
electrocatalysis [3,4]. Compared to conventional porous materials such as zeolites, porous
oxides, and carbons, MOFs and COFs show some intriguing features for electrochemi-
cal applications, including inter-connected porosity, tunable intra-framework chemical
functionality, and high surface area [5]. Wang et al. synthesized graphene aerogel (GA)
and metal-organic framework (MOF) composites via the in situ growth of the MOF UiO-
66-NH, crystal on the GA matrix. The interface showed high sensitivity and selectivity
for the electrochemical sensing of multiple heavy-metal ions. GA was employed as the
backbone for UiO-66-NH,, which also improved the electrical conductivity of the compos-
ites by accelerating the electron transfer in the matrix. UiO-66-NH, provided a binding
site for heavy-metal ions due to the interaction between hydrophilic species and metal
cations [6]. Xu et al. developed a facile furazolidone sensor based on COFs [7]. In this
work, 1,3,5-tris-(4-amino-phenyl) benzene (TAPB) and terephthaldicarboxaldehyde (TPA)
were used as monomers to synthesize the COF, which was then self-assembled on the
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surface of the NH,-CNTs via a simple and rapid one-pot strategy at room temperature.
The prepared COF@NH,-CNT composites exhibited a high surface area and excellent
conductivity, thus achieving high sensitive detection of furazolidone. However, most
MOFs are not chemically stable in water. If the MOF is unstable in the aqueous buffer used
for electroanalysis, the MOF coating modified on the electrode surface may suffer from
dissolving or converting into MOF-derived metal hydroxides or oxides [8]. Unlike MOFs,
COFs are regularly integrated into metal-free crystalline organic structures through strong
covalent bonds between the organic building blocks, leading to more robust frameworks
and relatively lower densities. Many COFs possess the sp? carbon networks with a high
degree of p-conjunction and thus lead to at least a modest electronic conductivity, which
facilitates the electron transfer rate. Furthermore, the presence of electronegative atoms
(N and O) and 7 bonds within COFs can allow more specific target analyte recognition
through the formation of hydrogen bonds or -7 bonds, thus improving the sensitivity and
selectivity of COF-based electrochemical sensors [7]. These unique characteristics of COFs
make them promising materials for electrochemical sensing.

COFs-derived porous carbons are also considered ideal platforms for electrochemical
sensing due to their high conductivity, porosity, chemical and thermal stability, high electro-
catalytic activity, and powerful supporting performances for anchoring molecules and nano-
materials. Most intrinsic electrocatalytic activities are contributed to the oxo-functionalities
and edge-plane-like sites (defects) present on the surface of carbon materials [9]. COFs are
often rich with nonmetal elements such as N, B, S, and P, which can induce heteroatom dop-
ing into derived carbons. Heteroatom doping forms charge delocalization and changes in
the electronic structure due to the difference in atomic size, bond length, and coordination
between the carbon atoms and dopants, leading to abundant defect sites [10]. N-doping
can increase the surface polarity and wettability of the electrodes and also improve the
electrocatalytic activity and adsorption [11,12]. Here COFs TpPa-1 constructed by 1,3,5-
triformylphloroglucinol (Tp) with p-phenylenediamine (Pa-1) possess abundant nitrogen
and oxo-functionalities, which was demonstrated for Pd%* immobilization and fabricating
nitrogen-doped porous carbon. The presented electrocatalysts showed high responses for
hydrazine oxidation, nitrophenol reduction, and glutathione (GSH) oxidation.

2. Experimental
2.1. Chemicals and Solutions

GSH, palladium chloride (PdCly), hydrazine (wt. 80%), graphite powder, liquid paraf-
fin, p-nitrophenol (PNP), and o-nitrophenol (ONP) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). COFs-TpPa-1 was purchased from Nanjing XFNano Materials Tech
Co., Ltd. (Nanjing, China) The pore size of COFs-TpPa-1 is in the range of 1.5-1.8 nm with
a BET specific surface area of ~1360 m?/g. All of the other chemicals were of analytical
reagent grade and used without further purification.

2.2. Apparatus

The morphologies were characterized by scanning electron microscopy (SEM) (Hitachi
SU8010, Tokyo, Japan) and transmission electron microscopy (TEM) (JEM-2100, JEOL,
Tokyo, Japan). The X-ray photoelectron spectroscopy (XPS) was recorded on a Thermo
ESCALAB 250 Xi spectrometer (Waltham, MA, USA) fitted with a monochromatic Al Kot
X-ray source. X-ray diffraction patterns were collected by a Bruker D8 (Billerica, MA,
USA) advance powder X-ray Cu Ka radiation diffractometer. All of the electrochemical
experiments were conducted on a CHI 750E electrochemical workstation with a conven-
tional three-electrode system consisting of a modified working electrode, platinum coil
auxiliary electrode, and Ag/AgCl (saturated KCl) reference electrode. Electrochemical
impedance spectra (EIS) were carried out in 0.1 M KCl containing 5.0 mM Fe (CN)¢3~ /4~
in the frequency range of 1 MHz to 0.1 Hz at 0.25 V.
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2.3. Electrode Preparation and Modification
2.3.1. Preparation of Pd?* /COFs/GCE

Prior to modification, the glassy carbon electrode (GCE) (3 mm diameter, 0.07 cm?)
was successively polished with 1, 0.3, and 0.05 pm alumina paste to a mirror finish and
then rinsed with deionized water followed by ultrasonic treatment in water and ethanol,
respectively. The COFs-modified GCE (COFs/GCE) was prepared by dropping 10.0 uL
COFs aqueous suspension (2.0 mg/mL) on a cleaned GCE and dried at room temperature.
In order to anchor Pd?*, the prepared COFs/GCE was dipped in 10 mM PdCl, solution
for 30 min, which was then washed with water and left to dry at room temperature
(Pd?* /COFs/GCE). Pd** /GCE was prepared by soaking the GCE in Pd?* solution by
electroless deposition. The electroactive surface areas of the different electrodes could be
calculated by the Randles-Sevcik equation using the CV responses of the corresponding
electrodes in 0.1 M KCI solution in the presence of 5.0 mM KzFe (CN)g at different scan
rates at 298 K (Figures S1-S3).

2.3.2. Preparation of PCs/CPE

The nitrogen-doped porous carbon materials (PCs) were prepared by calcination.
A number of COFs were calcined at 800 °C (heating rate of 10 °C min~!) for 80 min under
nitrogen flow in the tubular furnace, and black carbonized materials were obtained after
cooling to room temperature naturally. To prepare the PCs modified electrode, 3.0 mg PCs
were ultrasonically dispersed in 1.0 mL water for 1 h. The carbon paste electrode (CPE)
was prepared by thoroughly mixing 1 mg of the graphite powder and 300 uL of liquid
paraffin using an agate mortar and pestle for 40 min. Then, a suitable amount of the above
mixture was filled firmly into one glass tube. The electrical contact was made by inserting
a copper wire into the paste in the inner hole of the tube. Finally, 5.0 uL of 3.0 mg/mL
PC suspension was dropped onto the freshly prepared CPE surface and dried at room
temperature (PCs/CPE).

3. Results and Discussion
3.1. Electrochemical Sensing of Hydrazine

3.1.1. Characterization of Pd?*/COFs/GCE

The surface morphology and elemental composition of Pd?* /COFs/GCE were inves-
tigated by SEM and XPS. As shown in Figure 1, the SEM image of Pd** /COFs/GCE shows
the rough and inter-connected porous surface. The morphology is mainly composed of
complicated long strips, indicating that COFs were modified on the GCE surface. XPS was
also carried out to explore the surface composition and chemical states (Figure 2). The
characteristic peaks of C, N, O, and Pd elements are found in the XPS survey spectrum
(Figure S4). The O1s XPS spectrum exhibits four peaks centered at 530.79, 531.96, 533.18,
and 535.29 eV (Figure 2a), which can be attributed to C—OH, C=0, C-0O, or H-0O, and
chemisorbed oxygen in carboxylic groups or water (H-O-H), respectively [13]. The abun-
dant oxo functionalities present on COFs can improve their dispersion in water, which is
beneficial for the modification of COFs on the electrode surface. The N1s XPS spectra show
two characteristic peaks at 400.06 and 403.53 eV (Figure 2c), which are assigned to the C=N
and C-N groups, respectively [14]. Figure 2b displays the XPS Pd3d spectra of Pd?*/COFs,
including two peaks at 338.10 and 343.40 eV, corresponding to the peak of the low energy
band (Pd3d 3/2) and high energy band (Pd3d 5/2), respectively. The Pd>* species might be
attached to COFs via N coordination [15]. The results confirm the existence of Pd on the
composite surface, and the Pd?t is successfully loaded on the COFs. The XPS data showed
that the atomic amount of Pd is 0.16%. In order to investigate the stability of COFs, the XRD
patterns of COFs, Pd?* /COFs, and Pd%* /COFs soaked in 0.1 M NaOH were performed
(Figure 3). The characteristic peaks of these samples observed in XRD patterns were in
accord with the reported literature [15,16] and remained unchanged, indicating that Pd?*
modification and NaOH solution soaking did not change the crystalline structure. The
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results showed that COF-TpPa-1 possessed good chemical stability. It was also found that
COF-TpPa-1 was still stable even though soaked in 1.0 mol/L HNOj3, 6.0 mol/L NaOH,
and HCI for three days [16].

Figure 1. SEM image of Pd** /COFs/GCE.
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Figure 2. XPS (a) Ols, (b) Pd3d and (c) N1s spectra of Pd2+/COFs.

3.1.2. Electrochemical Oxidation of Hydrazine

Figure 4 shows the CVs of COFs/GCE, Pd%* /GCE, and Pd?*/COFs/GCE in 0.1 M
NaOH in the absence and presence of 5.0 mM hydrazine at a scan rate of 100 mV s~ 1.
At COFs/GCE, the hydrazine oxidation began at the potential of 0.25 V (Figure 4a) and
reached the oxidation peak at about 0.75 V. However, for Pd?* /GCE, two oxidation peaks
were observed at —0.25 and 0.75 V, respectively (Figure 4b). Pd?* was reduced to Pd
metal by electroless deposition when GCE was immersed in a Pd?* solution [17]. The
first oxidation wave was ascribed to the electrocatalytic activity of Pd, while the second
one originated from the bare GCE. Pd?*/COFs/GCE showed three oxidation peaks at
—0.50, —0.33, and 0 V (Figure 4c), and no oxidation peak was found at about 0.75 V. This
indicates that Pd2*/COFs/GCE demonstrated the lowest oxidation over-potential among
these modified electrodes, suggesting that the combination of Pd** and COFs formed new
catalytic sites and thus enhanced the oxidation of hydrazine. The different electrodes
were also investigated by EIS (Figure S5). The electron transfer rate of different electrodes
follows the order: Bare GCE > Pd?*/COFs/GCE > COFs/GCE. The higher charge transfer
resistance of COFs/GCE is attributed to the lower electrical conductivity.
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Figure 3. XRD patterns of COFs, Pd?* /COFs and Pd?* /COFs soaked in 0.1 M NaOH for 24 h.
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Figure 4. CVs of COFs/GCE (a), Pd%* /GCE (b), Pd%>* /COFs/GCE (c) in the absence (dotted line)
and presence (solid line) of 5 mM hydrazine at a scan rate of 100 mV s71, respectively. (Electrolyte:
0.1 M NaOH).

3.1.3. Analytical Performances for Hydrazine

Figure 5 shows the amperometric current-time response of Pd**/COFs/GCE to the
successive additions of hydrazine in 0.1 M NaOH. Upon each successive addition of
different concentrations of hydrazine, a stair-shaped slot was raised rapidly and then
reached a steady-state oxidation current within 2 s. The inset (a) of Figure 5 shows a
linear response over a concentration range from 0.5 M to 1.6 mM with a sensitivity of
10 A uM~! em =2 and a detection limit of 0.2 uM (S/N = 3). Table S1 summarizes the
sensing performances of hydrazine with Pd?* /COFs/GCE and other modified electrodes
presented in the literature. The results show that Pd>*/COFs/GCE demonstrated an
excellent analytical performance for hydrazine, owing to the high electrocatalytic activity.

In order to explore the selectivity of Pd?*/COFs/GCE, the interference test was also
examined at Pd?* /COFs/GCE with 50.0 uM hydrazine in 0.1 M NaOH containing 0.5 mM
of the possible interference substances such as KCl, NaCl, Na;SOy4, NaBr, CaCl,, NaAc,
glucose, (NH4),SO4, NaNOj3, and NaNO; (Figure S6). It was found that 100-fold interfer-
ents almost did not interfere with the determination of hydrazine. Moreover, a remarkable
current response with the addition of hydrazine was observed again after adding the
mentioned interference species. The results indicate that our proposed Pd** /COFs/GCE
sensor displays excellent selectivity towards the electrochemical oxidation of hydrazine.
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Figure 5. Amperometric responses of the Pd%* /COFs/GCE to successive additions of various

concentrations of hydrazine in 0.1 M NaOH at —0.1 V. (Inset: (a) the corresponding calibration plot,
(b) the amplified response curve.).

The long-term stability of the sensor was further tested by a continuous operation.
After 1000s of continuous i-t running for 10.0 uM hydrazine, the electrode still retained
89% of its initial value. In addition, ten successive analyses of 10.0 uM hydrazine using the
same electrode showed a relative standard deviation (RSD) value of 4.5%. A reproducible
experiment was also evaluated by using five parallel electrodes for the same solution, and the
RSD of the current response was found to be 6.4%, suggesting an acceptable reproducibility.

3.1.4. Sample Analysis of Hydrazine

To confirm the practical applicability of the proposed sensor, the validity of Pd?*/COFs/
GCE for the determination of hydrazine spiked in real samples was tested by a standard addi-

tion method (Figure S7). The prepared sensor presented acceptable recoveries of hydrazine in
lake water samples (Table S2).

3.2. Electrochemical Sensing of ONP and PNP
3.2.1. Electrochemical Behaviors of ONP and PNP

The electrochemical behaviors of ONP and PNP were investigated at bare GCE (a),
COFs/GCE (b), and Pd**/COFs/GCE (c) by CV at a scan rate of 50 mV s~ ! in 0.1 M PBS
(pH = 7.0) (Figure 6). The CVs of these electrodes in 0.1 M PBS are shown in Figure S8. For
PNP, three redox peaks were observed, with one main irreversible cathodic peak located at
—0.79 V (R;) and a pair of reversible redox peaks centered at about 0.08 V (R) and 0.14 V
(O1) at bare GCE and COFs/GCE. Pd%*/COFs/GCE also exhibited the same redox peaks,
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but the peak of R; shifted to —0.56 V. However, at bare GCE and COFs/GCE, upon the
addition of ONP, four redox peaks, including the three peaks and an additional oxidation
peak (O,) appeared at —0.68 (R1), —0.30 (Rz), —0.25 (O;), and —0.23 V (Oy), respectively.
Pd?* /COFs/GCE demonstrated the same redox peaks but a much lower Ry peak (—0.54 V).
This indicated that Pd?*/COFs/GCE presented superior electrocatalytic activity towards
the R; reduction process of ONP and PNP, which was ascribed to the combination of the
high catalytic performance of Pd?* and efficient supporting effect of COFs.
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When the potential was scanned negatively, both ONP and PNP could be reduced
to hydroxylaminophenol through a four-electron and four-proton transfer process (Ry).
Reversible transformation (O; /R;) between hydroxylaminophenol and nitrosophenol then
occurred with the potential scanning back. In addition, the phenolic group of ONP gave
further oxidation through a proton and an electron transfer process (O). The detailed
reaction mechanism was proposed as Scheme 1 [18]:

OH R OH R, OH

2 H*
+4 e < i
01
NO, NHOH NO
p-Nitrophenol p-Hydroxylaminophenol p-Nitrosophenol

+4 H*

O R OH R, OH

NO, NHOH 4+
-H* +4 H* _

NO

- —_— 2e

-€ +4¢e” <

o-Nitrophenol o-Hydroxylaminophenol 01

o-Nitrosophenol
Scheme 1. Electrochemical reaction mechanism of PNP and ONP at the Pd%* /COFs/GCE.

To further investigate the electrochemical performance of Pd?* /COFs/GCE, the effect
of the scan rate on the redox peak current (Ipc) was studied (Figure S9). The results showed
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that the peak currents of ONP and PNP were quadratic functions of the square root of the
scan rate (v1/2), which suggested that the reactions of ONP and PNP on the surface of
Pd?* /COFs/GCE were mixed controlled processes (surface-controlled at lower scan rates
but diffusion-controlled at higher scan rates).

Next, the effect of the pH on the cathodic peak current and potential (R;) of ONP and
PNP (500 uM) was studied by DPV on the Pd?*/COFs/GCE in 0.1 M PBS (Figure S10).
The reduction peak current of both ONP and PNP increased firstly and then decreased
and reached the maximum at pH = 7.0. In the basic solution, the protonation of PNP and
ONP decreases, and the electron density of the nitro group increases due to the decrease in
proton concentration, thus hampering the electrochemical reduction of PNP and ONP [19].
Therefore, pH 7.0 was selected for further electrochemical experiments.

3.2.2. Analytical Performances for ONP and PNP

Under optimal conditions, the DPV response of Pd?* /COFs/GCE for different concen-
trations of ONP and PNP in 0.1 M PBS (pH = 7.0) was investigated, respectively (Figure 7a,b).
The reduction peak current increased gradually with the concentration of ONP and PNP and
exhibited a log-log linear relationship in the range of 5.0 tM-2.0 mM. The detection limit of
ONP and PNP was estimated to be 1.6 and 1.3 uM (S/N = 3), respectively. Pd2* /COFs/GCE
was also applied for the simultaneous detection of ONP and PNP. Figure 7c clearly shows the
well-separated reduction peak for ONP and PNP. The calibration curves reveal the favorable
linear relationships between the logarithm of peak current and the logarithm of concentrations
(5.0 utM—2.0 mM), with 1.8 and 0.9 uM for ONP and PNP, respectively. The electrochemical
sensing performances based on Pd?*/COFs/GCE and other reported sensors are summa-
rized in Table S3. The results show that the Pd?* /COFs/GCE sensor exhibits comparable
performances with the reported methods for the detection of ONP and PNP.
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Figure 7. DPV of Pd** /COFs/GCE with individual addition of (a) ONP and (b) PNP (5, 10, 20, 50,
100, 200, 500, 1000, and 2000 uM) into 0.1 M PBS (pH = 7.0), respectively. Inset: Linear relationship
between logarithm of peak current and logarithm of concentrations of (a) ONP and (b) PNP. DPV
of Pd** /COFs/GCE with simultaneous addition of the same concentration of (¢) ONP and PNP
(5-2000 uM) into 0.1 M PBS (pH = 7.0). Inset: Linear relationship between logarithm of peak current
and logarithm of concentrations of (c) ONP and PNP.

The antifouling property of different electrodes was investigated by successive CVs
in the ONP and PNP solution, respectively (Figures S11-513). The results showed that
COFs/GCE exhibited the best antifouling property because of the hydrophilicity of COFs.
For ONP, Pd?* /COFs/GCE showed improved antifouling properties than GCE in the
first six cycles. However, for PNP, both Pd?*/COFs/GCE and bare GCE exhibited lower
antifouling properties.

3.3. Electrochemical Sensing of GSH
3.3.1. Characterization of PC

The morphology of the PCs was characterized by SEM and TEM images. The SEM
image of PCs shows the overlapping structure of stratified lamellae (Figure S14a). As
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shown in Figure S14b, the flake morphology can be observed in the TEM image of PCs.
Furthermore, XPS characterization was employed to investigate the elemental compositions
and chemical states of PCs. Figure 8 shows the XPS spectra of PCs containing C, N, and
O elements. The C 1s spectra suggest the coexistence of C-C (283.60 eV), C=C (284.50 eV),
C=0 (287.70 eV), and 7t-7t (292.30 eV) in PCs (Figure 8a) [20]. The N1s XPS spectra show
two characteristic peaks at 397.10 and 400.00 eV (Figure 8b), which are attributed to the
C=N and C-N groups, respectively [10]. Figure 8c displays the O 1s XPS spectrum of
PCs, including two peaks at 531.30 and 532.20 eV, representing the C=0O and C-O bonds,
respectively [21]. The XPS spectra suggest that a large number of functional groups are
present on the surface of the PCs.
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Figure 8. XPS (a) C, (b) N and (c) O spectra of PCs.

3.3.2. Electrochemical Oxidation of GSH

GSH is an important antioxidant in protecting cells from oxidative damage by ox-
idizing to form glutathione disulfifide (GSSG), and the balance of GSH and GSSG acts
as an indicator of many human illnesses such as several cancers, Parkinson’s disease,
Alzheimer’s, and HIV [22]. Metal and non-metal electrocatalysts have been explored
for the non-enzymatic detection of biological thiols [23-25]. Non-metal electrocatalysts
consist of redox-active organic molecules [23,26] and carbon materials, including carbon
nanotube [27], ordered mesoporous carbon [28], graphene oxide [29], graphene oxide
nanoribbons [30], and derived carbon [31]. In fact, the oxo-functionalities present on these
carbons contribute to the electrocatalytic activity towards thiols. Recently, nitrogen-doped
carbon has proven effective in not only improving the electrical conductivity but also
promoting defect sites in the carbon network for better catalytic activity towards GSH [32].
Here, the N-doped PCs with abundant oxo-functionalities were explored for the electro-
oxidation of GSH. Figure 9 shows the CV response for the electrochemical oxidation of
GSH at PCs/CPE in 0.1 M PBS (pH 7.0) at a scan rate of 50 mV s~1. As can be seen, in the
absence of GSH, no anodic peak was observed on the PCs/CPE. However, in the presence
of GSH, it could be noticed that a remarkable anodic current emerged at about 0.10 V, and
the anodic peak was observed at 0.25 V, which could be ascribed to some oxygen-containing
functional groups on PCs promoting the oxidation of GSH [26]. Furthermore, there was a
very small anodic peak at 0.28 V, and this could be attributed to the edge plane-defective
sites on PCs [33]. Furthermore, no cathodic current peak appeared in the CV curves, con-
firming that the GSH oxidation was a fully irreversible process. The results suggest that the
N-doping and the oxo-functionalities present on PCs enhance the rate of electron transfer
and exhibit efficient electrocatalytic activity for the oxidation of GSH.
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Figure 9. CV of PCs/CPE in the absence (dotted line) and presence (solid line) of 5 mM GSH in 0.1 M
PBS (pH = 7.0). Scan rate: 50 mV s~ 1.
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The pH value is a crucial factor for the electrochemical oxidation of GSH, which was
examined in 0.1 M PBS with various pH values containing 5.0 mM GSH on the PCs/CPE
(Figure S15). The anodic peak current of GSH increased firstly and then decreased as
the solution pH value increased from 3.0 to 5.0 and reached a maximum at pH = 4.0.
Accordingly, pH = 4.0 is selected as the optimal condition for further detection. GSH is an
important tripeptide consisting of L-cysteine, L-glutamine, and glycine with pKal = 2.12
(carboxylic acid of glutaminic acid), pKa2 = 3.59 (carboxylic acid of glycine), pKa3 = 8.75
(thiol of cysteine), and pKa4 = 9.65 (ammonium of glutaminic acid) [34]. Gilbertson et al.
investigated the interaction and catalytic oxidation mechanisms between GO and GSH.
It was found that the synergism between the adjacent epoxide and hydroxyl groups on
the GO surface contributed to the catalytic oxidation of GSH [35]. It was speculated that
the pH value of the solution is related to both the activity of oxo-functionalities and the
ionization of GSH.

3.3.3. Analytical Performances for GSH

Under the optimal conditions, the amperometric responses of the PCs/CPE were
conducted by successive injections of various concentrations of GSH into the stirred 0.1 M
PBS (pH = 4.0) solution (Figure 10). Upon each addition of 200 1M GSH, a well stair-shaped
amperometric response was raised quickly and reached a steady-state oxidation current
within 5 s. The inset (a) of Figure 10 shows the response current of the PCs/CPE to various
concentrations of GSH, and it is clear that the current increased rapidly with the addition
of GSH. The enhancement of response current is ascribed to the excellent electrocatalytic
property of the PCs/CPE. Figure 10b displays the linear correlation between the GSH
oxidation current and concentration ranging from 5.0 uM to 1.2 mM and 1.2 to 6.4 mM,
respectively. The limit of detection was calculated to be 2 uM (S/N = 3). Nevertheless, as
the GSH concentration increased gradually, the sensitivity of the prepared sensor slightly
decreased owing to the binding of the sulfur moiety to the electrode surface caused by the
oxidation of GSH [26].
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Figure 10. Amperometric responses of the PCs/CPE to various concentrations of GSH in 0.1 M PBS
(pH =4.0) at 0.25 V. (Inset: (a) the amplified response curve, (b) the calibration curve for the different
concentrations of GSH).

The current responses of the PCs/CPE to various concentrations of GSH in the static
0.1 M PBS (pH = 4.0) were also conducted using the amperometric technique. The inset of
Figure S16 shows that the amperometric current increased linearly with the concentrations
of GSH in a wide range from 5.0 uM to 10.0 mM. The limit of detection was also calculated
tobe 1.0 uM (S/N = 3). Table S4 summarizes the electrochemical sensing performances of
the PCs/CPE and other reported sensors. The results indicate that the PCs/CPE exhibits
excellent performances compared with other reported electrodes for the detection of GSH.

3.3.4. Sample Analysis of GSH

To further assess the practical applications of the proposed PCs/CPE biosensor, the
validity of PCs/CPE for the determination of GSH in spiked ample was investigated by
both successive and non-successive addition methods (Figures S17 and S18). The recoveries
of GSH ranged from 92% to 99% and 92% to 107%, respectively (Tables S5 and S6).

4. Conclusions

In this work, COFs TpPa-1 was explored as an efficient supporting material and precur-
sor to construct electrocatalytic interfaces for electrochemical sensing, and environmental
pollutants and biological thiol were sensitively detected. COFs TpPa-1 possesses abundant
oxo-functionalities and nitrogen elements, which endow good water dispersibility, power-
ful adsorption ability, and enhanced electrical conductivity. The results show that COFs
TpPa-1 will be a potential material in synthesizing functional materials for electrocatalysis
and electroanalysis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12172953/s1, Figure S1: The CVs of COFs/GCE in 0.1 M
KCl solution in the presence of 5 mM KzFe(CN)g at different scan rates; Figure S2: The CVs of
Pd2*/COFs/GCE in 0.1 M KCl solution in the presence of 5 mM K3Fe(CN); at different scan rates;
Figure S3: The CVs of PCs/GCE in 0.1 M KCl solution in the presence of 5 mM KzFe(CN)g at different
scan rates; Figure S4: XPS spectra of Pd?* /COFs; Figure S5: EIS of PCs /GCE, Bare GCE, COFs/GCE,
and Pd?* /COFs/GCE in 0.1 M KCl solution in the presence of 5 mM K3Fe(CN)g; Figure S6: Ampero-
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metric curve of Pd2* /COFs/GCE with 50 uM hydrazine and 500 uM of interferences such as KCl,
NaCl, NaySOy4, NaBr, CaCly, NaAc, glucose, (NH4);SO4, NaNO3, and NaNO,. (Electrolyte: 0.1 M
NaOH); Figure S7: Amperometric curve of Pd%*/COFs/GCE for the detection of hydrazine spiked
in water samples at —0.1 V. (Electrolyte: 0.1 M NaOH); Figure S8: CVs of Bare GCE, COFs/GCE,
and Pd?*/COFs/GCE in 0.1 M PBS at a scan rate of 50 mV s 1 (pH =7.0); Figure S9: CVs of 500 uM
of (a) ONP and (b) PNP on Pd?*/COFs/GCE with different scan rates (20200 mV s~1) in 0.1 M
PBS (PH = 7.0). (Inset: the corresponding calibration plot.); Figure S10: DPV curves of 500 uM of
(a) ONP and (b) PNP on Pd?*/COFs/GCE in 0.1 M PBS (pH = 7.0) with different pH values (1-5:
6.5,7.0,7.5,8.0, and 8.5). Plots of Ipc vs. pH for (c) ONP and (d) PNP; Figure S11: Successive CVs
of Bare GCE (a), COFs/GCE (b), and Pd%*/COFs/GCE (c) in the presence of 500 utM nitrophenol
ONP at a scan rate of 50 mV s~ 1 in 0.1 M PBS (pH =7); Figure S12: Successive CVs of Bare GCE (a),
COFs/GCE (b), and Pd** /COFs/GCE (c) in the presence of 500 uM nitrophenol PNP at a scan rate of
50mV s~ !in 0.1 M PBS (pH = 7.0); Figure S13: Normalized peak current of bare GCE, COFs/GCE,
and Pd?* /COFs/GCE in the presence of 500 uM nitrophenol (a: ONP, b: PNP) at a scan rate of
50 mV s~ in 0.1 M PBS (pH =7.0) for ten cycles; Figure S14: SEM (a) and TEM (b) images of PCs;
Figure S15: CVs of 5 mM of GSH on (a) PCs/CPE in 0.1 M PBS with different pH values (1-5: 3.0, 3.5,
4.0,4.5 and 5.0). Plots of Ipc vs. pH for (b) GSH; Figure S16: Amperometric responses of PCs/CPE
to additions of various concentrations of GSH in 0.1 M PBS (pH = 4.0) at 0.25 V. (Inset: the corre-
sponding calibration plot.); Figure S17: Amperometric responses of PCs/CPE to successive additions
of various concentrations of GSH spiked in serum in 0.1 M PBS (pH = 4.0) at 0.25 V; Figure S18:
Amperometric responses of PCs/CPE for the detection of GSH spiked in human serum in 0.1 M PBS
(pH = 4.0) at 0.25 V; Table S1: Comparison of the Pd%*/COFs/GCE for different parameters with pre-
viously reported hydrazine electrodes; Table S2: Determination of hydrazine spiked in water samples;
Table S3: Comparison of different modified GCE for detection of ONP and PNP; Table S4; Comparison
of different modified electrodes for electrochemical sensing of GSH; Table S5; Determination of GSH
spiked in human serum by successive additions;Table S6; Determination of GSH spiked in human serum
by a non-successive addition method. References [36-68] were cited in the Supplementary Materials.
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Abstract: In this study, we demonstrate that a highly pH-sensitive substrate could be fabricated by
controlling the type and defect density of graphene derivatives. Nanomaterials from single-layer
graphene resembling a defect-free structure to few-layer graphene and graphene oxide with high
defect density were used to demonstrate the pH-sensing mechanisms of graphene. We show the
presence of three competing mechanisms of pH sensitivity, including the availability of functional
groups, the electrochemical double layer, and the ion trapping that determines the overall pH
response. The graphene surface was selectively functionalized with hydroxyl, amine, and carboxyl
groups to understand the role and density of the graphene pH-sensitive functional groups. Later, we
establish the development of highly pH-sensitive graphene oxide by controlling its defect density.
This research opens a new avenue for integrating micro-nano-sized pH sensors based on graphene
derivatives into next-generation sensing platforms.

Keywords: pH; graphene; graphene oxide; defect; surface functionalization

1. Introduction

The pH measurement in an aqueous solution is a universal need and is widely uti-
lized in various applications, from biology [1] to wastewater treatment [2]. The standard
techniques for pH detections are often based on electrochemistry (potentiometry) using a
porous glass electrode [3,4]. Later, the development of ion-selective membranes introduced
a new category of sensing devices, such as field-effect transistors [5,6]. The ion-selective
membranes transfer the charge to a conductive active layer under varying gate poten-
tials [7]. Other pH detection methods, including conductometric [8,9] and optical [10,11],
operate based on the pH sensitivity of an indicator dye, where adding an organic redox-
active indicator is essential. Nevertheless, commercial pH measurements have a number
of drawbacks. The porous glass electrodes require high maintenance and are prone to
performance loss at low ionic strength or high temperature [12]. The ion-selective mem-
branes are subject to degradation and loss of sensitivity over long-term operation [13,14].
The optical measurements require the introduction of undesirable chemical species in the
reaction solution [15,16]. Therefore, developing reagent-free pH-sensitive platforms has
remained a relevant topic.

Since the first successful isolation of monolayer graphene from graphite [17], there
has been an increasing trend towards integrating these atomically thin structures into
many sensing applications, including pH detection units. This broad range of graphene
sensing applications is mainly due to three of its characteristics: superior conductivity,
high specific surface area, and modulable surface chemistry [18-20]. Single-layer graphene
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(SLG) consists of an sp?-hybridized covalently bonded carbon network, while vertically
stacked consecutive layers of graphene are held together by van der Waals forces [21].
Since the electronic properties of graphene greatly depend on the presence of delocalized
7t electrons, any minor disruption of the surface infinite symmetry causes changes in its
electrical properties [22,23]. Therefore, defects involving sp3 carbon atoms or in-plane
lattice asymmetries play a vital role in determining graphene’s ultimate electrical and
chemical properties [24]. Accordingly, the defect engineering of graphene can lead to
the generation of other graphene derivatives, such as graphene oxide (GO) and reduced
graphene oxide (r-GO).

The sensing performance of graphene derivatives in contact with an aqueous environ-
ment is profoundly reliant on the electrolyte parameters, including pH, oxidation-reduction
potential, ionic strength, dissolved oxygen, and temperature [25]. Therefore, the concept
of pH sensors based on graphene derivatives can be fully developed only if the aqueous
electrolyte’s impact on graphene is entirely investigated. Moreover, the pH-sensing mecha-
nism of graphene has been shown to be defect-dependent [26], but there is still no clarity
on the role of defects in the pH response of graphene devices.

This lack of understanding originates because “ideal” defect-free graphene tends to
be hydrophobic [23], making it challenging to elucidate the structure of the aqueous solu-
tion/graphene interface [27]. However, oxygen-based impurities enhance the surface local
charges and decrease the liquid/surface contact angle [28-30]. Therefore, the defectivity
level, type of defects, and their configurations (edge or plane) on graphene play a vital
role in the graphene-solution interface. Despite a few studies exploring the possibility
of developing a pH-sensing platform based on graphene derivatives [28,31-35], there is
still a gap in understanding their response to pH at high defect levels. Thus far, there
exist only a few reports on the application of GO in pH sensing, primarily due to three
main limiting factors in the development of such devices: (i) the water dispersibility of
the GO due to its hydrophilic nature and high negative zeta potential [36], (ii) its low
surface conductance and semiconductive nature, (iii) the lack of understanding of the pH
detection mechanisms of GO [37]. In 2020, potentiometric and chemiresistive measure-
ments of hydrothermally reduced GO revealed potential sensitivities of 66 mV/pH (pH
2-12) and 44 mV/pH (pH 4-7), respectively. Accordingly, the reported working range
of the chemiresistor was limited to acidic pH, and the higher pH sensitivities required a
three-electrode design [38,39]. Although the presence of oxygen functional groups was
shown to be responsible for such detection, no explanation for the limited linear range
and mechanism has been proposed. In a different study, a sensitivity of 51 mV /pH was
obtained for a pH of 2-10 using potentiometry [40] and FETs [41]. The authors successfully
demonstrated the reversibility of the charge transfer on the GO surface upon exposure to
pH. While the nature of the response has remained unknown, this study has pushed the
boundaries toward mono- and diprotic acid potentiometric titration units based on GO.

Herein, we demonstrate the possibility of developing a pH-sensing platform based on
various graphene derivatives, including single-layer graphene (SLG), few-layer graphene
(FLG), and GO, focusing on the mechanisms by which each of these structures responds
to pH. Furthermore, we examine the defect density-dependent pH response of graphene
by varying the -COOH, -OH, and -NH; concentrations. The results fill the existing gap in
understanding the GO pH detection mechanism and creates foundations for developing
reagent-free GO pH chemiresistive sensors with a high sensitivity and reproducibility. The
results of this study open up a new window into the development of graphene derivative-
based pH sensing devices.

2. Materials and Methods
2.1. Single-Layer Graphene Transfer Process

The SLG coated with PMMA was purchased from Graphenea Inc. To fabricate the
sensor, the PMMA /SLG/Cu samples were cut into 1 cm X 1 cm squares and then placed
into 200 mL 0.1 M Ammonium persulfate (APS, purchased from VWR) to etch off the
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Kleaning and patterning FLG is airbrushed

copper film. After about 30 min, the PMMA /SLG samples were transferred to 500 mL DI
water to rinse off the remaining APS and transferred on a glass slide (VWR). The samples
were first heated to 100 °C for 30 min and then annealed for 2 h at 600 °C under N; using
a three-heat zone tube furnace (Lindberg Thermodyne 21100). The samples were then
immersed in acetone overnight (16 h) to remove the PMMA. The annealing step is essential
to achieve minimum PMMA residue on graphene.

2.2. Synthesis of FLG and Sensor Fabrication

Synthesis: The synthesis process of FLG has already been reported elsewhere [42].
Briefly, 40 mg of graphite powder (Alfa Aesar, Haverhill, MA, USA, 99.99%) is mixed with
4.5 mL and 10.5 mL of IPA and DI water, respectively. The mixture is then sonicated for
6 h using an Elmasonic P60H ultrasonic cleaner, 100% power; sweep mode at 37 kHz.
Then, the products are centrifuged (Eppendorf MiniSpin Plus microcentrifuge) for 5 min at
14,000 rpm (13,149 x g). Afterward, the supernatant products are collected and centrifuged
again for 15 min at the same speed. Lastly, the precipitated products are ordered and used
for sensor fabrication.

Sensor fabrication: The frosted sides of the glass slides (VWR VistaVision) were
initially rinsed with methanol (Fisher Scientific Canada, HPLC) and patterned by two
parallel rectangles drawn by a 9B pencil (Figure 1a). Then, the FLG suspension was
airbrushed (e NEO-Iwata CN Gravity Feed Dual Action Brush #N4500) using a nitrogen
gas directly on the surface, preheated to 150 °C, until the resistance was measured in the
range of 5-10 k() (Figure 1b). The copper tape was attached as sensor contacts to the
pencil-drawn rectangle/airbrushed sample. To avoid direct exposure of copper tape to
aqueous solutions, the contacts were covered by parafilm (Parafilm “M”, VWR). Increasing
the temperature to 70 °C (above the melting point of parafilm) leads to a more uniform
coverage (Figure 1c). An SEM image of an FLG film deposited for a sensor and the I-V
curve characteristics of a typical device are shown in Figure 1d,e, respectively.

The contacts and
dieléctrics are applied
g i

/

Current (1A)

2 A 0 1 2
Voltage (V)

Figure 1. Sensor fabrication steps: (a) Cleaning and prepatterning with pencil-drawn contacts,
(b) airbrushing FLG, and (c) attachment of Cu tape and dielectrics. (d) SEM image of the FLG
airbrushed on the surface, (e) the I-V curve of the fabricated chemiresistive sensor indicating the
ohmic device (sensor resistance was ~10 k() ).

Annealing: The airbrushed samples were placed into a furnace under the flow of
Ny /Hj; (95%/5%) and heated to 500 °C and 350 °C for FLG and GO, respectively. A temper-
ature of 350 °C has been shown as a safe temperature to anneal GO without considerable
thermal decompositions or mass loss [43]. The samples are left to cool down gradually
overnight in an N, atmosphere.

Pyrene derivatives functionalization: Pyrene carboxylic acid (Py-COOH), 1-amino
Pyrene (Py-NH>), and 1-hydroxypyrene (Py-OH) were purchased from Sigma Aldrich and
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used without further purification. To dope the samples, the fabricated sensors were placed
into solutions of the respective pyrene in acetonitrile overnight (~16 h). At the end, the
functionalized sensors were rinsed with pure acetonitrile to remove any excess pyrene.

pH measurement experiment: In preparation for the experiments, the devices were
initially placed into a 3.42 mM NaCl solution and left overnight to equilibrate with the
environment. An initial ionic conductivity above 0.33 mS/cm (equivalent to 3.42 mM NaCl)
minimizes possible interferences due to changes in ionic strength when adjusting pH using
NaOH (99%-Caledon Laboratories Ltd., ACS reagent) or HCl (37.2%-Caledon Laboratories
Ltd., Ahmedabad, india. ACS reagent). The pH of the solution was adjusted by drop-wise
addition of NaOH (0.1 M) or HC1 (0.1 M) into the system until the desired pH (pH 3 to 9)
was achieved. The devices were kept at each pH for 30 min while the current was recorded
at intervals of 1 data point every two seconds. The last 60 data points (two minutes) from
each step were used for further analysis.

2.3. GO Preparation and SENSOR fabrication

The GO powder was purchased from Zentek Ltd (Canada). Initially, 40 mg of GO was
dispersed in 15 mL of ultrapure water and sonicated for 1h. The products were airbrushed
on a preheated substrate to 200 °C. If annealing was required, the samples were placed at
350 °C for 24 h under N /Hj (95%/5%) reducing environment. Then, the copper tapes were
attached and subsequently covered by parafilm as dielectric (as discussed in Section 2.2).

2.4. Characterization

A Renishaw inVia Raman spectrometer was used to characterize the defect level of the
graphene film. A Renishaw 633 nm HeNe laser with 17 mW power output was focused
through the 50 x objective lens with a spot size of about 1.5 pm. The laser power used for
few-layer graphene analysis was 50% to minimize the noise and 5% power for graphene
oxide to avoid film damage. The range of the Raman region was from 500 to 3500 cm ™!
with a spectral resolution of 2 cm~!. Spectra were recorded in at least two different spots
for each sample to ensure reproducibility.

The XPS analyses were carried out with a Kratos AXIS Supra X-ray photoelectron
spectrometer using a monochromatic Al K(alpha) source (15 mA, 15 kV). A charge neutral-
izer was used on all specimens. Survey scans were collected from an area of 300 x 700 um?
using a pass energy of 160 eV. High-resolution scans used a pass energy of 20 eV. All spectra
were charge corrected to the mainline of C 1s (graphitic carbon, 284.5 eV). Spectra were
analyzed using CasaXPS software (version 2.3.14).

3. Results and Discussions
3.1. pH Response of Bare Graphene

The response of bare graphene to pH was chosen as a starting point for understanding
the impact of surface defectivity. Considering that most liquid-phase exfoliation methods
to produce graphene derivatives, including ultrasonication, generate a high degree of
defectivity (oxygen content between 10-15%), a defect-free (1-2%) CVD-grown SLG was
used as a reference sample to obtain an insight into the response of pure graphene to
pH. The SLG’s low defectivity was confirmed by the XPS results, as shown in Figure 2.
According to the high-resolution O 1s spectra, shown in Figure 2a, the peak at 533 eV is
associated with the oxygen doubly bound to C, while the peak at 534.19 eV corresponds to
oxygen in the SiO, substrate. The nature of oxygen—carbon bonds can be further analyzed
using C 1s high-resolution spectra, as shown in Figure 2b. As seen, C-OH/C-O-C, and C=0
peaks located at 286.50 and 287.90 eV are the dominant oxygen-based functional groups.
The C=0 is often interpreted as a result of graphene’s ketone, aldehyde, and carboxyl
groups [44]. The presence of C-OH indicates the formation of a primary or secondary
alcohol and carboxyl groups, and the C-O-C implies the appearance of ether and epoxy
sites on the surface [45]. These results confirm that oxygen-based functional groups are
inevitably formed on graphene during the synthesis or transfer process. In this case, the
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acetone treatment to eliminate the PMMA and subsequent multiple rounds of bathing
in DI water could cause this oxidation. Moreover, the possibility of oxygen-containing
contaminants (e.g., carboxylic acids, alcohols, aldehydes, etc.) from the environment cannot
be neglected. Nevertheless, the O/C atomic ratio of the transferred SLG is calculated at
~0.05, at the lower end of defect density. The atomic percentage of oxygen and carbon in
SLG can be found in the XPS survey spectrum shown in Figure Sla.
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Figure 2. XPS high-resolution spectra of (a) O 1s and (b) C 1s of SLG, (c) pH response of SLG
between pH 5.5-8 (the inset shows the corresponding calibration curve) with I, = 1524 nA, and
(d) schematics illustration of the formation of EDL on graphene in acidic solution and its electrostatic
gating charging.

The pH response of an SLG chemiresistive device is shown in Figure 2c. The starting
pH (5.5) was determined by an equilibrium of the aqueous solution with ambient air,
established overnight. Due to the partition of CO, from the ambient air into water, the
pH of deionized water gradually equilibrates to 5.6, assuming 400 ppm of CO, in the
air. According to Figure 2c, the current through the SLG is observed to decrease when
the pH is reduced to 3, and conversely increased when the pH was raised. The low pH
response can be explained by the electrostatic gating effect of H3O*,q, which n-dopes
the surface. Since the holes are the majority carrier in graphene due to the presence of
electron-withdrawing oxygen atoms, n-doping the surface reduces the charge carriers in
the chemiresistor and makes it more resistive. In contrast, electrostatic p-doping of OH*;qu
ions accumulated in the Stern layer increases the current at a high pH [26]. The schematic
illustrations of the formation of the electrochemical double layer (EDL) in acidic solutions
are shown in Figure 2d. It should be noted that the charge transfers through the formation
of the EDL by H30* and OH™ are considered fully nonfaradaic. Therefore, the charges are
electrostatically gated to the graphene surface. This mechanism is well-defined for SLG and
is often deemed the typical graphene response to pH. This phenomenon has been studied
in other devices such as FETs [46,47] or Schottky diodes [25], demonstrating the decrease
(increase) in Fermi energy upon exposure to a high (low) pH. However, the Fermi energy of
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SLG is prone to cross the Dirac point upon severe electrostatic doping [48,49]; therefore, it
may not be a reliable system to further investigate the role of EDL and defects. Accordingly,
the following parts of this research deploy FLG-based chemiresistive devices to explore the
role of defects in pH sensitivity.

The transition from SLG to FLG requires a careful surface analysis, considering that a
higher number of surface defects and functional groups are formed during the liquid-phase
exfoliation method. The XPS survey spectrum of the synthesized FLG (Figure S1b) shows
13.9 at% of O and 79.5 at% of C. The O 1s high-resolution spectra (Figure 3a) show a peak
at 532.4 eV attributed to trapped water and organic oxygen groups. The larger area of
the peaks at 289.0 eV (O-C=0), 287.0 eV (C = 0), and 286.5 eV (C-OH, C-O-C) in the C
1s high-resolution spectrum of the FLG compared to the SLG (Figure 3b) exhibit a higher
oxygen content in the FLG lattice. Accordingly, the O/C ratio was calculated to be 0.24
by considering the areas of the C=C (284.5 eV) and O 1s (532.4 eV) features in the high-
resolution spectra multiplied by their corresponding atomic percentages derived from the
survey spectra. A summary of the oxygen-based functional groups in the SLG and FLG can
be found in Table 1, demonstrating the greater defectivity of the FLG compared to SLG.
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Figure 3. XPS high-resolution spectra of (a) O 1s and (b) C 1s of FLG, (c) pH response of FLG to pH
5.5-9 (I, = 1788 nA), (d) Raman of FLG deconvoluted to the main graphene characteristics of D, G,
D’, and 2D (inset shows the deconvoluted Raman spectrum of SLG), and (e) schematic illustration of
defect-induced pH response of FLG through protonation/deprotonation of carboxyl, hydroxyl, and
amine groups.
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Table 1. Summary of the oxygen-containing groups obtained from XPS spectra of SLG and FLG.

SLG FLG
Ratio to Ratio to
0y 0, * 0, 0/ *
Area % at% C=C at% Area % at% C=C at%
Cc=0 0.3 0.1119 0.003074 2.8 2.22 0.05
O-C=0 0.2 0.0746 0.002049 34 2.70 0.061
c-(é%/o- 13 0.4849 0.01332 11.9 9.46 0.214

* Atomic percentage is obtained by Area x total atomic percentage.

To explore the impact of the enhanced defectivity on the pH response, the chemire-
sistive response of the FLG is shown in Figure 3c. As seen, the current response to the
variation in pH is entirely reversed compared to the SLG (Figure 2c¢), indicating that the
dominant pH response mechanism is different. This means that decreasing the pH reduces
the current, while increasing the pH toward the basic solution increases n-doping. We
have recently shown that the defect-induced pH response of graphene originates from the
protonation/deprotonation of carboxyl and amine at a low pH and hydroxyl groups at a
high pH [26]. For example, in carboxyl groups, upon decreasing the pH to 3 (below the
pKa =3.1), the —COO™ is protonated to -COOH, and the surface becomes p-doped. The
same concept can be applied to the protonation of -NH; to -NH;3;* and the protonation
of -O~ to -OH at a pH around 3.7 and 8.2, respectively. Since this charge is transferred
directly to the surface, the protonation causes p-doping, while deprotonation results in
n-doping, giving an exact opposite behavior to the EDL-induced response. Apart from the
defect-induced response, H3O" ions have also been shown to enter the gaps between FLG
flakes at a low pH. This proton injection in FLG can be confirmed by the blue shift of the
2D peak in the Raman spectra of FLG after the pH exposure (Figure S2). This result could
be explained by the Faradaic charge transfer upon proton injection and p-doping of the
graphene by lowering its Fermi energy [32,50]. This phenomenon becomes dominant when
a porous structure is present [51] (e.g., porous graphitic electrodes in supercapacitors) [50].
Therefore, it is expected to observe a rise in conductance at low pH where H3O" is present,
mainly close to the surface. Accordingly, the main 2D peak of the FLG spectra (shown in
Figure S2) shifts due to the lattice parameter modification by the stiffening/softening of the
phonons—charge carrier interactions [52].

The defectivity level can also be estimated by Raman spectroscopy. The FLG (Figure 3d)
and SLG (Figure 3d-inset) both exhibit the three main Raman characteristics of graphene,
namely D, G, and 2D bands [53]. The D band stands for the presence of sp3-hybridized
environments, generated mainly by defects. The G band, however, represents the sp?
hybridization of the graphene lattice. Thus, the ratio of intensity (or area) of D to G
qualitatively characterizes the defectivity level of the structure. Accordingly, the Ip/Ig
of the SLG is calculated at 0.11, while the FLG shows 0.43, supporting the XPS results.
These values can also be well-fitted to previously published reports that low defect density
graphene (less than a cross-over point of Ip /I~0.35) demonstrates positive pH sensitivity
(Figure 2c, inset), while the higher Ip /I ratio results in inverted pH sensitivity. It should be
mentioned that the positive and negative sensitivities are defined relative to the variation of
the current with the pH. This cross-over is where the graphene will become pH insensitive.
The schematic illustration of such a protonation/deprotonation mechanism can be seen in
Figure 3e.

3.2. Selective Functionalization of Graphene

Knowing that the type and density of the defects in graphene derivatives determine
their pH response, the development of a pH-sensitive device can be achieved by selec-
tive functionalization. For this purpose, noncovalently attached pyrene derivatives with
various pH-sensitive functional groups were employed as a model system to resemble
the graphene surface terminated with pH-sensitive groups [26]. The charge transfer upon
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protonation/deprotonation of the functional groups is directly transduced to the FLG [46]
via the interactions of the 7-electron system of the pyrene ring with the FLG surface [54].
The maximum concentration of each pyrene derivative was chosen to give more than 90%
surface coverage [55]. Moreover, the low pyrene solubility in water aids in the stability
of the functionalization. However, to minimize the impact of the pre-existing defects of
the FLG on pyrene functionalization, it is necessary to anneal the FLG samples under
a reducing environment to eliminate the functionalities. The Raman spectra of the FLG
before (Figure 3d) and after (Figure S3) annealing demonstrate the effective surface defect
reduction, decreasing the Ip/Ig from 0.43 to 0.2. This surface defect reduction can be
further confirmed by the pH response of the annealed samples (Figure S4). It is observed
that the pH—current relationship is inverted compared to the bare (unannealed) FLG, rather
more like the SLG (see Figure S5 for the calibration curve). This phenomenon demonstrates
that the FLG has been annealed to a low defect state where the EDL response is dominant.
Figure 4 displays how the variation of carboxyl group concentration on graphene
affects the pH response of a chemiresistive device. The sample exposed to 0.3 M Py-
COOH (Figure 4a) demonstrates a selective response to the pH of around 3, giving a
current change of ~55% (—21.58%/pH). This response is considered significant compared
to the other graphene devices, where the maximum response barely exceeds 20% (see
Figures 2c and 3c). The low pH sensitivity of the device at a high pH could be due to two
simultaneous factors: (i) the annealing before pyrene functionalization has successfully
eliminated the responsive functional groups, or (ii) the pyrene molecules have passivated
the existing groups and defects. Notably, the pH sensitivity of the device to a pH range of
3—4 decreases upon reduction of the pyrene concentration to 0.15 mM (—12.31%/pH) and
0.1 mM (—2.11%/pH), as shown in Figure 4b,c, respectively. With doping concentrations
around 0.05 mM (Figure 4d), a pH-insensitive platform (—0.2%/pH, Figure 4e, inset) is
obtained, indicating the response due to carboxyl groups is balanced out by the response
due to electrostatic gating by the EDL. The calibration curves representing the pH sensi-
tivities are shown in Figure 4e. Although it is not easy to accurately measure the defect
density of the -COOH group added to the surface, an estimate can be arrived at by making
two assumptions: (i) the FLG film is flat with minimum surface roughness; (ii) a monolayer
of molecules forms during functionalization. The last assumption has already been vali-
dated experimentally and can be considered realistic based on the selected concentrations
in Table S1 [55]. Using these assumptions, and considering that each Py-COOH carries one
carboxyl group, the approximate surface density of -COOH defects can be estimated:

Surface density = SCral_

Pyrene

where SCp,; is the relative surface coverage of pyrene derivatives obtained from the liter-
ature [54,55], as shown in Table S1, and Apy;ey is the area occupied by a single molecule
of the respective pyrene derivative. The plot of the maximum pH response of the FLG
as a function of the carboxyl group is shown in Figure 5a. Notably, the linear trend is
not observed, and a carboxyl group density ~5.36 x 10! cm~2 is estimated to be where
the EDL becomes dominant. The nonlinear dependence of the maximum response to the
carboxyl group surface density confirms that the pH response is not exclusively determined
by the functional group mechanism. It should also be noted that any sensing data above
the maximum concentration of Py-COOH (0.3 mM) may not be valid due to exposure of
the FLG to a concentrated solution that may contain dimers or stacked molecules, leading
to an invalidation of the above-noted assumption that only a monolayer of molecules is
formed [53,54]. The detailed information of the data shown in Figures 4e and 5 have been
provided in Tables S2 and S3, respectively.
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Figure 4. Sensing performance of 8 h annealed FLG functionalized by (a) 0.3 mM (I, = 1274 nA),
(b) 0.15 mM (I, = 1980 nA), (c) 0.1 mM (I, = 2052 nA), and (d) 0.05 mM (I, = 1812 nA) of Py-COOH;
(e) the calibration bar graph of the sensors demonstrating the highest pH response at around -COOH
pKa (3.1). The error bars represent average + standard deviation of the last two minutes of the
chemiresistive response (3 samples each).

Similar results can be obtained by using Py-NH;, resembling amine groups of the
FLG (see Figure 5b). The current increase at a pH of around 3—4 can be interpreted as the
protonation of -NH, to -NH3" and the p-doping of the surface. Remarkably, the highest
concentration of Py-NH; (1.4 mM) does not lead to the maximum pH response of the
surface (Figure 6a—d); this occurs at concentrations of around 0.7 mM, giving a maximum
pH response of 6.8% (Figure 6e). Moreover, Figures 5b and 6e both reveal two phenomena:
(i) 0.1 mM Py-NH, equivalent to a surface density of ~ 5.35 x 10'3 cm~?2 for -NH; groups,
is not sufficient to overcome the EDL response of the surface, so that a maximum negative
response of ~ —4.5% is obtained; (ii) at 0.35 mM (equivalent to 1.5 x 10" cm—2),a response
of the device to both pH 3 and 4 is considerable, demonstrating that the lower surface
coverage of Py-NH; may expose the leftover carboxyl group from the annealing process. It
should be noted that the maximum response to pH drops from 3.1% to 2.7%, corresponding
to 1.4 mM and 0.7 mM, respectively. Therefore, as expected, lower Py-NH, exposure leads
to a lower response to a pH of 3. However, this trend is violated below 0.7 mM, equivalent
to the surface density of 2.68 x 10* cm~2. One possible mechanism for the lower pH
response of the high amine concentration could be an amide formation reaction between
-NH, and -COOH of the surface. Upon these reactions, C in R-COOH is reduced to R-

61



Nanomaterials 2022, 12, 1801

CONHj,, n-doping the surface. This n-doping counteracts the p-doping of the protonation
and leads to a lower response.
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Figure 5. Variation of FLG pH sensitivity as a function of (a) carboxyl, (b) amine, and (c) hydroxyl
defect densities. The error bars represent average + standard deviation of the last two minutes of the
chemiresistive response (3 samples each).
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Figure 6. Sensing performance of 8 h annealed FLG functionalized by (a) 1.4 mM (I, = 2035 nA),
(b) 0.7 mM (I, = 2775 nA), (c) 0.35 mM (I, = 2330 nA), and (d) 0.1 mM (I, = 1927 nA) of Py-NH,.
(e) Graph represents the calibration curve of the Py-NH,-functionalized sensors. The sensing perfor-
mance of 8 h annealed FLG functionalized with (f) 1.6 mM (I, = 385 nA), (g) 0.8 mM (I, = 1220 nA),
and (h) 0.4 mM (I, = 764 nA) of Py-OH. (i) The calibration bar graph of the sensors demonstrating the
maximum pH response at pH around -OH pKa (8.7). The error bars represent average + standard
deviation of the last two minutes of the chemiresistive response (3 samples each).

The pH responses of the Py-OH-functionalized FLG at three different concentrations of
1.6, 0.8, and 0.4 mM are presented in Figure 6. The device pH response is dominated by the
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protonation/deprotonation of the -O~ /-OH groups at ahigh pH (pK, = 8.7). Accordingly,
the current drop at a pH of 9 of Figure 6f-h is due to this phenomenon. The corresponding
calibration curves demonstrate that the device response to a pH of 7-9 is proportional to
the -OH concentration and the density, so that a pH of 7-9 and sensitivity of 1.6, 0.8, and
0.4 mM can be calculated for —28.04, —4.12, and —3.02%/pH, respectively (Figure 6i, inset)
Furthermore, the sensing behavior of the OH-functionalized FLG can be further analyzed:
from a pH of 5.5 down to 3 and back up to 7, the device resembles the annealed FLG, while
ata pH of 8 or above, it responds with OH groups. This manifestation reveals that even
one sensor can respond differently at different pH ranges, depending on the dominant
pH-sensing mechanisms. This result can be further confirmed by the significant impact
of the high -OH concentration on the pH response, leading to an almost —75% response
to a pH of 9 when the surface defect density is 1.07 x 10'* cm =2 (Figure 5¢). The detailed
information of Figure 6e,i can be found in Tables S4 and S5, respectively.

3.3. pH Response of GO and Its Application towards the Development of GO-Based pH Sensors

Based on the discussion above, enhancing graphene defectivity leads to a more defect-
induced response and higher sensitivity. Therefore, highly defective graphene derivatives
such as GO, carrying various surface/edge functional groups, are expected to be a worth-
while platform to study. The Raman spectrum of the GO with overlapping D and G bands
is shown in Figure S6, demonstrating a Raman spectrum consistent with the literature. The
Lorentzian deconvolution of the spectrum reveals the presence of multiple subpeaks under
the curves, demonstrating an Ip/Ig ratio of 1.74. The significant overlap of the D" and G
bands are also due to the enhanced intervalley scattering in the high defect region. Even
though the presence of D** at 1479 cm~ ! is often indicative of disordered carbons (amor-
phous), it could be due to the cumulative scattering of C=C stretching in sp? regions and the
C-H wagging modes in a nanocrystalline diamond [56,57]. The higher defect density can
enhance the GO pH sensitivity for aqueous solution applications. However, the stability of
GO in water becomes an issue upon its exposure to aqueous solutions. The higher degree
of local surface charges caused by functional groups decreases the GO water contact angle,
increasing the GO dispersibility. The instability of GO-based chemiresistive device upon
exposure to water can be seen in Figure 7a(1-3). Figure 7a(1) shows the airbrushed GO
on the glass slide, and (b and c) display the same sensor after exposure to an aqueous
solution after 30 and 60 min of exposure, respectively. This means that the delamination of
the active layer of GO-based chemiresistors (Figure 7a(3)) limits their stability to less than
30 min. Moreover, the semiconductive nature of GO causes a high film resistance, which is
impractical as a conductive active layer. Therefore, despite the remarkable properties of
GO, it cannot be used as the active layer in a sensor in its pristine form.

To prevent disintegration, the GO samples were annealed at 350 °C under a reducing
environment [43]. Exposure of GO to temperatures above 450 °C should either be done
in vacuum systems or under a high flow of inert gas to avoid thermal decomposition [58].
This annealing treatment results in a visible color change from brown (Figure 7a(3)) to gray
(Figure 7a(5-7)), indicating the successful reduction of the GO.

A comparison of the Ip/Ig ratio of pristine GO (Figure S6) with that of the 24 h
annealed GO (Figure 7b) confirms an increase in surface sp? hybridization. However, due
to the surface-insensitive nature of the Raman measurement, the obtained Ip/Ig = 1.3
(Figure 7b) indicates that a considerable number of defects still remain in the bulk. The low-
temperature annealing of GO assists in the formation of a stable conductive GO film, while
the intrinsic characteristics are preserved. It should be noted that the thermal annealing
(reducing) of GO results in a more uniform and well-controlled product as compared to the
chemically reduced GO [59]. Moreover, the Ip/Ig = 1.3 obtained from the 24 h-GO reveals
that only a surface reduction has occurred, and the term reduced GO is not applied here.
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Figure 7. (a) The GO sensor fabrication: (1) Bare GO; (2) Bare GO exposed to the aqueous solution
for 30 min; (3) Bare GO exposed to the aqueous solution for 6 min; (4) tTe GO chemiresistor without
water exposure; (5) GO annealed for 6 h and (6) 26 h; (7) The 24 h annealed GO-based chemiresistor.
(b) Deconvoluted Raman spectrum of 24 h-GO represents the presence of (from left to right): D, D*, G,
D’,2D,2D’, D + G, and an Ip /I ratio of 1.3. (c) The pH response and (d) calibration curve of 24 h-GO
(Io = 242 nA). The solution conductivity response of (e) FLG (I, = 2870 nA) and (f) 24 h-GO-based
devices (Io = 1050 nA).

The chemiresistive pH response of the 24 h annealed GO (24 h-GO) is shown in
Figure 7c. Notably, the stepwise variation of the current in the 24 h-GO resembles the
FLG response; however, the magnitude of the response is much higher. According to the
calibration curve shown in Figure 7d, a more than 140% change in the current is obtained
by changing the pH from 5.5 to 3, leading to a total response of 175% from a pH from 3 to 9.
In order to allow for a calculation of sensitivity despite the overall nonlinear response, the
working performance of the device is divided into low (3-5) and high (6-9) pH ranges. The
selection of these two regimes is not arbitrary. The low range is chosen based on the pH
response of -COOH and -NH;, while the latter is based on the pH response of -OH groups.
Accordingly, the low range offers a sensitivity of —53.4%/pH. In contrast, the high range
sensitivity is calculated as —10%/pH. This difference in sensitivity is due to the highly
favorable formation of -COOH during the GO synthesis and the dominant response of the
carboxyl groups. Notably, the initial formation of -OH upon the oxidation of graphene to
GO could subsequently produce -COOH through the two-step oxidations of hydroxyl —
aldehyde — carboxyl [60].
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As one of the possible interferences for the pH measurement is the ionic strength of
the solution, the performances of the FLG and the 24 h-GO were measured against the
changing the solution conductivity. For this purpose, NaCl was used to adjust the solution
conductivity, giving up to 7.25 mS/cm for 75 mM. As seen in Figure 7e, the addition of
NaCl gives rise to a small stepwise reduction of the current in the FLG. The mechanism
justifying this behavior originates from the formation of an EDL on the SLG or FLG due to
the long-range arrangement of Na* ions in the Stern layer. Therefore, the electrostatic gating
charge screening is the primary mechanism, and the addition of Na*,q induces negative
charges in the FLG. In contrast, the addition of NaCl does not affect the current through the
GO film, and a prolonged drift in current is observed (Figure 7f). The cause of this drift is
unclear at this point but could be due to a number of reported effects, including interactions
of sodium ions with the oxygen sites over time [61] or variations in the concentrations of
dissolved gases (such as CO, or O,) as a function of the ionic strength [62]. After drift
correction, however, there is no discernible response of the devices to ionic strength. In fact,
the EDL response is negligible compared to the high density of defects present in GO-based
devices; therefore, they exhibit an inherent potential for the selective detection of pH.

4. Conclusions

We have reported the development of a highly pH-sensitive platform based on ther-
mally annealed GO for next-generation sensing devices. To understand the sensing prin-
ciple of the proposed platform, we established the pH detection mechanisms of the two
most commonly used graphene derivatives (i.e., single-layer and few-layer graphene). The
contrast in pH responses of the former as a defect-free model (I /Ig~0.1, O/C ratio = 0.05),
with the latter having a degree of defectivity (Ip/Ig~0.43, O/C = 0.24), elucidates the
importance of defects in pH-sensing graphene. Therefore, the selective functionalization of
graphene using various pH-sensitive functional groups demonstrates graphene’s defect
density dependence on pH response. An approximate surface density of 4.82 x 1014 cm~2
of the carboxyl group on graphene leads to a 55% response with an —21.58%/pH sensitivity
for a pH of 3-5. The exact same surface density of the -OH groups, however, results in a
—75% change in the current, leading to a sensitivity of —28.04%/pH for a pH of 9-7. To
develop a GO-based pH-sensitive platform, we demonstrated the importance of the surface
reduction treatment at a relatively low temperature (350 °C) to enhance its durability for
long-term operation while retaining its high defectivity. As a result, a pH-sensitive device
with a maximum current change of 175% (from a pH of 3-9) was reported, giving the
sensitivity of —53.43 and —10%/pH pertaining to the pH range of 3-5 and 6-9, respectively.
The proposed platform demonstrates minimum interference with ionic conductivity due
to the dominance of the defects and offers a reagent-free pH-sensitive substrate for future
pH devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nano12111801/s1, Figure S1: XPS survey spectra of Single layer
graphene and few layer graphene; Figure S2: Raman spectra of few layer graphene before and after
exposure to pH; Figure S3: Raman spectrum of 8h annealed few layer graphene; Figure S4: pH
response of 8h annealed few layer graphene; Figure S5: calibration curve of the pH response of 8h an-
nealed few layer graphene; Figure S6: the Lorentzian deconvolution of GO Raman spectrum; Table S1:
Summary of information on Pyrene concentrations and their corresponding relative surface coverage
obtained from literature; Table S2: average + Standard deviation of Py-COOH functionalized sensors
to pH range 3-8 (3 sensors each); Table S3: average + standard deviation of maximum response of
pyrene derivative functionalized sensors as a functional surface density (3 sensors each); Table S4:
average + standard deviation of Py-NH2 functionalized sensors to pH range 3-8 (3 sensors each);
Table S5: average =+ standard deviation of Py-OH functionalized sensors to pH range 3-9 (3 sensors
each) [63-65].
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Abstract: Bacterial contamination is an important factor causing food security issues. Among the
bacteria, Escherichia coli is one of the main pathogens of food-borne microorganisms. However,
traditional bacterial detection approaches cannot meet the requirements of real-time and on-site
detection. Thus, it is of great significance to develop a rapid and accurate detection of bacteria
in food to ensure food safety and safeguard human health. The pathogen heat-treatment module
was designed in this paper based on the techniques including nanoprobe, pathogen heat-treatment,
graphene transparent electrode (GTE), and adenosine triphosphate (ATP) bioluminescence technology.
The system mainly consists of two parts: one is the optical detection unit; the other is the data
processing unit. And it can quickly and automatically detect the number of bacterial colonies in food
such as milk etc. The system uses not only the probe to capture and enrich E. coli by antigen-antibody
interaction but also the heat treatment to increase the amount of ATP released from bacterial cells
within five minutes. To enhance the detecting accuracy and sensitivity, the electric field generated
by GTE is adopted in the system to enrich ATP. Compared to the other conventional methods, the
linear correlation coefficient of the system can be reached 0.975, and the system meets the design
requirements. Under the optimal experimental conditions, the detection can be completed within
25 min, and the detectable concentration of bacteria is in the range of 3.1 x 101-10° CFU/mL. This
system satisfies the demands of a fast and on-site inspection.

Keywords: nanoprobe; pathogen heat-treatment; adenosine triphosphate luminescence; graphene
transparent electrode

1. Introduction

In recent years, with the development of economic and social progress, human living
standards have gradually improved, increasing attention has been paid to food safety, and
requirements for food safety technology that are more stringent have been established.
According to news reports and data, bacterial infections cause about 40% of all diseases and
pose a huge threat to public health and the social economy [1]. Today, common bacterial
detection approaches include culture and colony counting methods [2], enzyme-linked
immunosorbent assay (ELISA) [3], biosensor technology [4], and adenosine triphosphate
(ATP) and bioluminescence assay [5].

Escherichia coli (E. coli) is a common conditionally pathogenic bacterium. Under
certain conditions, a part of E. coli strains harboring virulence factors are considered to be
pathogenic to humans, so they are often used as an indicator for monitoring the quality of
food and drinking water. Currently, the approaches to detecting E.coli have been divided
into traditional detection methods and new modern detection methods. The traditional
detection methods include the plate dilution method [6], membrane filtration, fluorescence
quenching [7], and the use of quartz-crystal microbalance-based sensors [8]. Although
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these methods have relatively high reliability and sensitivity, most of them still have
some drawbacks. The plate dilution method, for example, was once regarded as a classic
microbial detection method. However, this approach is comparatively complex because
it requires the culturing and enriching of bacteria in the lab prior to testing. Thus, the
detection cycle is longer, making real-time detection impossible. It is difficult to meet the
current domestic and foreign requirements of bacteria detection in food. New modern
detection methods include ATP bioluminescence technology [9], magnetic-activated cell
sorting (MACS) [10], the biosensor detection method [11], PCR detection technology [12],
the gene chip method [13] and genome sequencing [14]. Among these modern detection
methods, such as immunoassays, which are being applied in industry, most modern
methods cannot meet the demand for portable and on-site detection due to the high
equipment cost and professional laboratory operation. At the same time, most of the
traditional bacteria detection methods generally have disadvantages, such as being time-
consuming, complicated operation, low signal-to-noise ratio and non-specific bacterial
identification, and these shortcomings lead that not all traditional methods can meet
industry needs in every context. Therefore, it is very important to develop a fast, portable
and highly accurate bacterial detection system to ensure food safety and maintain public
health and environmental sanitation.

The combination of immunomagnetic separation technology and ATP bioluminescence
technology provides a way to detect bacteria. However, how to improve the accuracy and
expand the detection limit is an important question we face.

Immunomagnetic separation technology is one of the research hotspots in the field of
bacterial detection. Magnetic nanoprobes are an indispensable part of immunomagnetic
separation technology, based on nanotechnology and immunology, using various mag-
netic nanoparticles coated with immunoactive substances for immunological or biological
analysis. Fish et al. realized a method to detect the concentration of Bacillus spores rapidly
using immunomagnetic separation technology incorporating a chromatography technique
in 2009 [15]. Moreover, Kuang et al. used immunomagnetic separation combined with
a fluorescent probe to detect Salmonella with a sensitivity of 500 CFU/mL [16]. In 2016,
Mengxu et al. designed an electrochemical immunosensor to detect E. coli and Salmonella
typhimurium in food based on immunomagnetic separation technology and screen-printed
interdigitated microelectrodes [17]. In recent years, immunomagnetic separation technol-
ogy has developed rapidly and become a common detection method.

ATP bioluminescence technology is one of the most common microbiological detection
methods, which can determine the total number of microorganisms in food. ATP is an
important energy substance in cells that can store and provide energy. It is immanent in all
cells and usually measured by the fluorescein-luciferase luminescence system. The wide
adhibition of ATP bioluminescence technology in food detection and the medical industry
is due to the creation and application of portable ATP Detectors. Murphy et al. used ATP
bioluminescence technology to detect bacteria in liquid milk [18]. Although this method
was proven feasible by comparing the results from the standard plate count method, it is
difficult to use on-site. In 2017, Zhang et al. utilized ATP bioluminescence technology to
detect the number of E. coli bacteria in food. The quantitative results demonstrated that their
method was useful in detecting the bacteria with a sensitivity of 3.0 x 102 CFU mL~! [19].
Xu et al. combined transparent graphene electrodes with ATP bioluminescence technology
to improve the accuracy of E. coli detection in food [20], but sensitivity remained low.

According to the research, temperature change has an obvious influence on the
bacteria-detecting process. Heat-treatment pathogen technology is used to adopt heating,
thermal insulation, and cooling to determine the properties or reaction states of pathogens
under different temperatures, which can be better used in the field of bacterial detection
or bacterial inactivation. Today, in addition to inactivating bacteria at high temperatures,
the pathogen heat-treatment technology can be used to enhance the signal strength for
bacterial detection. In 2017, Lee et al. found that the amount of ATP released from bacterial
cells, such as Salmonella enteritidis, E. coli O157:H7, and Bacillus cereus, can be increased
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by subjecting the samples to heat treatment, which helps detect the number of bacteria
colonies using ATP bioluminescence technology [21].

Because photoelectric conversion is applied in this system, graphene, a new bioassay
material, has attracted our attention because of its excellent light transmission and electrical
conductivity. In 2004, Novoselov et al. prepared graphene films by mechanical exfoliation
and discovered their unique electronic properties [22]. Li et al. prepared graphene films by
graphene chemical vapor deposition and developed a process to transfer graphene film to
various substrates, making it possible to prepare transparent graphene electrodes [23]. In
2010, Bae et al. produced transparent graphene electrodes using a roll-to-roll production
method and wet chemicals [24]. Afterwards, it was found that the optical transmittance
of transparent graphene electrodes is 97.4% and that their conductance can be as low
as 125 Q~!, which is better than the other conventional transparent electrodes, such as
those fabricated from indium tin oxide. Moreover, graphene also has excellent thermal
conductivity, of up to 5300 W/m - K, higher than that of carbon nanotubes and diamonds.

Based on the above studies, our final goal is to further enhance the accuracy and
sensitivity of the ATP bioluminescence detection system and expand its detection limit.
Therefore, we designed a rapid detection system based on immunomagnetic separation
technology, ATP bioluminescence technology, and pathogen heat-treatment technology. In
addition, the system utilizes electric field force to enrich ATP. The system uses the biotiny-
lated E. coli antibodies and streptavidin-modified magnetic nanoparticles to prepare the
magnetic nanoprobes with an avidin-biotin link reaction. The detection tube is prepared by
the chemical vapor deposition (CVD) of graphene [25]. The probes capture the pathogens,
and then to enhance the amount of ATP the target pathogens release, heat treatment is car-
ried out on the samples before the target pathogen is lysed. Among them, thin-film heaters
and resistance temperature detectors (RTDs), the main components of heat treatment, have
been widely applied in sensor chips, biological chips, and microfluid chips [26,27]. The
released ATP can be enriched by an electric field applied through transparent graphene
electrodes because ATP is negatively charged under weakly alkaline conditions. The exper-
iment showed that the number of bacterial colonies is proportional to the luminescence
intensity. As the intensity of ATP bioluminescence attenuates over time, we add another
light source to reduce the error and use photomultiplier tubes (PMT) for luminescence ac-
quisition and photoelectrical signal conversion. We then carry out a series of optimizations
in the subsequent signal processing of the system to meet the requirements of measurement
accuracy and achieve quantitative detection. Compared to the previous system, the heat
treatment module is added, and the ATP bioluminescence reaction chamber is improved.
Because temperature change has a significant impact on the bacteria-detecting process, the
addition of heat treatment modules can eliminate the influence of ambient temperature
change on ATP bioluminescence reaction, increase the relative luminescence unit (RLU),
enhance the luminescence signal, and improve the accuracy and sensitivity of detection
results. The results show that under the optimal experimental conditions, the linear correla-
tion coefficient of the system could reach 0.975, and the detection concentration of bacteria
was in the range of 1.7 x 10'-10° CFU/mL. The combination of these technologies not only
improves detection results and makes the system more convenient but also shows good
performance in field detection.

2. Detection Principle

Adenine nucleoside triphosphate, abbreviated as adenosine triphosphate (ATP), is an
energy-supplying cell substance. It exists in the cells of all kinds of organisms [28]. ATP
consists of an adenine molecule, a ribose molecule and nucleotides formed with three linked
phosphate groups [29]. ATP releases a large amount of energy when it hydrolyzes, the
most direct energy source in living organisms. Figure 1 shows the molecular constitution
of adenosine triphosphate.
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Figure 1. Structure of Adenosine triphosphate.

In general, the quantity of ATP is roughly the same in each bacterium, at approx-
imately 1-2 fg per cell [30]. Moreover, the mechanism, luciferin reacting with oxygen
under the action of luciferase to produce bioluminescence, was discovered in 1947, and
ATP can provide the energy for this reaction. According to our previous experiments,
the experimental reagent’s luminescence intensity has a strong linear relationship with
the concentration of ATP in a certain concentration range. The above findings provide
theoretical bases for measuring the amount of bacteria utilizing ATP bioluminescence
technology. In the experiments, we need to use a reagent group including an erase reagent,
lysis reagent, luciferase, and fluorescein. The function of the erase reagent is to remove
the effects of somatic cells and free ATP. The function of the lysis reagent is to lyse E. coli
and release ATP. Luciferase and fluorescein provide raw materials for the bioluminescence
process and react in the presence of Mg?* and O,. In addition, we subject the captured
E. coli pathogen to heating during detection, which can increase the amount of ATP the
pathogen releases and enhance detection sensitivity. In our previous study, we found that
the reagent’s concentration affected the luminescence intensity. Therefore, we subjected the
reagent concentration to 30-40 mg/L to stabilize the peak luminescence intensity. When
the ATP concentration is less than 10~7 mol/L, we observe a strong linear relationship
between the ATP content and light intensity when the other reactants are sufficient in the
reaction process. Because the solution’s pH affects luciferase activity, it will directly cause
the emitting light to deviate from its wavelength peak. The results of experimental data
show that a stable peak wavelength of light is acquired when the pH is between 7.5 and
7.8. In this process, almost all of the energy from ATP is converted into light energy. The
amount of E. coli cells can be measured indirectly using Equation (1), where hv represents
luminous energy.

Mg2* f Luciferase

ATP + O, + Luciferins—————Oxyluciferin + AMP + CO, + ppi + hv 1)

A nanoprobe is a nanoscale biosensor that can detect single living cells, which have
the characteristics of nanoscale size and real-time monitoring and causes little damage to
cells [31]. The immunomagnetic beads (IMB) separation technique is a new immunological
technique that combines the high specificity of immunological response with the unique
magnetic responsiveness of magnetic beads. It is a kind of immunological detection
method with strong specificity and high sensitivity. IBMs are magnetic beads wrapped
with monoclonal antibodies, which have the strengths of high speed, high efficiency and
simple operation. Therefore, they have a wide range of applications in the enrichment and
separation of bacteria [32]. Compared to the traditional methods, IBMs do not have the
disadvantages of time-consuming techniques and a pre-enrichment requirement. Magnetic
nanoparticles can be collected by a magnetic field, and this property can be used to combine
bacteria with magnetic nanoparticles for specific separation and to capture target bacteria.

In our previous study, we designed medium-size IBMs (120-200 nm) to capture
E. coli [19]. First, we utilized streptavidin to modify IMBs to obtain magnetic beads
whose surface is modified with streptavidin. Then we mixed the E. coli-specific anti-
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bodies and biotin to get biotinylated E. coli antibodies. We prepared immunomagnetic
nanoprobes by combining magnetic beads modified with streptavidin with biotinylated
E. coli antibodies by enzyme-linked immunosorbent assay [33,34]. We used immunomag-
netic nanoprobes to capture E. coli by antigen-antibody reaction, and we prepared the
IMB/antibody-Escherichia coli-immune compounds. An antibody is an immunoglobulin
produced by plasma cells differentiated from B cells in response to the stimulation of anti-
genic substances, and antibodies can specifically bind to the corresponding antigen. In our
experiments, we studied E. coli O157:H7 and used E. coli O157:H7 monoclonal antibodies
to capture them. These antibodies bound specifically to the somatic antigen (O antigen)
and the flagellar antigen (H antigen) of E. coli O157:H7, respectively, to achieve the effect of
capturing the bacterium. Figure 2 shows the preparation and capture processes. To enrich
and isolate the magnetic immune compounds, we designed a magnetic field at the two
polar ends of the samples.
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Figure 2. Magnetic nanoprobe and capture of E. coli.

Graphene is a material with a mono-layered two-dimensional hexagonal lattice struc-
ture [35]. Due to graphene’s excellent properties, such as good electrical conductivity [36],
light transmission, excellent mechanical properties, and electron mobility at room tempera-
ture, graphene and its chemically modified derivatives can be used as graphene transparent
electrodes. Moreover, graphene has high thermal conductivity, which allows us to apply it
for heat and cooling.

In previous studies, we found that temperature has a significant impact on the amount
of ATP bacterial cells release. Therefore, in this study, we found a method that improves the
sensitivity by increasing the amount of ATP that E. coli releases by subjecting the samples
to heat treatment [21]. Here, we designed a temperature control module accurately. A heat
treatment unit comprises three parts: a thermal cycler, reaction chambers, and a temperature
detection and signal feedback web. The thermal cycler comprises a heating component,
a cooling component and a thermal signal controller. However, the great difficulties of
designing the thermal cycle structure lie in the accurate control of temperature and excellent
thermal uniformity around the reaction chamber.

To solve those problems, we designed a thin-film heater. The thin-film heater, which is
formed by depositing polycrystalline or metallic materials on the substrate surfaces [37,38],
is very popular because of its advantages, such as low power consumption, high operation
speed, and strong temperature control performance, and it is crucial for the portability of
bacterial detection equipment. To meet space and environmental needs, we designed a
flexible polyimide thin-film heater that mainly comprises external insulation material and
internal heating wire. We chose polyimide as external insulation material because it has
high-temperature resistance, high insulation and excellent mechanical tractility properties.
Commonly, the materials of the heating wire used in thin-film heaters are divided into
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Fe-Cr-Al alloy and nickel-chromium alloy. Here, we selected nickel-chromium alloy as
the material for the thin-film heater because it has excellent thermoelectric properties. It is
difficult to deform at high temperatures, and it has the advantageous qualities of having a
long service life, being non-magnetic, having strong corrosion resistance, etc.

A temperature detector is an essential part of the temperature detection and signal
feedback unit. It is used not only to detect the temperature of the heater and the reaction
chamber but also to feed the temperature signal to the MCU. The heating or cooling
element is run by the thermal signal controller to maintain a stable temperature. We used
the resistance temperature detector (RTD) in our system because of its high accuracy, high
stability, and wide temperature-control range. In general, metallic materials are used for
RTDs; temperature monitoring relies on the relationship between the resistance and the
temperature [39-41]. Platinum, copper and nickel are commonly used to manufacture
RTDs, for they have the advantages of a high-temperature coefficient and quick response
to temperature changes. Moreover, they are easily manufactured into refined coils. Among
them, platinum, with its high stability, does not react physically or chemically in a certain
temperature range. Platinum-resistance temperature detectors have a wide measuring
range. In addition, they not only have better linearity than thermocouples and thermistors,
but they are also more accurate and stable temperature sensors than any we have obtained
up to now.

3. Testing Prototype Design

The system primarily includes two parts. One is the optical detection unit, and the
other is the photoelectric signal processing and display unit, as Figure 3 shows.

e Photoelectric signal processing and display unit |

| |
| | Liquid crystal |
I screen& key I
| Control I
I Signal signal |
: CPU-ADu(C834 conditioning —I@I :
circuit |y
: Driving Temperature Driving I
. signal signal signal |
I I I |
Magnetic separation PMT

Captured bacterial solution or cool

Capture and Bioluminescence reaction unit Heat treatment module
enrichment unit

| |

| rack Pump bioluminescence |

Reagents

: Reactor #1 ‘ g Reactor #2 | _Heat | Reactor #3 | :

: |
|

| Optical detection unit |

Figure 3. Frame diagram of the system. Reactor #1 is the capture and enrichment unit, which is
intended to capture E. coli pathogens by our designed immunomagnetic nanoprobes and to enrich
bacteria by a magnetic separation rack. Reactor #2 is the bioluminescence reaction unit, and reactor
#3 is the heat treatment module, both of which cooperate to process the captured E. coli solution by
pathogens heat-treating and adding reagents by a peristaltic pump. The bioluminescence signal is
collected by the PMT and sent to the CPU through the signal processing circuit. The control signals
of the peristaltic pump and the heat treatment module are sent by the CPU. The liquid crystal screen
displays the results, and the device can be operated by key.

The optical detection unit comprises four components. Reactor #1 is a capture and
enrichment unit, reactor #2 is a bioluminescence reaction unit, and reactor #3 is a heat
treatment module. Additionally, the unit contains an automatic filling-up unit.
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Reactor #1 is the capture and enrichment unit, which is intended to use our designed
immunomagnetic nanoprobes to capture E. coli pathogens and enrich bacteria by magnetic
separation rack, as shown in Figure 3. The details of E. coli O157: H7 cultured are as follows.
E. coli O157: H7 standard strains were added to the modified E. coli medium (37 °C, 24
h) and then homogenized in 300 uL sterile saline. After centrifugation at 5000 rpm, the
precipitated supernatant was discarded and placed in saline suspension again. Finally, the
original bacterial solution was obtained at a concentration of 10’~108 CFU/mL. Multiple
gradient concentrations of the samples were obtained by diluting the original bacterial
solution. The samples were divided into two parts, one was for the conventional culture
method, and the other was for detection by our method. In the following, we will describe
the technical details. First, 50 uL of the immunomagnetic nanoprobes solution is added to
the E. coli solution and wait 10 min for the probe to capture the bacteria. Due to utilizing an
enzyme-linked immunosorbent assay to bind E. coli antibodies to the immunomagnetic
nanoprobes, the probe can capture E. coli through antigen-antibody reaction. Second,
after the E. coli is captured, magnetic separation is carried out. And under the action of
the magnetic separation rack, the IMB/antibody—Escherichia coli-immune compounds
are adsorbed onto the bottom of the test tube. Then, the supernatant is discarded after
magnetic separation. Last but not least, to obtain the captured E. coli solution, the enriched
samples are washed three times with 150 mL of cleaning solution (10-mmol L-1 PBS,
0.05% Tween-20).

Reactor #2 is the bioluminescence reaction unit, which consists of a special detection
tube and a photomultiplier (PMT). The detection tube is characterized by a graphite layer
attached to the bottom. The heat treatment module (Reactor #3) is a temperature control
device implemented using a heating component, a cooling component and a thermal signal
controller. They cooperate to process the captured E. coli solution. First, the solution
used for the ATP bioluminescence testing is subjected to heat treatment to increase the
amount of ATP released from E. coli. We designed a kind of flexible thin-film heater as
the heating component in the temperature control device, and its design was as shown in
Figure 4. We used the polyimide film as the substrate material (thickness 0.15 mm). Nickel-
chromium alloy foil was selected as the resistance circuit material (thickness 0.05 mm).
Nickel-chromium alloy foil was laminated onto the substrate (polyimide film). This step
was achieved using a thin thermosetting adhesive layer with excellent bonding properties
when bonded to both materials. After lamination was stabilized, the substrate was drilled
and positioned so that each layer within the heater remained aligned during a period of
manufacturing. Next, the photoresist was smeared evenly on the panel (nickel-chromium
alloy foil). After the photoresist was attached well, we placed the advanced photomask tool
on the resist. The mask, which was generated based on a CAD design tool, was the final
design template of the heating element, including the applicable element width required to
produce the correct resistive heater. Then, the exposure was carried out. In this process,
the resist was exposed to ultraviolet light to cure for use as a chemical etching resist. Next,
the uncured resist was removed to expose the foil for etching and foil removal. At the
same time, the cured resist can protect the pattern of the heater element. The panel was
then chemically etched, stripped, and cleaned to chemically remove the foil not protected
by the resistor and to retain the heating element pattern on the panel. The next step was
to place a top overlay on the panel and laminate it. The top layer, the polyimide film
(thickness 0.15 mm), provided access to the heating elements, including connecting wires
and the openings for assemblies. Finally, after the heating film was removed from the
panel, the wire was connected to the heating film, and the high-performance pressure-
sensitive adhesive was coated on the back of the heating film. We adhered the heating
film to the inner wall of the container that holds the test tube, and the heating film was
wrapped tightly on the outer wall of the test tube for heating. Resistance temperature
detector (RTD) PT100’s connector was fixated in the reserved position between the thin-film
heater and the test tube for monitoring and feedback on the temperature of the test tube.
Both the thin-film heater and RTD were controlled by the external drive circuit and the
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Foil

thermal signal controller. The thin-film heater was controlled using proportional-integral-
derivative (PID) closed-loop controllers, which were implemented on CPU-ADUCS834.
CPU-ADUCS834 is a microcontroller that has two independent ADCs [42]. In addition,
the thin film heater was driven by a double MOS parallel active output circuit. A PT100
resistance temperature detector (RTD) was connected with a MAX31865 chip to convert the
voltage signal corresponding to test tube temperature into a digital signal. The MAX31865
chip was then connected with an ADUC834 to control the drive circuit according to the
collected temperature. Because the optimal temperature for the bioluminescence reaction is
24.5 °C, we heated the tube to 50 °C for 5 min and then let it cool to 24.5 °C for 20 s for the
next bioluminescence reaction. The cooling component was implemented by a low-power
fan, which was also controlled by the ADUC834.
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Figure 4. The production flow chart of the thin-film heater.

ATP bioluminescence reaction occurred in the detection tube in the fluorescent reaction
unit (Reactor #2). We connected the graphene electrode to the upper electrode through
a steady current source, creating a weak electric field in the detection tube. The studies
show that graphene has good optical transmittance, so the PMT, which is used for light
trapping and photoelectric conversion, can be placed on the side of the test tube. To avoid
the interference of external light as much as possible to ensure the accuracy of detection, the
entire bioluminescence reaction and light capture and detection by PMT were performed
in a completely closed environment. The procedure for this part of the assay is as follows:
30 uL of enriched E. coli suspension was added to the special test tube with a graphene
electrode attached to the bottom. The solution in the tube is heat-treated for 5 min using the
flexible thin-film heater we designed and then cooled to the optimum ATP bioluminescence
reaction temperature using the cooling fan. Then 270 pL of the detection reagent was
accurately injected with a peristaltic pump. The lysis agent in the detection reagent can lyse
E. coli and release ATP. Meanwhile, the graphene electrode is energized by a built-in current
source to create an electric field outside the test tube. Moreover, the experiments indicate
that the luminescence from the ATP bioluminescence reaction is stronger under weak
alkaline conditions compared to other acid-base conditions, and ATP has a negative charge
under weak alkaline conditions. ATP will be enriched at the bottom of the test tube under
the action of the electric field. The electric field also can enhance the activity of ATPASE
and accelerate the oxidation of luciferase, thus enhancing the stability and accuracy of the
system. After adding the detection reagent, the energy for the bioluminescence reaction is
provided by ATP, and the luminescence emitted from the ATP bioluminescence reaction is
captured by the PMT. The system automatically reads the optical signal after 60 s. And an
internal calibration and compensation unit was used to detect and compensate for light
attenuation, which will be described in the following. It is essential to add a filtering circuit
in the design to reduce external noise interference due to the unavoidable system noise and
weak input signals.
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For portability and automation, we added an automated filling-up unit to the system,
which is controlled by a microcontroller and enables the system to automatically select
the appropriate reagents and quickly fill the required dose of reagents as required, as
shown in Figure 5. In this unit, a single reagent hose line is represented by a thin line,
and multiple reagent line hoses are represented by thick lines. For the tubes used in
each unit, we choose the hoses characterized by high elasticity, low adhesiveness and low
permeability. The different types of reagents for system selection are stored in different
containers. Erase reagent, lysis reagent (50 mmol/LTris-HCl, 150 mmol/L NaCl, 0.02%
NaNj3, 100 ug/mL PMSE, 1 pg/mL Aprotinin, 1% Triton X-100) and bioluminescent reaction
reagent (luciferase/luciferin reagent substrate, from Beijing YPH Biotechnology Co., Ltd.,
Beijing, China) is stored in three tubes a, b and ¢, respectively. Using a peristaltic pump
in the automatic filling device, the required reagents are added to each unit via hoses to
complete the test.

waste liquid
a b c treatment
L unit enrichment
unit

thin-film heater

Signal
conditioning
circuit

heat treatment unit&
bioluminescence reaction unit
automated
filling-up unit
Figure 5. Automatic filling-up unit. Escherichia coli is captured using immunomagnetic nanoprobes
and enriched in tube e. Pathogen heat treatment and bioluminescence reaction are performed in tube
f. Tubes a, b and ¢ contain erase reagent, lysis reagent and bioluminescence reagent, respectively. The
peristaltic pump is controlled by MCU to fill the required reagents during the detection process. Tube

d is used to store the waste liquid.

Although the test is carried out in a closed device, some external light still enters
the reactor through cracks and transparent tube refraction, which forms scatting light.
The light emitted by ATP luminescence is also absorbed by the solution because the ATP
luminescence reaction takes place in the solution. These two points may affect the testing
results, so the optical calibration method is adopted for compensation, and its schematic
diagram is shown in Figure 6. Figure 6a is the schematic diagram without using the optical
calibration method. The sample and detection reagent react to release bioluminescence
in an optical reaction cell, which is directly detected by photomultiplier tubes. Therefore,
it is inevitable to be affected by the absorption of luminescence and scatting light. To
solve this problem, a light-emitting diode (LED) is installed on the opposite side of the
photomultiplier tube, as shown in Figure 6b. The luminescence wavelength of the LED is
required to be consistent with ATP bioluminescence, whose peak wavelength is 562 nm.
And under the control of a constant current source, make its luminescence as stable as
possible. When no detection reagent is added, the photomultiplier tube first detects and
records the original light intensity of the LED and then turns it off. The approaches to close
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include power supply and shutter. After adding the detection reagent and bioluminescence
detection, the LED is turned on again, and its luminescence is detected by a photomultiplier
tube after passing through the optical reaction cell. Because the absorption and scattering
of the light attenuate it, the detected bioluminescence signal can be corrected by the degree
of attenuation to achieve the calibration function.

PMT
—y PMT

LED
a b
Figure 6. The schematic diagram of the optical calibration method. (a) PMT luminescence collection
without optical calibration; (b) PMT luminescence collection with optical calibration.

After processing, the bioluminescence reaction is carried out in a special detector
tube in reactor #2, with graphene electrodes attached to the bottom. The tube is chosen
to use a high-transmittance glass test tube to improve the light transmission. The PMT is
responsible for collecting the light signal, obtaining the relative luminous intensity, and
completing the photoelectric conversion. As shown in Figure 7, current signals derived
from photoelectric conversion are turned into analog voltage signals by an integrated
operational amplifier circuit and become digital signals after analog-to-digital conversion.
Then they are sent to a microcontroller for processing. A complete inspection process
is controlled in 30 min. Moreover, to automate and improve the system’s efficiency, we
designed an automatic cleaning function, which can be automatically cleaned between two
inspection processes. The waste liquid obtained after cleaning is delivered to the waste
liquid pool. This function can reduce the interference between two consecutive assays.

voltage amplifier [ A/D > € Key

|

RC low-pass filter

|

currenttovoltage
conversion

|

integrating sampler

—>| display

bioluminescence T

_— PMT

< 4r

Power

Figure 7. Signal transmission unit. The bioluminescence signal is converted into the current signal
by the PMT. The current signal is sampled, and current-to-voltage is converted and then sent to
the RC low-pass filter for filtering. The filtered analog voltage signal is amplified by the voltage
amplifier circuit, which becomes a digital signal after analog-to-digital conversion and is transmitted
to the MCU.
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4. Results and Discussion
4.1. System Noise and Signal Level

During the testing process, the accuracy of the measurement results is improved using
a filtering circuit in signal processing due to the interference from system noise and weak
input signals are two important factors affecting the measurement accuracy. The specific
filtering process is as follows. Firstly, the signal from PMT acquisition and photoelectric
conversion is sampled and integrated. The sampling integral processing consists of two
processes: sampling and integration. The sampling interval is determined according to the
accuracy of the signal to be recovered. Then the sampling is integrated, and the integration
process is implemented with an analog circuit. Both sampling and integration can be
implemented using an integrating sampler, whose purpose is to extract the weak input
signal from the noise. Later, the obtained samples are accumulated synchronously using
an RC low-pass filter to suppress the noise and extract the desired signal, which takes
advantage of the non-correlation between the noise and the signal. Figure 8 shows the
system noise and the effective signal levels before and after filtering. It is clear from the
line chart in Figure 8 that the effective signal levels before filtering ranges from 13 mV to
17.5 mV, and the effective signal levels after filtering ranges from 14.5 mV to 16 mV, which
has a significant difference between the two sets of results. The system noise level ranges
from —0.2 mV to 0.15 mV. Thus, it can be observed that the output signal level is smoother,
and the output signal results are more stable than before filtering.
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Figure 8. System noise and output signal level before and after filtering.

4.2. The Efficiency of Binding E. coli Antibodies to Immunomagnetic Beads

For the immunomagnetic nanoprobes to capture E. coli, the IMBs are required to bind
with a sufficient amount of E. coli antibodies. In this study, the binding efficiency refers
to the binding efficiency of the IMBs to the antibodies. Many instruments are available
to measure the binding efficiency, and we chose the UV spectrophotometer. The specific
operation is as follows: The absorbance of the E. coli antibody solution before and after
adding IMBs is measured separately with the UV spectrophotometer. When IMBs are not
yet bound to the antibody, the absorbance of the solution before the addition of IMBs can
be recorded as A0. When the binding of IMB and antibody is completed, the absorbance of
the solution after the addition of IMBs can be recorded as A1l. The binding efficiency (Rc)
can be calculated using Equation (2).

Re — {AO —Al

0 ] x 100% @)
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The results obtained from the preliminary data analysis in Table 1 show the average
binding efficiency of 86.3%, with a maximum fluctuation of 1.4%. The above results indicate
that the binding efficiency of IMB and E. coli antibodies is satisfactory, which meets the
requirements of the binding efficiency of the assay. Moreover, according to the results of
the subsequent experiments, the efficiency of immunomagnetic nanoprobes for capturing
E. coli reaches 99.5%, which can meet the detection requirements for capturing accuracy.

Table 1. The efficiency of binding E. coli antibodies to immunomagnetic beads.

A0 Al Rc
%
342 46 865
35.8 5.4 84.9
339 48 85.8
374 5.1 86.4
382 49 87.2
365 47 87.1

4.3. ATP Bioluminescence Detection

During the detection process, the intensity of the luminescence signal gradually
decayed over time due to the consumption of the substrate. To calculate the concentration
of E. coli in solution using the luminescence intensity at the initial moment, we need to
record the luminescence intensity at the initial moment. Therefore, we should perform ATP
bioluminescence reaction kinetic fitting experiments. The experimental method is as follows.
We choose standard ATP solutions with five different concentrations of 10~15, 1014, 10713,
10712 and 10~ mol/L. Under the same circumstances, different concentrations of standard
ATP solutions and sufficient amounts of other reactants are reacted, which is repeated five
times. The average of the five testing results is taken as the final experimental data, and
the results are shown in Figure 10. It is apparent from Figure 10 that the luminescence
intensity of ATP is negatively correlated with time, and the higher the concentration of
ATP at the same experimental moment, the stronger the luminescence intensity of the
solution. The experimental data of the samples with a concentration of 1073 mol/L can
be compared with the other data in Figure 10, which shows that the initial luminescence
intensity produced by the samples with the concentration of 107> and 10~1% mol/L are too
low and easily disturbed by noise. The luminescence intensity produced by the standard
ATP solutions of 107!2 and 107! mol/L is not detected in the first 100 s because its intensity
is too high beyond the detection range. Therefore, to improve the accuracy of the detection
results, we choose samples with a concentration of 10~13 mol/L to perform the kinetic
fitting of the ATP bioluminescence reaction.

Figure 9 indicates the bioluminescence reaction kinetic fitted curve of the sample with a
concentration of 10713 mol/L. A closer inspection of Figure 9 shows that the output voltage
obtained from the photoelectric conversion decays from an initial value of 2187.63 mV to
1013.72 mV within the first 100 s. The data in this figure are consistent with the kinetic
Equation (3) [43], which will be used in subsequent experiments to calculate the initial
luminous intensity:

y=Alx e Xt 4y0 @)

where y is the output voltage corresponding to the luminous intensity at time t, Al is the
output voltage corresponding to the luminous intensity at the initial moment, K is the
attenuation constant, and y0 is the error. The calculated correlation coefficient of the fitted
curve is 0.9943.
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Figure 9. Kinetic fitted curve of the sample of concentration 10713 mol/L.
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Figure 10. Kinetic fitting curves for the samples of five different ATP concentrations.

4.4. Effect of pH on Test Results

Luciferase is indispensable for ATP bioluminescence reaction, whose activity is easily
affected by pH value. The experiments indicate that the fluorescence from ATP biolu-
minescence reaction is stronger under weak alkaline conditions than in other acid-base
conditions. To achieve the desired effect of the bioluminescence reaction, we need to gain
the pH interval where the luciferase activity reaches its peak. To obtain this pH interval,
ATP solutions with a concentration of 10~!% mol/L were used for the test. The lumines-
cence intensity of the solution, which reflects the luciferase activity, could be measured by
a fluorescence detector. The details of the experiment are as follows. Multiple experiments
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were performed with the same concentration of ATP solution, and the pH value of the
solution was adjusted with HCL and NAOH. Experiments showed that the more suitable
temperature for ATP bioluminescence reaction is 24.5 °C [19], so the temperature of this
experiment was controlled within a range of 24 & 1 °C. The experimental results are shown
in Figure 11. It is apparent from Figure 11 that the luminescence intensity is almost 0 when
the pH value is too large (greater than 10) or too small (less than 4), which may be that the
luciferase is inactivated and the reaction cannot be carried out. The luminescence intensity
is significantly better when the pH value is between 7.5 and 7.9, and the luminescence
intensity reaches its peak when the pH value is 7.7, which is 31.6 x 10* RLU. Thus, the pH
value of the solution in detection should be adjusted to a weak alkaline condition. ATP has
a negative charge under weak alkaline conditions, which is conducive to the enrichment of
ATP by the electric field force.
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Figure 11. Effect of pH on luminescence intensity.

4.5. System Precision

System precision is a prerequisite to ensuring the system’s accuracy, which can be
expressed by the reproducibility of the measurement results. Although high precision
cannot guarantee high accuracy, low precision must not have good accuracy. Precision
refers to the degree of dispersion between the measured data in the measurement of
multiple identical samples. Coefficient of variation (CV) is generally used to determine the
level of precision. CV can be calculated by Formula (4):

SD

CV = Mean x 100% (4)

where SD is standard deviation; Mean is the average value. A low coefficient of variation
demonstrates good testing precision, while a high variation coefficient indicates poor
testing precision. We used 10 independent bacterial sample solutions with a concentration
of 3 x 10° CFU/mL to analyze the system precision in the experiment, and the results are
shown in Figure 12. A simple analysis of the data in Figure 12 showed that the coefficient
of variation was 3.96%.
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Figure 12. System precision testing.

4.6. Linear Relationship

In general, the lower limit of detection (LLD) is defined as the point where the signal-
to-noise ratio equals three [44]. In this study, we applied the standard deviation of lu-
minescence intensity as the system noise and calculated the lower limit of detection for
luminescence intensity as 600 RLU. We selected several standard E. coli solutions ranging
from 10 to 107 CFU/mL as sample solutions to test the relationship between luminescence
intensity and bacterial concentration. The tests were divided into two groups: solutions
without heat treatment and solutions after heat treatment. Figure 13 demonstrated that
the luminous intensity was linearly related to the E. coli concentration. The linear correla-
tion coefficient was 0.972 before and 0.975 after heat treatment. For the solutions without
heat treatment, the luminescence intensity was below the lower detection limit when the
concentration of E. coli was below 10> CFU/mL. For the solutions after heat treatment, the
system cannot detect when E. coli concentration is below 30 CFU/mL. As Figure 13 shows,
there was a significant difference between the two groups of fitted curves. Comparing the
fitted curves before and after heat treatment, it can be seen that the RLU of the heat-treated
solution increased several times in the solution containing the same concentration of E. coli.
Thus, the limit of detection (LOD) of E. coli detection using the ATP bioluminescence
technique was increased by about one magnitude because of the enhanced biolumines-
cence signal. Our results suggest that the heat treatment step of the pathogen is useful for
improving the sensitivity of the ATP bioluminescence technique for the detection of E. coli.
As Table 2 shows, our results suggest that adding a pathogen heat-treatment step is useful
to enhance the sensitivity for E. coli detection by the ATP bioluminescence technique.
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Figure 13. Correlation between luminescence intensity and E. coli concentration.

Table 2. Results compared with other test methods.

Method Bacteria Detection Range Detection Time Linear Coefficient Reference
Electrochemical E. coli K1:H7 22 CFU/mL 30 min 0.841 [45]
method
Resistive method E. coli Rosetta 107 CFU/mL 2h 0.875 [46]
2pLyss
Magnetic silica I 3 7 .
nanotubes method S. Typhimurium 10°-10” CFU/mL 30 min 0.901 [47]
Magnetic : X 2_108 i
nanoprobe-ATP method E. coli O157:H7 10°-10° CFU/mL <20 min 0.964 [19]
Nanoprobe transparent
graphene electrode-ATP  E. coli O157:H7 10%-10° CFU/mL <20 min 0.972 [20]
method
Nanoprobe- improve . . 3 .
ATP method E. coli O157:H7 31-10° CFU/mL 25-30 min 0.975 Present work

4.7. Detection Accuracy

Absolute error is often regarded as a classical parameter to measure detection accuracy,
which can be described as:

E = ABS[log(PM) — log(TCM)] ®)

where E is the absolute error, PM is the detection results of the present method, and TCM
is the detection results of the traditional culture method. Generally speaking, we regard
the traditional culture method results as actual values and the present method results
as measured values. When E < 1, the present method results and the traditional culture
method results can be considered almost identical [48]. The detection system tested various
foods and beverages, and the results were compared with those of the traditional culture
method to calculate absolute error, represented in Figure 14b. Samples included four
categories: drinks, meats, grain and quick-frozen food, Examples of items included milk,
juice, beef, and frozen fish from supermarkets and farmers’ markets. To prepare the testing
samples, we used the dilution method and the mixture ratio method [20]. In processing the
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experiment, the experimental conditions were adopted as follows: ATP bioluminescence
reaction was preceded by heat treatment (50 °C, 5 min), and then the sample solution
was cooled to the optimum temperature for bioluminescence reaction (24.5 °C, pH 7.4).
During the assay, for solid and semi-solid samples, such as beef, we mixed 25 g samples
with 225 mL normal saline in a sterile homogenization cup and homogenized it at 5000
rpm for 3 min to produce a 1:10 dilution solution. Liquid samples, such as milk, were
collected with a sterile pipette. 25 mL sample was mixed with 225 mL normal saline in a
sterile conical flask, and then it was shaken well at 200 rpm for 3 min to produce a 1:10
homogenized sample. Figure 14b shows the testing results before the addition of the heat
treatment module, and Figure 14d shows the testing results after the addition of the heat
treatment module. The comparison shows that the detection accuracy was more than 94%
after adding the heat treatment module, especially in beverage and grain samples. The
detection accuracy of quick-frozen food was also significantly improved.

] Total nuimber
B E<1 before heati

Total nuimber

bioluminescence reaction unit
Drinks Meats Grain Quick frozen

(b)

[ Total number
Bl £<1 after heating
1 300 298

Drinks Meats Grain Quick frozen
(0) (d)

Figure 14. Comparison of the system accuracy. (a) detection model before adding the heat treatment
module; (b) testing results before adding the heat treatment module; (c) detection model after adding
the heat treatment module; (d) testing results after adding the heat treatment module.

5. Conclusions

Escherichia coli is a conditionally pathogenic bacterium, and some of its strains carrying
virulence factors are pathogenic to humans. E. coli detection research has been a hot issue in
the food hygiene and health field. This study is undertaken to design a real-time, rapid and
accurate portable E. coli detection system and evaluate the detection effectiveness of the
system. The system is innovative in combining three technologies: immunomagnetic sepa-
ration technology, improved ATP bioluminescence technology, and graphene transparent
electrodes. Among these, the improved ATP bioluminescence technology is a combination
of heat-treatment pathogen technology and ATP bioluminescence detection to further
improve detection range and detection accuracy. Based on the analysis of the testing results,
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the system can be used to detect E. coli in food and beverages with a detection accuracy of
more than 94%. The detection time was within 30 min, and the range of detection colonies
was 3.1 x 10! to 10° CFU/mL. The coefficient of variation was 3.96%, indicating that the
system has high reliability and reproducibility. In addition, the system’s results showed
a good linear correlation with those obtained by the traditional detection method, with a
linearity coefficient of 0.975. Compared with the unimproved system [18], the detection
accuracy was higher, the detection range was larger, the coefficient of variation was lower,
and the linear correlation was stronger. A limitation of this study is that the system can only
detect E. coli and cannot detect multiple pathogens simultaneously. In the future, further
studies will improve on this limitation.
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Abstract: Single-walled carbon nanotubes (SWCNTs) are well-known for their excellent electrical
conductivity. One promising application for SWCNT-based thin films is as transparent electrodes for
uncooled mid-IR detectors (MIR). In this paper, a combination of computational and experimental
studies were performed to understand the chemistry behind the stability of carboxylic SWCNTs
(SWCNTs-COOH) dispersions in different solvents. A computational study based on the density
functional tight-binding (DFTB) method was applied to understand the interactions of COOH-
functionalized carbon nanotubes with selected solvents. Attention was focused on understanding
how the protonation of COOH groups influences the binding energies between SWCNTs and different
solvents. Thin film electrodes were prepared by alternately depositing PEI and SWCNT-COOH on
soda lime glass substrates. To prepare a stable SWCNT dispersion, different solvents were tested,
such as deionized (DI) water, ethanol and acetone. The SWCNT-COOH dispersion stability was
tested in different solvents. Samples were prepared to study the relationship between the number
of depositions, transparency in the MIR range (2.5-5 um) and conductivity, looking for the optimal
thickness that would satisfy the application. The MIR transparency of the electrode was reduced by
20% for the thickest SWCNT layers, whereas sheet resistance values were reduced to 150200 k()/sq.

Keywords: SWCNT; layer-by-layer; transparent electrode; DFTB; DFT; binding energies

1. Introduction

Optics and optoelectronics are a field of electronics and physics that has been attracting
attention in recent times; it includes devices such as lasers, LEDs, solar cells, touch screens,
photo diodes, detectors, etc. [1-3]. A substantial number of optoelectronic devices are
focused on the development of infrared components that work in near-infrared (NIR) and
mid-infrared (MIR) spectral ranges. The MIR spectral range (2.5-5 pm) is particularly
interesting for organic molecule detection and functional group identification. With re-
spect to this, the development of a new generation of MIR detectors is more than justified
and will be beneficial for future technologies and devices. Transparent electrodes are the
vital components of any optoelectronic device, including detectors. Until now, indium
tin oxide (ITO) has been the most commonly used material for transparent electrodes [4].
However, ITO production is limited by the shortage of indium resources in the world
and its high cost [5]. Furthermore, the fabrication process of transparent ITO films re-
quires high processing temperatures of over 300 °C, which is not appropriate for many
applications [6]. Contrary to this, carbon nanotubes—both single-walled (SWCNT) and
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multi-walled (MWCNT)—have the potential for application as ITO replacements. However,
a lot of issues need to be addressed and solved.

Over the last 20 years, single-walled carbon nanotubes (SWCNTs) have gained signifi-
cant attention in materials science due to their exceptional mechanical, electrical, optical,
chemical and thermal properties. The molecular structure of a SWCNT is constructed
by sp? hybridized carbon in the form of rolled-up graphene sheet. Depending on the
diameter and chiral vector, SWCNTs can have metallic, semimetallic or semiconduct-
ing properties [5,7,8]. Their high value of mobility (~10,000 cm?/Vs~1) [7], low resistiv-
ity [7,8], high current-carrying capacities (~109 A/cm?) [7,9,10], high thermal conductivity
(~3500 W/mK), ballistic transport and high point of stress fracture (~50 GPa) are some of
the reasons why SWCNTSs have a very wide field of application [7,8].

Progress in science and technology today inevitably requires the application of compu-
tational methods aimed at investigating the properties of molecules and materials [11-13].
Quantum-mechanical methods, fundamentally based on the density functional theory
(DFT), are among the most frequently utilized levels of theory and are beneficial for
calculating the binding strength between molecules [14-17]. Although DFT methods com-
promise accuracy and computational cost, some molecular systems are too complex for
this level of theory. Fortunately, semi-empirical techniques have also been developed,
and they offer reasonable accuracy at a fraction of the computation resources required for
regular DFT calculations. One of the best-known semi-empirical methods is the density-
functional tight-binding method (DFTB) [18-22]. This method enables calculations orders
of magnitude faster than DFT while retaining the explicit description of the electronic
structure [23,24]. Due to the size of the studied systems, which consisted of more than
300 atoms each, the DFTB method was applied in this study to obtain the geometries of the
studied molecular systems. Later, to understand the interactions of COOH-functionalized
SWCNTs with different dispersants, DFT calculations were applied. The application of the
DFTB level of theory ensured the obtaining of reliable geometries for these huge systems at
a reasonable computational cost [25-30], while single point energy calculations via the DFT
method ensured the obtaining of reliable information on noncovalent interactions [31-33].
Particular attention was focused on understanding how the protonation of COOH groups
influenced the binding energies between the SWCNTs and selected dispersants.

In this paper, similar to our previous work [34], we developed an easily processed low-
cost mid-IR transparent electrode fabricated from SWCNTs, based on a well-established
layer-by-layer (LbL) deposition technology [34]. Hence, this work is more oriented toward
the computational and experimental study of dispersibility of 80% pure SWCNTs in differ-
ent dispersants, since dispersion stability has a crucial impact on LbL deposition quality.
The literature has shown [35,36] that SWCNTs that lack purity require additional purifica-
tion and dispersing steps to obtain dispersion with long term stability. It has been shown
that surface modification with molecular groups with covalent bonding helps with the
dispersibility and long-term stability of SWCNTs [37]. It was also found that the addition of
HCI contributed to the dispersion stability in different ways, by removing metal impurities
and/or the protonation of SWCNT walls [35,36]. Little or no attention has been paid to
what happens with -COOH side groups, and how such groups may interact with solvents.
Here, we try to understand how the protonation of -COOH functional groups influences
the later dispersion of SWNCTs in water, acetone and ethanol. The experimental study was
supported by the computational part of this research paper.

2. Experimental Part
2.1. Experimental Procedure

The experimental procedure for the successful deposition of high quality, conductive,
uniform and mid-IR transparent films using the LbL deposition process requires the stable
dispersion of the carboxylic SWCNTs (SWCNT-COOH). Meeting these requirements was
demanding, as SWCNT-COOH with lower purity levels (below 80% purity) is prone to
agglomeration, and may contain certain impurities—thus making dispersions hard to keep
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stable for even a short period. The direct dispersion of SWCNT-COOH was not possible,
because immediately after the dispersion precipitates were formed, and deposited films
had near-infinite resistivity with no homogenous or visible layers. Pretreatment of the
80% pure SWCNT-COOH with dilute HCl resulted in the formation of stable dispersions
susceptible to LbL deposition. The explanations behind such behavior are supported by
DFT calculations, pointing out the effects of various solvents used for dispersion, followed
by the characterization of transparency and electrical properties.

The LbL technique is a simple, low-cost method used for the alternating deposition of
polyethyleneimine (PEI) and carboxylic functionalized carbon nanotube monolayers [38].
In this research, we used SWCNT-COOH (purity < 80%) with an average diameter of 2 nm,
and an average length of a few pm, purchased from Nanocyl S.A., Belgium. As a positively
charged layer, polyethyleneimine (Sigma Aldich, St. Louis, MO, USA) was used, due to its
-NH;" and -NH,*—protonated groups, and carboxylic SWCNTs were used as a negatively
charged layer because of their -COO™ groups.

In the first step, the commercial SWCNT-COOH was pretreated with HCl to ensure
the preparation of stable dispersions. SWCNTs were dispersed in deionized (DI) water
and sonicated for 10 min. The sonication process was a crucial step for achieving high
dispersibility in the SWCNT-COOH. Therefore, sonication was performed using a Bandelin
sonopuls HD 70 sonicator, with 60% of the 60 W RF power and a working frequency of
20 kHz. The microtip used for sonication was 2 mm in diameter. Afterwards, the pH
value was adjusted to 3.5 for SWCNT-COOH using 0.1 M HCI, followed by sonication
for 30 min. The prepared dispersion was centrifuged (1100 rpm for 15 min), and washed
with deionized water several times, until slightly acidic dispersion was obtained (pH~5.5).
After the treatment with HCl, the SWCNT-COOH was dispersed in 15 mL of water, ethanol
and acetone as different dispersants and sonicated for about 30 min to achieve stable
SWCNT-COOH dispersion. After this process, the only stable dispersion was obtained
in acetone.

For the deposition of films, soda lime glass substrates were cleaned according to stan-
dard procedures described in our previous work [34]. Polyethyleneimine and polyacrylic
acid (PAA) were diluted in DI water. The prepared substrates were soaked in 1% aqueous
solutions of PEI and polyacrylic acid (PAA—Sigma Aldich) in order to achieve better
adhesion. Substrates were dipped in PEI and PAA solutions for 10 and 15 min, respectively,
followed by a washing step with DI water inbetween. The substrates were soaked in
the PEI solution for 10 min and then in the SWCNT-COOH dispersion for 60 min, which
represents one cycle. After each deposited layer, the substrates were washed with 10 MQ)
deionized water (for 15 s) to remove excess material bound by the weak van der Waals
forces and to form an uniform monolayer. Each deposited SWCNT-COOH monolayer
was dried at 120 °C for 10 min. The prepared SWCNT multilayer structure is built of
uniform bilayer units, consisting of one PEI and one SWCNT-COOH layer (Figure 1). The
cycle was repeated 2, 4, 6, 8 and 10 times to study the correlation between the number of
deposited bilayers and important functional properties such as transparency and electrical
conductivity in the mid IR range.

<—CNT-COOH

e == — ]
++++++++++++++<—PEl
T «— PAA

I «— PEI
substrate

Figure 1. Schematic representation of the PEI+SWCNT-COOH structure.

Fabricated samples were examined by Raman spectroscopy. Raman spectra were
measured using a Thermo Scientific (Waltham, MA, USA) DXR Raman microscope with
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a green laser (A = 532 nm) and a red laser (780 nm) at a power of 8 mW. The expositions
during the registration of the spectrum consisted of 10 expositions per 20 s, with 10x
magnification. Spectroscopic analysis (UV-Vis (Jasco V-750) and FTIR (Thermo Scientific
NicoletiS20) spectrophotometer) was used to investigate transparency in the UV-Vis and
mid-IR spectra range. FTIR measurements were carried out in the wavelength range of
2500-3500 nm, with a resolution of 4 cm ™! and 32 scans. The sheet resistance of the films
was measured by a sheet resistance multimeter (Hewlett Packard, Palo Alto, CA, USA,
3457A).

2.2. Computational Details

The computational analysis of interactions between SWCNT-COOH and solvent
molecules was performed by applying the density functional theory (DFT) and density
functional tight-binding (DFTB) methods. The DFTB method was used to geometrically
optimize very large systems (consisting of more than 300 atoms) and calculate binding
energies. In the case of the DFTB calculations, the Hamiltonian based on the extended
tight-binding (xTB) model combined with the GFN1-xTB parametrization was applied.
This type of approach, developed by Grimme and coworkers [39], offers a wide coverage
of elements compared to other model Hamiltonians. Binding energies were based on DFTB
calculations according to the following equation:

Ep = Eot(SWCNT — COOH -+ solvent molecule) — E(SWCNT — COOH) 1)
—E(solvent molecule),

where E;;(SWCNT — COOH + solvent molecule) denotes the total energy of the opti-
mized complex consisting of the SWCNT-COOH and solvent molecule, E(SWCNT - COOH)
denotes the total energy of the optimized carbon nanotube functionalized with COOH,
while E(solvent molecule) denotes the total energy of the solvent molecule. A dispersion
corrected variant of the B3LYP exchange-correlation functional [40] (the B3LYP-D3) was
applied for DFT calculations [39,41], combined with the 6-31G(d,p) basis set [42—44]. To
study noncovalent interactions between selected systems, ground state geometries were
exported and subjected to DFT calculations. DFTB calculations were performed with the
DFTB engine of the Amsterdam Modeling Suite 2021.1, by Software for Chemistry and
Materials (SCM) [45]. DFT calculations were carried out with the Jaguar [46,47] program,
as implemented in the Schrédinger Materials Science Suite, version 2022-1.

3. Results and Discussion
3.1. Computational Results

The aim of the computational study was to explore the interactions between different
solvents and -COOH groups in SWCNTs, and the suitability of each one for the dispersion
of SWCNT-COOH. Attention was paid to the nature of interactions that may promote the
formation of stronger noncovalent bonds between the SWCNT and the dispersant. In this
section, we shed light on the effects that HCI may have on 80% purity SWCNT-COOH
in dispersions.

For the purposes of the computational study, a total number of ten systems containing
more than 300 atoms were subjected to DFTB calculations to obtain their ground state
geometries. Due to the size of the considered systems, the application of DFT or some
other non-semiempirical method would not be feasible. The experimentally obtained
results indicated that acetone had the best dispersive properties among all the studied
solvents, especially after the treatment with HCl. To understand why acetone had the
most substantial impact after the treatment with HCl, it was reasonable to suggest that
the nature of the noncovalent interactions between the solvents and the SWCNT material
governed the dispersion stability in this case. We have already pointed out the variety of
effects that HCl may have on the stability of 80% SWCNT dispersions. Simple purification
with HCI (removal of metal traces) seemed not to have a major impact on the stability, since
the dispersion was not stable with all solvents—except with acetone; thus, we focused on
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the influence of the interactions between the acetone and SWCNT-COOH. Specifically, we
suggest that the important factors for stability may be found in the noncovalent molecule
interactions and molecule orientations that may occur in the protonated -COOH group
state. To explore these complex effects, we performed a detailed computational analysis
that involved the consideration of molecule structure and orientation, binding energies and
noncovalent surface interactions.

From a computational standpoint, the first task was to investigate the structural prop-
erties of SWCNT-COOH, and the protonated form of SWCNT-COOH (pSWCNT-COOH),
interacting with different solvent molecules. Specific structural features, such a thes inter-
molecular distances between SWCNT-COOH /pSWCNT-COOH and the solvent molecules,
might give us initial assumptions about how protonation influences the interactions with
solvent molecules. Geometrically optimized systems at the DFTB level of theory are
presented in Figure 2.

Non-protonated Protonated

Figure 2. DFTB/GFN-xTB optimized systems with intermolecular distances between nanotubes and
(a) acetone, (b) ethanol and (c) H,O.

As shown in Figure 2, the protonation of COOH groups leads to increased values
for the shortest intermolecular distances and the quite different orientation of the solvent
molecules in relation to the SWCNT-COOH. Regarding the non-protonated form, the
intermolecular distances in the SWCNT-COOH were around 1.66 A in acetone, ethanol and
water. The intermolecular distances between pSWCNT-COOH and acetone and between
PSWCNT-COOH and ethanol were around 1.85 A and were 1.95 A for water. Our next
computational task was to study the binding energies between carbon nanotubes and
solvent molecules. These results are summarized in Table 1.
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Table 1. Binding energies [kcal /mol] between carbon nanotubes and solvent molecules.

Binding Energies [kcal/mol]

Non-Protonated Protonated
Carbon nanotube + acetone —11.60 —13.29
Carbon nanotube + ethanol —11.75 —4.44
Carbon nanotube + H,O —11.49 —7.66
Carbon nanotube + HCl —8.02 —5.42

At first sight, it might seem that the results presented in Table 1 and Figure 2 are
not in agreement. Namely, the analysis of the specific intermolecular distances presented
in Figure 2 shows that protonation increased the distances between the nanotubes and
solvent molecules. For this reason, it is expected that the binding energies would decrease
as a consequence of this increase in distance. The distance between the pPSWCNT-COOH
and acetone was significantly higher than the distance between the SWCNT-COOH and
acetone. According to this, the binding energy is expected to decrease. This was indeed
reflected in the stability of the dispersed SWCNT in water—with a value of pH ~3.5—as the
SWCNTs were even more susceptible to agglomeration, forming a precipitate immediately
after sonication. Contrary to this, the binding energy between the pPSWCNT-COOH and
acetone increased by almost 2 kcal/mol. In all other cases of protonation, the binding
energy decreased.

The results obtained so far impose the necessity of investigating the structural and
charge distribution properties in more detail. For this purpose, we analyzed the effects
of protonation on the structure near the carboxyl group attached to the nanotube. We
also investigated the number and intensity of noncovalent interactions between acetone
and SWCNT-COOH/pSWCNT-COOH. We first refer to the effects of protonation on the
structure. Figure 3 contains the extracted structures of the SWCNT-COOH and pSWCNT-
COOH in close proximity to the carboxyl group, for easier visualization.

Non-protonated Protonated

Figure 3. Close proximity of carboxyl groups in the SWCNT-COOH and pSWCNT-COOH (a) top
views and (b) side views, as obtained by DFT/GEN-xTB optimization.

The side view of the SWCNT-COOH and pSWCNT-COOH indicated the clear struc-
tural difference between these two structures. Namely, the protonation of the carboxyl
group led to the bending of the hydrogen atoms towards the nanotube, and an additional
bond was formed between the carbon atom of a carboxyl group and a nanotube.
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The next step to explain these results regarding the binding energies is to identify
and quantify the noncovalent interactions formed between the nanotubes and solvent
molecules. According to the literature data [48,49], the analysis of noncovalent interactions
has been performed previously by analyzing the electron density between all the atoms.

The identification and quantification of noncovalent interactions were performed by
DEFT calculations. Since the systems contained more than 300 atoms, DFT calculations
would not be possible at a reasonably accurate level of theory. Therefore, the relevant
region presented in Figure 3 was used for DFT calculations. Hydrogen bonds were added
to edge the atoms to take care of any dangling bonds. To properly optimize bonds to
added hydrogens, all bonds except those with hydrogen atoms were fixed—after which,
the optimization was performed at the DFTB level of theory. Finally, the simplified systems
of nearly 70 atoms were used for DFT calculations at the B3LYP-D3/6-31G(d,p) level of
theory with the Jaguar program. The noncovalent interactions are presented in Figure 4.

Non-protonated Protonated

Figure 4. Noncovalent interactions (green dotted line) between SWCNT-COOH/pSWCNT-COOH
and acetone (a) top and (b) side views, as obtained with the B3LYP-D3/6-31G(d,p) level of theory.

The results in Figure 4 explain why the binding energy between pSWCNT-COOH
and acetone increased compared to the binding energy between SWCNT-COOH and
acetone, despite the distance between pSWCNT-COOH and acetone being significantly
higher than the distance between SWCNT-COOH and acetone. Namely, as shown in
Figure 4, in the case of the non-protonated form of the SWCNT-COOH, acetone molecules
were more likely to interact with -COOH, rather than the nanotube itself; therefore, only
two noncovalent interactions were formed. As a result of protonation, the carboxyl
group leaned sideways, while the acetone still interacted with the carboxyl group via
two noncovalent interactions. As a consequence, this modeling has shown that protonated
-COOH/ acetone species are likely to bend toward the nanotube and form two additional
noncovalent bonds. This effect, which we propose here, mainly contributed to the overall
stability of the dispersion by reducing and minimizing interactions between nanotubes.
Therefore, in the protonated form, the number of noncovalent interactions was roughly
doubled, and consequently, stronger binding was achieved. This explains the results pre-
sented in Table 1, and why acetone had a more substantial influence after the treatment of
nanotubes with HCl. With the performed set of experiments being in agreement with the
computational study presented above, in the following section we present the properties of
the obtained SWCNT-based electrodes.
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3.2. Film Characterization

Figure 5 shows the Raman spectra of the 80% pure and acid-treated SWCNT-COOH
powder. The peak position at ~1592 cm~! originated from a G-band due to the in-plane
stretching of sp?-hybridized carbon atoms, which arose along the axis of a nanotube [50,51].
The vibration observed at ~1346 cm~! is called a D-band and it is related to the breaking
symmetry in the structure. The intensity of the D-band is not negligible and indicates dis-
orders and defects such as vacancies, amorphous carbon, dangling sp? bonds, etc. [50-52].
The Raman spectra show that there was no significant difference between the 80% pure and
acid-treated nanotubes spectra, which indicates that there was no change in the structure af-
ter acid treatment [37,53], which is important from the standpoint of the properties of these
materials. What is more, Raman analysis was also carried out using a red laser to detect
the RBM modes of the SWCNTs (Figure S1—Supplementary Material). The peak positions
at 157 cm~! and 260 cm~! were from the RBM mode, indicating that the SWCNT-COOH
has a difference in diameter [54]. The results of the Raman spectrometry analysis were
also in agreement with the computational studies, which showed that only noncovalent
interactions were formed between the -COOH and acetone molecules. Carboxylic groups
tended to only lean sideways, without permanently affecting the chemical changes in the
nanotubes. Hence, the Raman results and computational calculations added up to one
conclusion, supporting our claim that HCl had not affected the SWCNT-COOH structure.

350

——SWCNT-COOH
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Figure 5. Raman spectra of SWCNT-COOH before and after the HCI treatment.

A crucial property of the fabricated films, for application in uncooled MIR detectors,
is a transparency of above 50% in the range of between 2.5 and 3.5 um. However, the
conductivity of the film is dependent on the film thickness (the number of deposited
layers). Therefore, this research was directed towards finding the balance between these
two functional properties. We also analyzed the transparency in the visible range of the
spectrum. This may also be important for the consideration of such electrodes in a wider
range of applications. For up to 10 layers, the film showed a transparency of above 50% in
general, with a mild increase towards higher wavelengths (Figure 6). A gradual reduction
in film transparency was simply a direct repercussion of the deposited layer number.
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Figure 6. The transmittance of PEI+SWCNT with up to 10 bilayers in the visible spectral range.

The FTIR spectra of the samples showed a gradual decrease in transparency in the IR
detector working range with the number of deposited layers. Given that the transparency
of the glass substrate was around 70%, the film with six deposited bilayers transmitted
over 50% of the IR waves. We consider that further deposition of the material would not
be beneficial for applications of the film; thus, we conclude that between four and six
bilayers is an optimal number regarding optical properties. FTIR spectra for all samples are
presented in Figure 7.
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Figure 7. FTIR spectra of PEI+SWCNT with up to 10 bilayers in the IR spectral range.

The electrical conductivity of the films was measured by four-point probe method,
repeating the procedure over at least three positions across the samples to confirm homo-
geneity. Even though the sheet resistance was not as low as expected, a decreasing trend
was recorded with the number of bilayers deposited with low-purity SWCNT-COOH. The
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values for the sheet resistance were not as low as expected, most probably because the
conductivity of the 80% pure nanotubes had a major impact on the electrical properties.
Although the pretreatment procedure had a positive impact on the SWCNT-COOH dis-
persibility, film uniformity and transparency, solving several important obstacles towards
the application of low-cost SWCNTs, it still did not improve the conductivity to desired
levels. In comparison to these results, the thin film electrodes based on the higher purity
MWCNT-COOH from our previous studies [34] had better sheet resistance values, in the
range 10-20 kQ). The sample with eight bilayers had a sheet resistance of around 200 kQ)/sq.
The sheet resistance values are presented in Table 2. It is assumed that by depositing more
layers, more SWCNT-SWCNT interconnections are formed—thus increasing the conductiv-
ity. Such high values for the sheet resistance of the two bilayers were probably recorded
because even in stable dispersions, some agglomerate formation may occur due to impuri-
ties present—where even long sonication and the proposed pretreatment do not completely
break them apart. Thus, more depositions are needed to reach the appropriate conductivity,
balanced with optical transparency. Nevertheless, here we report the successful deposition
of the glass substrate and the good electrical properties of a much cheaper, low-purity
SWCNT-COOH. The further deposition of bilayers saturated the conductivity not far from
six to eight bilayer samples, additionally confirming that this is the optimal number with
the given material and processing procedure.

Table 2. Sheet resistance of PEI+SWCNT with up to 10 bilayers.

Sample Name Sheet Resistance (k()/sq)
PEI + SWCNT (2) 9500
PEI + SWCNT (4) 1000-2000
PEI + SWCNT (6) 300-400
PEI + SWCNT (8) 200-250
PEI + SWCNT (10) 200-220

4. Conclusions

This research was focused on the systematical understanding of the influence of HC1
and different solvents (water, ethanol, acetone) on SWCNT-COOH dispersion stability
through theoretical and experimental approaches, as well as the preparation of high-quality
thin films with foreseen applications in mid-IR transparent thin film electrodes. Carboxylic
SWCNTs of 80% purity have shown great potential as an alternative to expensive high-
purity SWCNTs for the development of thin films transparent in the UV /Vis and MIR
range. The nanotubes were treated successfully with HCI and dispersed in acetone. The
dispersion showed long-term stability.

The computational results proposed that even though the intermolecular distances
between the solvents and -COOH groups increased after protonation, the binding energy
increased when acetone was tested as a solvent. Concerning such behavior, we propose that
in the protonated state, -COOH groups are more likely to bend towards the SWCNT wall
and form additional noncovalent bonds. This effect, combined with partial purification
with HCl, contributed to the overall stability of the dispersions.

The Raman spectroscopy showed that treatment with HCI had no significant impact
on SWCNT-COOH regarding its chemical structure. The optical transparency of the films
in the visible range was between 55 and 70%, while the transparency in the mid-IR was
between 40 and 70%, depending on the number of deposited bilayers. The sheet resistance
also decreased with the number of bilayers; for the PEI+SWCNT(2) film it was 9500 k()/sq
and for the PEI+SWCNT(8) film it was 200 k()/sq. The sheet resistance value decreased
with increases in the number of deposited bilayers, as expected. The values of the sheet
resistance were not sufficiently low for the envisioned application until now; therefore,
the pretreatment procedure was highly beneficial for the dispersion stability and film
uniformity only, reflecting the scientific contribution of this research. We estimate that
the optimal film thickness regarding the transparency and the sheet resistance values was
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recorded in the sample with six bilayers. Even though we have demonstrated that stable
dispersions can be successfully prepared with 80% pure SWCNT-COOH—and as such, can
be used for the LbL deposition of transparent films with improved conductivity—future
research should be directed towards the more detailed study of SWCNT crosslinking,
considering different processing conditions or the introduction of compatible carbon-based
conductive materials.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /nano12111901/s1, Figure S1: Raman spectra of SWCNT-COOH
after the HCl treatment, analyzed with the red laser (780 nm).
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Abstract: Electrode interfaces with both antibiofouling properties and electrocatalytic activity can
promote the practical application of nonenzymatic electrochemical sensors in biological fluids. Com-
pared with graphene, graphene oxide (GO) possesses unique properties such as superior solubility
(hydrophilicity) in water, negative charge, and abundant oxygenated groups (oxo functionalities)
in the plane and edge sites, which play an essential role in electrocatalysis and functionalization.
In this work, a micro electrochemical sensor consisting of GO-modified screen-printed electrode
and PDMS micro-cell was designed to achieve multi-analyte detection with excellent selectivity
and anti-biofouling properties by electrochemically tuning the oxygen-containing functional species,
hydrophilicity /hydrophobicity, and electrical conductivity. In particular, the presented electrodes
demonstrated the potential in the analysis of biological samples in which electrodes often suffer from
serious biofouling. The interaction of proteins with electrodes as well as uric acid was investigated
and discussed.

Keywords: micro electrochemical sensor; multi-analyte detection; graphene oxide (GO); biofouling;
oxo functionalities

1. Introduction

Electrochemical sensing represents a potential tool to perform clinical applications
due to its low cost, simplicity and high selectivity and sensitivity. However, when the
electrodes are exposed to biological fluids such as plasma or blood, biofouling often
occurs due to the non-specific absorption of biological macromolecules, especially proteins,
which hinders the electron transfer and thus results in a rapid loss of sensitivity [1,2].
This issue could be solved for the glucose meter combination with a semi-permeable
membrane, in which small-molecule glucose could diffuse through the semi-permeable
membrane and reach the electrode, but not for macromolecule proteins [3]. In addition
to the enzyme and affinity-based electrochemical sensors, nonenzymatic electrochemical
sensors coupled with antibiofouling strategies would be a promising commercial tool used
in clinical analysis for small and electroactive biological molecules which are related to
human health, such as uric acid (UA), ascorbic acid (AA), dopamine (DA), guanine (G)
and adenine (A). In addition, voltammetry demonstrates high selectivity and thus could
be used for multi-analyte measurements. Many chemical and physical strategies have
been reported to alleviate the biofouling issues, including nanoengineered surfaces (i.e.,
nanoporous metals and nanocarbons), antifouling layers (PEG, zwitterionic polymers, and
biopolymers), nanoporous membranes, and hydrogels [4]. For example, a nanoporous
gold (NPG) electrode derived from the dealloying of a silver—gold alloy was recently
employed as an antibiofouling electrode for the simultaneous determination of AA and
UA [5]. However, the construction of these antibioflouling electrodes is often cumbersome
and complex. It would be interesting if an electrode material possessed both excellent
antibiofouling performance and high electrocatalytic activity toward these molecules.
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Graphene oxide (GO) is a complex carbon-based macromolecule that has a two-
dimensional (2D) structure and possesses abundant oxygen-containing functional species
and hydrogen atoms on its basal plane and edges. Many models have been demonstrated
to elucidate the structure of GO with dazzling confusion. Recently, Siaj et al. [6] overviewed
all the aspects of GO structures and presented a precise structure clarifying the chemical
nature of GO based on earlier and more modern models and new discoveries by other top
researchers. The structural model comprises the presence of double bond (C=C), aromatic
entity, epoxyl (C-O-C), hydroxy (C-OH), carboxylic acid (O=C-OH or salt), ketone (C=0),
organic carbonate, phenol, quinone, lactol, ester carbonyl, carbon vacancies, sulfate ester,
carbon radicals, implicit carbon-hydrogen bond (C-H), and allylic alcohol [6]. GO exhibits
excellent water dispersity and hydrophilicity due to the ionizable edge O=C-OH species.
In fact, carboxylic acid distributes at the edges while phenol hydroxyl and epoxide groups
mainly present on the basal plane, endowing GO an amphiphile with hydrophilic edges
and a more hydrophobic basal plane [7]. The versatile surface chemistry also offers GO
a powerful platform for further construction with various chemical moieties (organic,
inorganic, and nanocomposites) by covalent and noncovalent interactions [8].

Unfortunately, these oxo functionalities present on GO result in poor conductivity.
In efforts tailoring GO with high conductivity for applications in electrochemistry and
electronics, tremendous efforts have been directed toward the elimination of the oxidized
functionalities from GO by means of microorganisms, chemicals, electrochemistry, heat,
UV, microwave irradiation, ion bombardments or multiphase methods [9-11]. Although
the removal of oxygen-containing functional species increases the conductivity of the 2D
material, it was recently found that the residual oxo functionalities play an essential role in
promoting the electrocatalytic reaction. For example, mildly reduced GO with high concen-
trations of epoxy or ring ether groups located either on their basal planes or at plane edges
exhibit excellent activity, high selectivity and stability for electrochemical HyO, production
from oxygen [12,13]. Furthermore, carbon defects related to quinone/catechol groups or
carboxylic acid edge sites play a more pivotal role in boosting 2 e~ ORR peroxide forma-
tion activity than other oxygen-containing functional species under alkaline conditions
for nitrogen-doped reduced GO [14]. The residual oxygen-containing functional species
present on graphene also enhanced the electrocatalytic oxidation of glutathione [15], dihy-
droxybenzene isomers, L-methionine [16], and ascorbic acid [17], as well as the reduction
of polyphenol [18].

It has been proved that electrochemical reduction is an ideal method to tune both
conductivity and electrocatalytic activity of GO under different degrees of reduction [19].
Here, electrochemically tuned GO was explored for the electrochemical sensing of multi-
analytes, and the effect of oxygen-containing functional species on both electrocatalysis and
antibiofouling ability was also investigated in detail. The results showed that the residual
oxo functionalities were beneficial for the selectivity and electro-oxidation of UA, DA, AA,
G and A. In addition, the oxo functionalities were responsible for the binding of proteins in
serum, which forms a coating layer. The binding layer facilitated the mass transport and
did not hinder the electron transfer of electroactive probe Fe(CN)s*~ /Fe(CN)g3~.

2. Experimental Section
2.1. Chemicals and Solutions

Bovine Serum Albumin (BSA), UA, DA, AA, G, A, and Polydimethylsiloxanes (PDMS)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). GO was purchased from
Nanjing XFNano Materials Tech Co., Ltd (Nanjing, Jiangsu, China). The screen-printed
electrodes (DRP 110) were purchased from DROPSENS (Oviedo, Spain). All other chemicals
were of analytical reagent grade and used without further purification. The aqueous
solutions were prepared with doubly distilled water. An amount of 0.1 M pH =7.2 PBS
solution was used as the background electrolyte for measurements. The oxo functionalities
present on GO were tuned by electrochemical treatment for 500 s at different potentials
from —0.6 to —1.2 V using an I-T curve in acetic buffer (pH = 4). The electrochemical tuned
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GO electrode was signed as GOpoential- For example, GO 75y refers to the GO electrode
that was electrochemically treated at —0.75 V. Unless otherwise specified, GO_ 75y was
used in the text.

2.2. Apparatus

The X-ray photoelectron spectroscopy (XPS) was recorded on a Thermo ESCALAB
250 Xi spectrometer fitted with a monochromatic Al K X-ray source. The morphologies
were characterized by scanning electron microscopy (SEM) (Hitachi SU8010). All the elec-
trochemical experiments were carried out with a CHI 750E electrochemical workstation
with a conventional three-electrode system consisting of a modified GCE working electrode
or screen-printed electrode, platinum coil auxiliary electrode, and Ag/AgCl (saturated
KCl) reference electrode. Differential pulse voltammetry technology was used for electro-
chemical detection. Electrochemical impedance spectra (EIS) were carried out in 0.1 M KCl
containing 5 mM Fe(CN)s%~/4~ in the frequency range of 1 MHz to 0.1 Hz at 0.24 V.

The screen-printed electrode modified with GO_ 75y was integrated with a PDMS-
based micro electrochemical cell for the analysis of five biological molecules and serum
(Schemes 1 and 2). In order to prevent the leaking of the solution, two powerful magnets
were used to compress the cell together with the electrode. The micro PDMS cell was
fabricated according to Scheme 2 in four steps, including mold construction, casting with
PDMS mixture, baking, and mold removal. Two well-cut plastic tubes were concentrically
fixed. The outer tube was sealed to a flat glass with instant adhesive. The inner tube was
fixed on a screen-printed electrode template with adhesive, which was inserted through
the sidewall of the outer tube and adhered to. The proper amount of degassed mixture of
PDMS monomer and curing agent (in a 10:1 ratio) was poured into the ring part, followed
by baking for 40 min at 100 °C. Finally, PDMS was peeled from the mold, and the cell body
was obtained.
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PDMS microcell

Micro electrochemical sensor Screen printed electrode Graphene oxide

Electrochemical workstation
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Scheme 1. Electrochemical sensing of multi-analyte based on electrochemically tuned GO electrode.
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Scheme 2. Preparation of the PDMS-based micro-cell. (A) Mold construction: (1) screen-printed
electrode template, (2, 3) two cut plastic tubes. (B) Schematic view of obtained PDMS micro-cell.
(C) A cross-sectional view of PDMS micro-cell used for detection: (1) screen-printed electrode
template, (4) glass plate, (5) PDMS cell body.
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2.3. Electrode Preparation and Modification

Prior to modification, the GCE (3 mm diameter, 0.07 cm?) was successively polished
with 1, 0.3, and 0.05 pm alumina paste to a mirror finish and then rinsed with water
followed by an ultrasonic treatment in water and ethanol, respectively. The GO-modified
GCE (GO/GCE), or screen-printed electrode, was prepared by dropping 5 uL or 7 uL. GO
suspension (1 mg/mL) on a cleaned GCE and left to dry at room temperature.

2.4. Interaction between Electrode and Proteins

In order to study the interaction between the electrode and BSA, GO/GCE or
GO_75v/GCE was immersed in 10 mg/mL BSA solution for 30 min, and the dipped
electrode was signed with GO-BSA or GO_ 75y-BSA. In addition, GO/GCE or GOpqtential
was immersed in 100% serum for 30 min (GO-serum/GCE, GOpqtentiai-serum/GCE) to
investigate the antibiofouling property. The interaction between BSA and UA was tested
by immersing the electrode in 10 mg/mL BSA solution for 30 min and then rinsing with
water, followed by dipping in 200 uM UA for 30 min (GO_¢ 75v-BSA-UA/GCE).

2.5. Serum Sample Analysis for UA

An original human serum sample was diluted with PBS at a 1:40 v/v ratio for mea-
surements without any other pretreatment.

3. Results and Discussion
3.1. XPS Characterization of the Oxo Functionalities Present on GOpotential

Over-reduction of GO will lose oxo functionalities, which have been proved to be
beneficial for electrocatalysis. Good balance of conductivity and oxo functionalities of GO
would play an important part in nonenzymatic electrochemical sensing. XPS was used for
the analysis of oxo functionalities present on GO which was electrochemically treated at
different potentials from —0.6 to —1 V. Figure 1 shows the recorded Cls spectra of XPS
for electrochemically treated GO/GC. Different functional species, including C=C, C-C,
C-OH, C-O-C, C=0, and O-C=0, were observed [19]. In order to quantify the change in
different components, the content of different functionalities present on GOpoential VErsus
potential is shown in Figure 2. It could be seen in Figure 2A, with the negative shift of the
potential, the content of both C=0 and C-O-C showed a downward trend, and C=0O species
disappeared when the potential was much lower than —0.8 V. The content of both C-OH
and O-C=0 species increased until —0.85 V, which might be attributed to the reduction of
C=0, and then decreased when the potential was much lower than —0.85 V, indicating the
reduction of the C-OH and O-C=0 species [19].

3.2. Electrochemical Sensing of Multiple-Analyte

Electrochemically treated GO at different potentials was explored for the electrocat-
alytic oxidation of UA, DA and AA. These three molecules are electrooxidizable constituents
that are commonly present in physiological fluids. It is hard to achieve efficient discrimina-
tion from each other by voltammetry due to their overlapped oxidation potential. Figure 3
shows the DPV of the mixture of 200 uM AA, 20 uM DA, and 20 uM UA in 0.1 M pH
7.2 PBS at different electrodes. Only one oxidation peak was observed for bare GCE, and
two oxidation waves appeared for GO/GCE. However, when GO was electrochemically
treated even at —0.6 V, three oxidation peaks with high selectivity occurred, indicating
improved electrocatalytic activity. With the negative shift of the potential, the oxidation
current increased until —0.75 V. Nevertheless, electrochemical treatment at more negative
potential than —0.75 V would lead to decreased selectivity. This might be caused by the
loss of oxo functionalities.

Although the over-electro-reduction of GO can improve the conductivity, useful oxo
functionalities will be lost, which may be beneficial for electrocatalysis and selectivity.
Conductivity, electro-active sites and binding interaction play an important part in electro-
chemical sensing. At pH = 7.2, UA exists in the anionic form (pKa = 5.4), which is more
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Intensity / a.u.

Intensity / a.u.

hydrophobic than AA and DA due to its very limited solubility in water [20]. AA exists as
an anion (pKa = 4.10) while DA is in the cationic form (pKb = 8.87) [21]. Among these oxo
functionalities present on GO, ionizable O=C-OH species distributes at the edges, while
phenol hydroxyl and epoxide groups mainly present on the basal plane, leading to an
edge-to-center distribution of hydrophilic and hydrophobic domains. Pristine GO/GCE
exhibited much higher selectivity than bare GCE, suggesting that the oxo functionalities
might interact with the analyte and consequently lead to enhanced selectivity, even though
GCE has much higher conductivity than pristine GO. In summary, we speculated that the
enhanced selectivity was attributed to the hydrophobic interaction between the electrode
and UA and the electrostatic force between O=C-OH species and DA. In addition, conduc-
tivity and electrocatalytic activity from C=0 species might also play an important role in
the electrochemical behavior of UA, DA and AA.
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Figure 1. XPS narrow scan of the Cls region for electrochemically treated GO/GCE at different potentials.
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Figure 2. Abundance amount of different functionalities present on GO electrochemically treated at

different potentials. (A): C-C, C-O-C and C=0; (B): C=C, C-OH and O-C=0.

Under optimum conditions, GO_q 75v/GCE was employed for the electrochemical
detection of UA in the presence of AA and DA in 0.1 M pH 7.2 PBS (Figure S1). Linear
calibration curves are obtained over the range of 0.2-20 uM with the calculated detection
limit of 0.12 uM. Similarly, Figure S2 demonstrates the electrochemical detection of DA in
the presence of AA and UA and gives a linear dependence of the peak current for DA with
concentrations ranging from 1 to 100 uM with the calculated detection limit of 0.5 uM.
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Electrochemically treated GO at different potentials was also demonstrated for the
electrocatalytic oxidation of G and A (Figure S3). GCE showed two anodic waves located at
0.63 and 0.97 V, respectively. For pristine GO-modified electrodes, the two peaks shift to 0.61
and 0.93 V, respectively. When the potential shifted negatively, the oxidation potential of G
and A decreased gradually until —0.75 V. The oxidation peak of G and A shifted to 0.55 and
0.85 V at GO_g 75v /GCE, respectively. The decreased overpotential of G and A indicated
the enhanced electrocatalytic activity, which is the result of the balance of conductivity and
some oxo functionalities as seen in C=O species. Upon the potential beyond —0.75V, the
background noise increased. Therefore, GO_ 75y / GCE was selected for the electrochemical
measurements. Figures 54 and S5 present the electrochemical detection of G and A in 0.1 M
pH 7.2 PBS, respectively. The calibration plot shows that the peak current of A (or G)
exhibits a linear relationship (RZ = 0.998 or 0.999) over a concentration range from 2 pM
to 100 uM (0.5 to 100 uM) with a detection limit of 0.3 M (0.2 uM). Table 1 lists the
electrochemical sensing performances for five biological molecules based on GO_ 75y and
other electrocatalysts. The results showed that this method exhibited a comparable linear
range and detection limit with other electrocatalysts.

Next, this method was demonstrated to selectively discriminate UA, DA, AA, G, and
A by using a GO_ 75y-modified screen-printed electrode couple with a homemade PDMS
micro electrochemical cell (Figure 4). The results showed that the electrode exhibited
high-resolution discrimination for five biological molecules.

35
1 GO,
30
4 GO-O,QV
254
] GO‘O.BV
< 20 A
= |
"g 15 4 GO 475y
8 ] Go-o.w
10 1
- GO»DBSV
] GO-U.EV DA\
S u
1 == \____/\/\___/
04 GcE ~ k/
-06 -04 -02 00 02 04 06 08 1.0

Potential / V

Figure 3. DPV of the mixture of 200 uM AA, 20 uM DA, and 20 uM UA in 0.1 M pH 7.2 PBS at the
GCE, GO, and GO/GCE electrochemically treated at different potentials. Conditions: Inc E, 4 mV;
Amplitude, 0.05 V; Pulse width, 0.2 s; Sample width, 0.0167 s; Pulse period, 0.5 s.
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Table 1. Electrochemical sensing performances for five biological molecules based on GO_g 75y and
other electrocatalysts.

Electrocatalysts Linear Range Detection Limit pH Samples Ref.
AA:34.7 uM
PrGO/PB DA: 26.2 uM 7.4 [22]
UA: 8.0 uM
AA:50-100 uM AA:
TiN-rGO DA:5-175 uM DA: 0.159 uM 7.0 spiked in urine [23]
UA: 30-215 uM UA: 0.350 uM
AA: 4.0-1000 uM AA: 0.8 UM
PVP-GR DA: 0.02-100 uM DA: 0.002 uM 6.0 urine [24]
UA: 0.04-100 uM UA: 0.02 uM
AA: 30-1000 pM AA:3.77 uM
h-BN DA: 0.5-150 uM DA: 0.02 uM 6.0 spiked in urine [25]
UA: 1-300 uM UA: 0.15 uM
AA: 1-800 uM AA:1.00 uM
PrGO/MnO, DA: 0.03-45 uM DA: 0.02 uM 6.0 spiked in urine [26]
UA: 0.3-80 uM UA: 0.05 uM
AA: 20-250 uM AA: 425 uM
CNP DA: 10-480 uM DA: 0.86 uM 7.0 spiked in serum [27]
UA: 25-2500 uM UA: 0.20 uM
AA:0.1-4 uM AA:9.6 uM
N-rGO DA: 1-60 uM DA: 0.1 uM 7.0 [28]
UA: 1-30 uM UA: 0.2 uM
AA:9.5 uM
RGO/AuNPs DA: 0.14 uM 74 [29]
UA: 25 uM
AA: 10-100 uM AA: 0.22 uM
MNP/rGO/GCE DA: 15 nm-100 uM DA: 0.19 nM [30]
UA: 10-100 uM UA: 45 nM
AA:10-900 uM AA:0.53 uM
ERGO-pEBT DA: 0.5-20 pM DA: 0.009 uM 6.0 urine [31]
UA: 2-70 uM UA: 0.046 uM
AA: 550-1500 pM AA:58 uM
N-rGO DA: 3-100 uM DA: 24 uM 74 [32]
UA: 20-1000 1M UA: 8.7 uM
AA:12.5-1382 uM AA: 125 uM
HCONS DA: 1.6-23.6 uM DA:0.012 uM 7.4 serum [33]
UA: 46.5-806.5 uM UA: 1.5 uM
AA: 2-4000 uM AA: 037 uM
Ni@CHS/rGO DA: 0.25-126 uM DA: 0.05 uM 7.0 spiked in urine [34]
UA: 0.25-126 uM UA: 0.05 uM
G: 15-120 uM G:0.76 uM
MoS;-PGE A: 15-120 M A2.38 uM 74 [35]
PPyox/MWNTs- G: 5-30 uM G: 1.6 uM
MoS,/GCE A: 30-120 M A:17 uM 70 salmon sperm DNA [36]
. G: 5-180 uM G:0.35 uM dsDNA from brain
Cu@Ni/MWCNTs A: 8-150 uM A: 0.56 uM 40 tissue of mice [37]
ds-DNA/
G: 0.01-25 uM G: 1.59 uM
p(L-Cys)/Fez04 A:0.01-30 uM A:3.48 UM 6.5 blood DNA [38]

NPs-GO/CPE

111



Nanomaterials 2022, 12,711

Table 1. Cont.

Electrocatalysts Linear Range Detection Limit pH Samples Ref.
§ G: 0.15-48 uM G: 0.026 UM urine and fish
:0.09-103 ! :0.03 pl sperm
p-GLY/GO A:0.09-103 uM A:0.03 M 37 perm DNA (391
PDA/MnO,/IL-G i 18:288 tl\l\ﬁ i 8%? ﬁl\l\;ll 4.0 mouse whole blood [40]
G: 1-80 uM G: 0.687 uM
CuONPs A:1-80 uM A: 0472 uM 70 [41]
COFS/NH,-rG/MoS, i_(’i;;gou‘ﬁ/l if S'Z}L il\M/I 20 herring sperm DNA [42]
G: 6-500 uM G:25uM
Au/HG A: 0.6-40 uM A: 0.42 1M 70 [43]
G: 1-65 uM G:0.51 uM .
CQD/PAPox A:2-70 1M A:0.39 tM 3.7 fish sperm DNA [44]
Cu-CeO,/ G: 0.2-6 uM G:0.128 uM
MWCNT/GCE A:0.1-8 uM A:0.062 uM 70 a calf thymus DNA [45]
G: 1-15 uM G: 0.036 uM.
ZnS NPs/CPE Al —120uuM A:0.031 LLM 74 [46]
G: 0.03-10 pM G: 0.01 uM
BCD/IRGO A:0.02-7 :LM A:0.01 ﬁM 70 [47]
poly(dopamine)/GR i 1:;8; tﬁ i 8?11 ﬁl\l\z 7.0 a calf thymus DNA [48]
DA: 1-100 uM DA: 0.5 uM
UA: 0.2-20 uM UA:0.12 uM .
GO—07sv G: 0.5-100 :LLM G:02 uf\L/l 72 This work
A:2-100 pM A: 0.3 uM
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Figure 4. DPV of the mixture of five biological molecules including 200 uM AA, 10 uM DA, 20 uM UA,
20 utM G, and 20 uM A at screen-printed electrode modified with GO_g 75y. Conditions are the same
as in Figure 3.
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Current/ pA

3.3. Antibiofouling Property

UA derives from the final metabolism of purine, which is a constituent of nucleic
acids, and is finally excreted into the urine by the kidney [49]. Evaluated serum UA level
(also called hyperuricemia) could lead to gout and nephrolithiasis, which has recently been
found to be related to hypertension, coronary heart disease, heart failure, atrial fibrillation,
insulin resistance, and nonalcoholic fatty liver disease [50]. In order to achieve the practical
detection of UA in serum, the electrode should possess not only high selectivity, but
also excellent antibiofouling ability. First, an Fe(CN)3~/4~ redox couple was utilized to
investigate the binding of electrodes with BSA and antibiofouling property (Figure 5). The
electrodes before and after immersing in BSA exhibited distinct differences in Fe(CN)g®~/4~
solution. It is amazing to find that the current of GO-BSA /GCE is about 25 times higher
than that of GO/GCE, suggesting that the BSA coating on the electrode surface does
not hinder the electron transfer and mass transport. However, the current of GO_¢ 75v-
BSA/GCE is only about 1.8 times higher than that of GO_g 75y /GCE. The findings indicate
that the oxo functionalities are beneficial for the binding of BSA, which may be caused by
hydrophilic interaction and hydrogen-bonding interaction. The isoionic point of BSA is
about 5, which suggests that BSA exhibits a negative charge at pH 7.2 because of the loss of
protons from the imidazole groups of amino acids in BSA [51]. It was considered that the
binding of BSA improves the electroactive area of the electrode, and the Fe(CN)>~/4~ redox
couple can transport freely. As a result, the redox current increased dramatically when
BSA was attached to the electrode. EIS was carried out to investigate the electrochemical
activity of the electrodes, as shown in Figure S6. For GO/GCE and GO_g 75v/GCE, the
equivalent circuit fitted from the EIS includes a series combination of R1, R2, Ws, CPE1
and CPE2. The electrode surface can be considered as a graphene surface that is covered
by the oxygen-containing functional species [52]. In this case, R2 and CPE1 correspond
to the graphene surface without oxo functionalities, and CPE2 and Ws correspond to the
oxidized surface. R1 and R2 represent the electrolyte resistance and the charge transfer
resistance, respectively. Ws is a finite-length Warburg element that represents the diffusion
through an oxidized graphene surface. However, additional (R3, CPE3) was observed
for GO-BSA/GCE and GO_ 75y-BSA /GCE, which is linked with the attached BSA layer.
The fitted parameters for different electrodes are listed in Table S1. There is no significant
change in the charge transfer resistance (R2) before and after the modification of BSA.
However, diffusion resistance (W1-R) decreased when BSA was attached to the surface,
indicating that the loading of BSA improved the diffusion of Fe(CN)g3 /4.
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Figure 5. CVs of GO/GCE ((A), dotted line), GO-BSA/GCE ((A), solid line), GO_¢75v/GCE
((B), dotted line), and GO_q75v-BSA/GCE ((B), solid line) in 5 mM Fe(CN)y3~/4~ redox couple
at the scan rate of 25 mV/s.
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Similar results were found at 100% serum modified electrode due to the binding
of serum proteins (Figure S7). When the potential is more negative than —0.85 V, the
current of GOpoential-serum/GCE is much lower than that of GOpgtential / GCE. The surface
morphology and composition of the electrodes and BSA-modified electrodes were also
investigated by XPS (Figure 6) and SEM (Figure S8). The carbon (1 s) spectra for GO-BSA
and GO_q 75v-BSA can be well fitted to three peaks, suggesting three components of carbon.
The peak at 284.7 eV was the bulk C peak ascribed to the alkyl chain. The second peak
at approximately 286.4 eV was attributed to the C-S bond, indicating that BSA might be
attached to the electrode by thiol groups or disulfide (S-S) presented on BSA. The third
peak located at approximately 287.9 eV indicated amide bonds or carboxyl groups. A
more clear wrinkled structure was observed for GO_g 75y than GO _( 75v-BSA /GCE, which
also indicated the attachment of BSA film (Figure S8). The antibiofouling property of the
electrodes was also investigated by testing the DPV of the mixture of AA, DA, and UA at the
GO_75v/GCE, GO_ 75v-BSA/GCE and GO_ 75y-serum/GCE (Figure 7). It was found
that the attached BSA did not interfere with the detection of AA, DA, and UA. However,
GO_.75v-serum/GCE exhibited a much lower current than that of GO_g 75y /GCE, which
might be caused by other species that existed in the serum. Figure S9 shows the DPV of
GO,0A75V /GCE, GO,0A75v-BSA/GCE, GO,0A75\/-S€I‘UI’I'1/GCE and G0,0_75v-BSA-UA/GCE
in background electrolyte (0.1 M pH 7.2 PBS). An obvious oxidation peak of UA was
observed, indicating that UA could be attached to BSA [53].
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Figure 6. XPS narrow scan of the Cls (A,C) and N1s (B,D) region for GO (D), GO_ 75y (B), GO_¢ 75y-BSA
(A,B) and GO-BSA (C,D).
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Figure 7. DPV of the mixture of AA, DA, and UA in 0.1 M pH 7.2 PBS at the GO_75y/GCE,
GO_ 75v-BSA/GCE and GO_ 75v-serum/GCE. Conditions are the same as in Figure 3.

3.4. Analysis of UA in Serum

The GO-based electrochemical sensor was tested to demonstrate the capacity for the
detection of UA in practical human serum samples through a standard addition method
(Figure S10). The serum sample was diluted with PBS at a 1:40 v/v ratio for direct measurement
without any other pretreatment. The detected content of UA in real serum was 160 1M, which
is much lower than that (220 uM) obtained by the commercial clinical method.

4. Conclusions

A micro electrochemical sensor was developed for multi-analyte detection based on
the electrochemically tuned GO electrode. The key problem of biofouling was investigated
and discussed in detail. The results showed that the oxo functionalities present on GO
played an important role in electrocatalysis, selectivity, and antibiofouling performance.
In this work, we presented a low-cost and simple electrode that possessed both excellent
antibiofouling performance and high electrocatalytic activity toward the multi-analyte.
Electroactive probe investigation indicated that the attachment of BSA did not hinder the
electron transfer but enhanced the diffusion of probes. This electrode was demonstrated
to detect the real content of UA in a serum sample. This simple method will provide a
promising potential in clinical application.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nano12040711/s1, Figure S1: Electrochemical detection of UA in
the presence of AA and DA at GO-0.75 V/GCE in 0.1 M pH 7.2 PBS. Inset: calibration plot for the peak
current versus UA concentrations. Conditions: Inc E, 4 mV; Amplitude, 0.05 V; Pulse width, 0.2 s;
Sample width, 0.0167 s; Pulse period, 0.5 s; Figure S2: Electrochemical detection of DA in the presence
of AA and UA at GO-0.75 V/GCE in 0.1 M pH 7.2 PBS. Inset: calibration plot for the peak current
versus DA concentrations; Figure S3: DPV of the mixture of G and A in 0.1 M pH 7.2 PBS at the
GCE, GO, and GO/GCE electrochemically treated at different potentials; Figure S4: Electrochemical
detection of G in the presence of A at GO-0.75 V/GCE in 0.1 M pH 7.2 PBS. Inset: calibration plot for
the peak current versus G concentrations; Figure S5: Electrochemical detection of A in the presence
of G at GO-0.75 V/GCE in 0.1 M pH 7.2 PBS. Inset: calibration plot for the peak current versus A
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Abbreviations

PB Prussian blue

TiN-rGO titanium nitride-reduced graphene oxide

N-rGO nitrogen-doped reduced graphene oxide

PVP polyvinylpyrrolidone

GR graphene

h-BN hexagonal boron nitride

PrGO/MnO;,  poly(34-ethylenedioxythiophene)/reduced graphene oxide/manganese dioxide
AuNPs gold nanoparticles

MNP magnetic nanoparticles

ERGO-pEBT electrochemically reduced graphene oxide-poly(eriochrome black T)
HCONS hexagonal cobalt oxide nanosheets

Ni@CHS/rGO  Ni@carbon hollow nanosphere/reduced graphene oxide

PGE pencil graphite electrode

PPyox polypyrrole

p-GLY/GO poly(glycine)/graphene oxide composite based sensor

CQD/PAPox carbon quantum dots (CQDs) and overoxidized poly(2-aminopyridine) (PAPox)
BCD/IRGO B-cyclodextrin functionalized reduced graphite oxide with the aid of ionic liquid
CTME carbon-thread microelectrode
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Abstract: A flexible and stretchable electrode based on polydimethylsiloxane (PDMS)-Ag nanosheet
composite with low resistance and stable properties has been investigated. Under the synergistic
effect of the excellent flexibility and stretchability of PDMS and the excellent electrical conductivity
of Ag nanosheets, the electrode possesses a resistivity as low as 4.28 (dm, a low resistance variation
in the 0-50% strain range, a stable electrical conductivity over 1000 cycles, and a rapid recovery
ability after failure caused by destructive large stretching. Moreover, the conductive mechanism
of the flexible electrode during stretching is explained by combining experimental tests, theoretical
models of contact point-tunneling effect, and finite element simulation. This research provides a
simple and effective solution for the structure design and material selection of flexible electrodes, and
an analytical method for the conductive mechanism of stretchable electrodes, which has potential for
applications in flexible electronic devices, smart sensing, wearable devices, and other fields.

Keywords: stretchable electrodes; PDMS; Ag; contact point; tunneling effect

1. Introduction

In recent years—with the rapid development of the flexible electronics [1-3], smart
wearable devices [4-7], and smart robotics [8,9]—flexible electronic devices have been
receiving more and more attention [10-13]. As one of the components of these smart
electronic devices, stretchable and flexible electrodes are of great importance in structural
design, material selection, and electrical conductivity. In terms of structural design, some
scientific studies have fabricated stretchable electrodes using materials with poor stretch-
ing properties by specific pattern design or structure construction [14-17], which can be
stretched through the deformation of the internal structure of the electrodes, and in this
process, the conductive properties of the internal material will not change greatly. Tang et al.
developed an Ag wrinkled thin film through the method of pre-stretching and vacuum
deposition, and made it into a stretchable electrode. The electrode can maintain a stable
electrical conductivity within 100% strain value [18]. Fan et al. proposed a structural
strategy that can improve the stretching properties of the material. The research uses the
fractal design of the serpentine shapes to topologize the one-dimensional linear structures,
which is not stretchable, into loop structures and then into branch-like meshes. As a result,
the structure is capable of stretching in multiple directions [19]. Jeong et al. designed a
biocompatible metal-patterned porous polydimethylsiloxane (PDMS) electrode with high
flexibility and stretchability. In this special structure of the electrode, a large number of
pores can disperse the external stress, allowing the electrode to maintain good electrical
conductivity during the stretching process [20].

In terms of material selection, some stretchable conductive materials are used to fabri-
cate stretchable electrodes [21-24]. Wang et al. combined poly (3,4-ethylenedioxythiophene):
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poly (styrenesulfonate) (PEDOT:PSS) with ionic additives to produce a stretchable electrode.
Taking advantage of the good electrical conductivity of PEDOT:PSS and the high fracture
strain of the ionic additives, the electrode maintains good electrical conductivity under
strain [25]. Zhu et al. fabricated a stretchable fiber-shaped electrode by injecting eutectic
gallium-indium (EGaln) into the hollow elastic yarns. Utilizing the property of EGaln as
liquid alloy at room temperature, the composite yarn has good conductivity even when
deformation occurs [26].

In the above two kinds of strategies, conductive materials are required—such as
carbon nanotubes, graphene, and other carbon nanomaterials—as well as gold, silver, and
other metal materials. As an electrode material, the material is required to own excellent
electrical conductivity, not just the ability to conduct electricity. Moreover, the treatment
of conductive materials and structures requires some post-processing methods—such as
photolithography, ion implantation, thin film deposition, electroplating, UV treatment,
etc.—which increases the cost and difficulty of electrode preparation. As a common flexible
electrode material, Ag nanomaterials play an important role in many studies, such as
0-dimensional Ag nanoparticles [27-30], 1-dimensional Ag nanowires [31-36], etc. In some
studies related to Ag nanomaterial electrodes, it has been found that the contact resistance
at junctions between nanomaterials is one of the main issues affecting their electrical
conductivity [37]. Aiming at this issue, some post-treatment strategies have been proposed,
such as applying heat [38], pressure [39], capillary force [40], chemical reactions [41], laser
nano-welding [32,42], nano-joining at the junctions [43], etc.

Herein, in order to fabricate a flexible and stretchable electrode, a composite conductive
structure combining Ag nanosheets and PDMS has been investigated. As a metal material
with excellent electrical conductivity, Ag is regarded as one of the candidates for electrode
material. Compared with Ag nanoparticles and Ag nanowires, Ag nanosheets show the
advantages of physical contact stability as electrode materials due to their surface-to-
surface contact with each other, which makes them superior to point-to-point and line-
to-line contacts. Using PDMS as an elastic carrier for Ag nanosheets can greatly increase
the stretchability, allowing them to retain the good conductivity during stretching. In
addition, the contact point theory and the tunneling effect theory were applied to reveal the
conductive mechanism of the composite electrode during the stretching process. Combined
with the method of finite element simulation, the relationship between the structural
parameters of the Ag nanosheets inside the electrode and its conductive properties was
explored. This study not only designs a flexible and stretchable electrode structure, but also
reveals the structure—effect relationship between PDMS-Ag composite and the conductivity,
providing a simple and effective solution for the field of flexible electrodes.

2. Experimental Section
2.1. Materials

The silver glue used in this study was purchased from the Taobao online store of
Alibaba Network Technology Co., Ltd. (Hangzhou, China). The silver glue (Model: D]J-F4)
has a silver content of 68 wt %, a sheet resistance of less than 0.01 ()/sq, a density of
146-148 g/ cm? at 25 °C, a silver monomer diameter of less than 10 um, a viscosity
of more than 20,000 CPS, and a weight dilution ratio of 1:0.7-0.8 (conductive agent to
diluent). For the preparation of the elastic substrate, a mixture of the base and curing agent
for polydimethylsiloxane (PDMS, Dow Corning Sylgard 184) with a mass ratio of 10:1
was prepared.

2.2. Fabrication of the Stretchable Electrode

For the fabrication of the stretchable electrode, the PDMS film and a mixture of PDMS
and silver glue were used as the flexible substrate and the conductive material, respectively.
The detailed preparation process is as follows. The PDMS mixed with the curing agent
in advance was dripped into a square mold, and its thickness was controlled to 1 mm,
then the air bubbles were removed in a vacuum chamber and the PDMS was dried in
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an oven at 60 °C for 2 h to obtain a solid PDMS film. Then, the film was cut into a size
of 2cm X 1 cm x 1 mm to obtain a flexible substrate. In order to mix PDMS with Ag
nanosheets uniformly, the colloid in silver glue was used as a dispersion medium, thus
improving the dispersion of Ag nanosheets in PDMS. In detail, the silver glue and the
prepared PDMS were physically mixed in the mass ratios of 1:0, 1:0.3, 1:0.4, 1:0.5, 1:0.6, 1:0.7,
and 1:0.8, respectively. The composite PDMS-Ag conductor can be obtained after stirring
uniformly. After that, the composite conductor was smeared on the surface of the PDMS
substrate, and after removing the air bubbles and drying at 60 °C for 2 h, a composite
electrode with a size of about 1 cm x 0.5 cm X 0.2 mm was formed. The schematic of the
stretchable electrode is shown in Figure 1.

PDMS substrate PDMS-Ag electrode

‘
/ copper wire

Figure 1. Schematic of the stretchable electrode based on PDMS-Ag nanosheets.

2.3. Characterization and Measurement of the Stretchable Electrode

Optical microscopy (SemiShare SE-4, Shenzhen SemiShare Technology Co., Ltd., Shen-
zhen, China) and scanning electron microscopy (JCM-5000, JEOL Beijing Technology and
Trade Co., Ltd., Beijing, China) were used to observe the micro-structure of the stretchable
electrode. A universal material testing machine (YL-S70, Guangzhou Aipeisen Instruments
Co., Ltd., Guang Zhou, China) was used to apply a programmed stretching process. A high
precision source meter (Agilent B2902A, Agilent Technologies Co., Ltd., Santa Clara, CA,
USA) was used to measure the resistance change of the electrode.

2.4. Simulation Methods

In order to investigate the electrical conductivity of the composite electrode containing
different ratios of Ag and PDMS to help understand the conductive mechanism, the simula-
tion of finite element analysis was performed using the software of COMSOL Multiphysics
(version 5.4). Specifically, the potential distribution and current distribution inside the
electrodes with different ratios were simulated by constructing a random distribution
model of Ag nanosheets.

3. Results and Discussion
3.1. Morphology Characterization and Basic Electrical Properties of the Stretchable Electrodes

In this study, six stretchable electrodes with different mass ratios of silver glue and
PDMS were selected as the research objects, under the premise that the mass of silver
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glue was fixed at 30 mg, and the mass ratios between silver glue and PDMS were set as
1:0, 1:0.3, 1:0.4, 1:0.5, 1:0.6, and 1:0.8, respectively. The morphology characterization of
the six stretchable electrodes were observed by SEM (Figure 2) and optical microscopy
(Figure S1). It can be seen that the Ag nanosheets are uniformly dispersed in the PDMS.
With the gradual increase in the PDMS content, the density of the Ag nanosheets gradually
decreases, and the phenomenon that the Ag nanosheets are separated from each other by
the gully-like PDMS becomes more and more obvious.

Figure 2. Morphology characterization of the stretchable electrodes based on PDMS-Ag nanosheets
with different mass ratios.

According to the statistics of the size of PDMS-Ag composite electrode (Table S1) and
the measurement of the initial resistance (Figure 3a), the resistivity of the electrodes with
different mass ratios can be calculated, as shown in Figure 3b. It is observed that when
the mass ratio of silver glue to PDMS varies from 1:0 to 1:0.6, the initial resistances are
all within 6 (), and the resistivity increases linearly. When the mass ratio of silver glue to
PDMS is 1:0.8, the initial resistance can reach 21.2 (), and the resistivity produces a sudden
change to 21.3 x 10~* Q-m. It indicates that with the increase in the PDMS content, PDMS
causes a negative effect on the silver conductive pathway, which hinders the conductivity
of Ag nanosheets.
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Figure 3. Comparison of (a) initial resistance and (b) resistivity of PDMS-Ag electrodes with different
mass ratios.
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3.2. Conductive Performance Test of PDMS-Ag Electrodes during Stretching

The conductive performance of the PDMS-Ag electrodes with different mass ratios
during stretching is shown in Figure 4. It is observed that the resistance of all these
electrodes increases with the strain variable. By comparing the conductive performances
of different electrodes during the stretching process, it can be found that the maximum
strain value of the electrodes with a mass ratio of silver glue to PDMS of 1:0 and 1:0.8 is
less than 15%, and the resistance shows a rapidly increasing trend. This is because when
the mass ratio of silver glue to PDMS is 1:0, the electrode is completely composed of Ag
nanosheets, and a large number of Ag nanosheets form an Ag nanosheet film, whose
mechanical properties are similar to that of the Ag thin film, and the stretchability is very
poor. Therefore, the conductivity of the electrode can be greatly influenced by a small strain.
When the mass ratio of silver glue to PDMS is 1:0.8, the PDMS content inside the composite
electrode is very high, and the large amount of PDMS separates the limited number of Ag
nanosheets from each other, so that the number of initial conductive pathways is very small.
When the strain occurs, the original limited number of conductive pathways are further
damaged, resulting in the loss of conductivity within 15% of the strain value. Similarly, low
contents of PDMS cause the composite electrode to behave Ag film-like property, resulting
in the process from integrity to destruction within a relatively small strain range. High
contents of PDMS makes for poor conductive ability of the composite electrode, resulting
in an easily damaged conductive ability when subjected to a small strain. Importantly,
when the mass ratio of silver glue to PDMS is 1:0.4, the conductive performance during
stretching is the most stable, and the resistance change is controlled to about 20 Q) within
a strain range of more than 50%. Therefore, the composite electrode with this ratio is the
optimal electrode under this structural system.
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Figure 4. Comparison of the conductive performance of the electrodes with different ratios of silver
glue and PDMS during stretching.

For the optimal electrode with a mass ratio of silver glue to PDMS of 1:0.4, the related
tests on the stability of the conductivity during the stretching process were performed, as
shown in Figure 5. Figure 5a demonstrates the resistance of this electrode at a sustained
strain of 20%. It can be seen that the resistance of the electrode increases by only about 4 ()
under a 20% strain, and the resistance is stable and remains about 10 Q) during the process
of holding it under the strain of 20% for 25 s. When it stops stretching, the resistance returns
to the initial state. It indicates that the electrode ensures stable conductivity under constant
static stretching. Figure 5b shows the resistance of the electrode under cyclic stretching.
The stress—strain curve in Figure S2 illustrates that the stretching and releasing process of
the composite electrode during cyclic stretching is very stable, which provides a guarantee
for the resistance measurement during the cyclic test. During 1000 cycles of stretching, the
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resistance of this electrode consistently varied between 5 and 10 Q). In addition, the inset
shows that the resistance change caused by each stretching is stable. It reflects that the
electrode has an excellent fatigue durability to withstand repeated stretching. Figure 5¢
shows the resistance of the same electrode under intermittent stretching. During the first to
fifth stretching tests, the strain was 20% for each stretching process, and the time interval
between each test was 4 h. It is illustrated that the resistance change is about 4 () during
the whole stretching process in each test. In the same stretching test at a fixed interval time,
the behavior of the resistance change caused by each stretch is similar. It indicates that the
long periods of non-use state do not affect the performance of this electrode, which has
excellent stability and reliability in a single stretching test.
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Figure 5. Conductive stability tests of the optimal electrode with a mass ratio of silver glue to PDMS
of 1:0.4 during stretching process. Under a strain of 20%, (a) sustained stretching test, (b) 1000 times
cyclic stretching test, and (c) intermittent stretching test. (d) Destructive stretching-releasing test
under a strain of 200%.

It is observed from Figure 5a—c that when a tolerable strain occurs, a small change in
resistance appears with the strain. This small resistance change is supposed to originate
from the slippage between adjacent Ag nanosheets and a small amount of separation.
The slippage and the degree of separation are related to the density and size of the Ag
nanosheets. The detailed information will be described later in the finite element analysis.

Figure 5d shows the influence of a destructive large strain on the performance of this
electrode. Before the destructive stretching begins, the initial resistance of the electrode
is 6 Q. During the time period of 8-16 s, the electrode undergoes a destructive stretching
process with a large strain of 200%, during which the conductive path inside the electrode
is completely destroyed, resulting in an open-circuit state of the electrode. After 16 s, the
electrode was fully released and the resistance is restored to 6 (), ensuring that the electrode
could continue to operate normally. The destructive stretching and releasing process under
an optical microscopy is shown in Figure S3. The inset of Figure 5d shows the resistance
change in a period of time before the start and after the end of the destructive stretching,
from which it can be clearly observed that the resistance increases rapidly at the initial
state of destructive stretching and decreases rapidly after the electrode is fully released.
These results show that this electrode has good robustness and will not permanently fail
as a result of a destructive stretch. Furthermore, as a practical flexible sheet, the stability
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for bending and temperature variation is important. Therefore, the stability tests for the
situations of bending operation and temperature variation were performed, as shown in
Figure S4. It is observed that the electrode has low resistance both in bending operation
and temperature variation, and its resistance changes are small (4 ) for bending, 2 () for
temperature variation), confirming the possibility that the electrode can be used under a
variety of external stimuli.

3.3. Conductive Mechanism Analysis of PDMS-Ag Electrodes

In order to explain the conductive mechanism of the PDMS-Ag electrodes, the number
of Ag nanosheets was counted according to the SEM images in Figure S5 and the statistical
results are listed in Table S2. Based on above results, the density of the Ag nanosheets
and the conductivity of the electrodes with different ratios of Ag and PDMS are shown in
Figure 6. It is observed that, with the increase in PDMS content, the conductivity of the
electrode and the density of Ag nanosheets inside it gradually decrease. This is because
the higher the PDMS content is, the more the Ag nanosheets are separated from each
other, resulting in a decrease in the number of Ag conductive paths and a decrease in the
conductivity. Moreover, the decreasing trends of conductivity and Ag nanosheet density
are similar, indicating a positive correlation between them.
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Figure 6. Conductivity of the electrode and density of Ag nanosheets in the electrode containing
different ratios of silver glue and PDMS.

According to the above analysis, it is clear that the conductivity of the electrode is
directly related to the number of contact points between Ag nanosheets. Therefore, the
relationship between the conductivity of electrode and Ag nanosheets can be expressed by
the contact point theory as shown in the Supplementary Information [44,45]. After a series
of theoretical derivations, the relationship between the resistance and the density of Ag
nanosheets can be obtained as

P

Ro Do

where D and D are the density and initial density of Ag nanosheets, respectively. Thus,

the contact point theory suggests a linear relationship between the relative density (D/Dy)
of the Ag nanosheets and the logarithm of the relative resistance (R/Ry) of the electrode.

The resistance of the electrode is the smallest when the mass ratio of silver glue to
PDMS is 1:0, and the resistance increases gradually with the increasing mass ratio of PDMS,
which is consistent with the phenomenon that the resistance increases gradually with the
increasing strain during the stretching process. Therefore, the density of Ag nanosheets
and the resistance of electrode with a mass ratio of silver glue and PDMS of 1:0 are selected

+0 (1)
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as the initial parameters, and the relative density and the relative resistance of electrodes
with different mass ratios are calculated. Based on the above analysis, a relationship
between relative resistance and relative density is statistically obtained for the electrodes
with different mass ratios, as shown in Figure 7a. It can be seen that relative density and
relative resistance are consistent with the fitting result (red line) of contact point theory. It
indicates that the number of contact points between Ag nanosheets gradually decreases
with the increasing of PDMS content, which reflects the conductive state of the electrodes
with different mass ratios.
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Figure 7. Conductive mechanism analysis of the PDMS-Ag electrodes. (a) Contact point theoret-
ical fitting. Tunneling effect theoretical fitting under (b) small and (c) large strains. Statistics of
the proportional coefficients a/b of the tunneling theoretical equation under (d) small strain and
(e) large strain.

When the stretching process is in progress, the change of electrode resistance not
only comes from the change of the contact resistance, but also from the change of the
tunneling resistance between the incompletely contacted Ag nanosheets. Therefore, taking
the change of tunneling resistance into account, the conductive mechanism of the electrode
during stretching can be explained. According to the tunneling theoretical model [46-49],
combined with the actual situation in this study, after a series of theoretical derivations
(Supplementary Information), the relationship between tunneling resistance and strain can
be obtained as

n(Rt) = 2
n(—-) = ae” + be 2)
Ro

Different from the contact point theory, which reflects the state quantity of resistance,
the tunneling effect theory reflects the resistance change during the stretching process. In
Equation (2), ag? represents the tunneling resistance term during stretching process, and
be represents the contact resistance term of the electrode. Therefore, the total resistance of
the electrode can reflect both the contact state inside the electrode and the change process
of resistance. The ratio of a/b can reflect the influence degree of contact resistance and
tunneling resistance on the change of electrode resistance, so as to judge the dominant role
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of them in the contribution of resistance change. When the ratio of a/b is small, the contact
resistance is dominant. Conversely, the tunneling resistance is dominant.

Based on this conclusion, the tunneling effect theory is used to fit the resistance changes
of electrodes with a mass ratio of silver glue and PDMS of 1:0.3, 1:0.4, and 1:0.6 during the
stretching process within the strain range of 0-30%. The results are shown in Figure 7b.
After fitting, the fitting degree (R?) of the above three electrodes all reach 0.99, indicating
that the tunneling theory is in good agreement with the experimental data. According to
the fitting results, the proportional coefficients a/b of the tunneling theoretical equations
for these three electrodes are 0.85, 1.46, and 1.22, respectively, as shown in Figure 7d. It
indicates that the contact resistance dominates in the electrode with the mass ratio of silver
glue to PDMS of 1:0.3. This is because the PDMS content in the electrode is relatively small,
and the overall stretchability of the electrode is poor, a small strain can undergo the process
from complete to destruction of the internal conductive network of the electrode. Therefore,
the resistance change of this electrode is mainly manifested by the contact resistance. The
proportional coefficients a/b of the electrodes with the mass ratio of silver glue to PDMS
of 1:0.4 and 1:0.6 are larger than that of 1:0.3, indicating that the tunneling effect on the
resistance gradually increases with the decrease in the density of Ag nanosheets.

Since the maximum strain value of electrode with a mass ratio of silver glue and PDMS
of 1:0.3 is only 20%, the tunneling theory is fitted for the electrodes with a mass ratio of
1:0.4 and 1:0.6 in the wider range of 0-50%, and the fitting results and the statistics of the
proportional coefficients a/b of the tunneling theoretical equation are shown in Figure 7c,e
respectively. It is observed that in the strain range of 0-50%, the resistance changes of
both electrodes during stretching are consistent with the tunneling effect theory, and the
proportional coefficients a/b of the tunneling theoretical equation of the two electrodes are
10.74 and 93.16, respectively. In the stretching process from small to large, the proportional
coefficients a/b of the electrode with a mass ratio of 1:0.6 increases from 1.22 to 93.16,
which is much larger than that of the electrode with a mass ratio of 1:0.4 from 1.46 to
10.74. It indicates that, with the further increase in the strain, the influence of tunneling
resistance becomes more obvious, which is caused by the separation of a large number of
Ag nanosheets from each other under large strains. For the proportional coefficients a/b of
the tunneling theoretical equation, the electrode with a mass ratio of 1:0.6 is significantly
more than that with a mass ratio of 1:0.4. This is because the electrode with a mass ratio of
1:0.6 has a high PDMS content, resulting in a low number of initial conductive pathways.
The separation between Ag nanosheets caused by stretching is obvious, leading to a high
tunneling resistance. However, the electrode with a mass ratio of 1:0.4 keeps a large number
of Ag nanosheets in contact with each other during the stretching process, thus maintaining
a relatively stable conductivity under a large strain. Therefore, the electrode with a mass
ratio of 1:0.4 is the optimal ratio for the PDMS-Ag electrode.

3.4. Finite Element Analysis of the PDMS-Ag Electrodes

In order to obtain a deeper and comprehensive understanding of the conductive
mechanism and the influence factors, the PDMS-Ag electrode is modeled by the method of
finite element analysis. Due to the fact that the thickness of the electrodes is much smaller
than the size of the surface region, it can be considered that the Ag nanosheets are less
distributed in the direction perpendicular to the plane and mainly concentrated in the
surface region. Moreover, in the direction perpendicular to the surface, the Ag nanosheets
in contact with each other can be regarded as a whole. Therefore, for the purpose of
simplifying the model, the three-dimensional conductive model can be replaced by the
two-dimensional in-plane conductive model, which plays a dominant role. Firstly, the size
of the Ag nanosheets in the SEM image of the electrode is counted, as shown in Figure Sé.
According to the statistical results, the average radius of the Ag nanosheets is 3.912 um.
Therefore, the radius of the Ag nanosheet is set to 4 um during modeling. Then, the physical
model of the PDMS-Ag composite film is established by combining the statistics of the
density and size of the Ag nanosheets in the electrode, and an electric potential of 0.1 V is
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applied to the model, the potential distribution is shown in Figure S7. Based on this model,
the current density distribution inside the composite electrode was simulated under the
mass ratios of Ag nanosheets to PDMS of 1:0.3, 1:0.4, 1:0.5, and 1:0.6, respectively, as shown
in Figure 8a. It is clear that the current density decreases gradually with the increase in the
PDMS content, this trend is consistent with the experimental phenomenon. The simulation
data under different relative densities of Ag nanosheets are fitted using the contact point
theory, and the fitting results are found to be consistent with the theory, as shown in
Figure 8b. Comparing the simulation result with the experimental data (Figure 8c), it is
found that the relative resistance change of the simulation result is large than that of the
experimental result, and the fitting slope of the simulation result is 4.58, which is larger than
that of the experimental data of 1.44. The reason for the difference between the simulation
and experimental results may come from the fact that some measured Ag nanosheets are
covered by other adjacent Ag nanosheets during the counting process, resulting in a smaller
measured value of the Ag nanosheets than the actual value.
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Figure 8. Comparison of simulation and experimental results. (a) The current density distribution
inside the composite electrode under the mass ratios of Ag nanosheets to PDMS of 1:0.3, 1:0.4, 1:0.5,
and 1:0.6, respectively. Contact point theoretical fitting of (b) simulation and (c) experimental results.

Considering the deviation in the measurement process of Ag nanosheet size, the
conductivity of the electrode with different Ag nanosheet sizes was simulated to modify
the model based on the contact point theory. Therefore, the radius of the Ag nanosheets
was increased from the initial 4 um to 5 um and 6 um, respectively, and the current density
distribution was simulated, as shown in Figure 9a. It can be seen from the simulation
results that with the increase in the Ag nanosheet size, the current density and conductive
pathways in the electrodes with the same mass ratio increase gradually, and correspond-
ingly, the resistance gradually decreases. Contact point theory was used to fit the Ag
nanosheets with a radius of 5 pm and 6 pm, and the fitting results are shown in Figure 9b,c.
According to the fitting results of these two situations, the fitting slopes are 2.34 and 0.82,
the logarithm of the relative resistances are 1.26 and 0.42, respectively. This is because with
the increase in the Ag nanosheet size, the contact area between the mutually stacked Ag
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nanosheets becomes larger. During the stretching process, Ag nanosheets are more difficult
to separate from each other, resulting in a decrease in the change rate of the number of
conductive pathways and a smaller resistance change in the electrode. Therefore, a large
Ag nanosheet size is beneficial to improve the conductive stability of the electrode during
stretching. From the above discussion and the experimental results in Figure 8¢, it can be
seen that the fitting slope of the contact point theory of the experimental data is 1.44, and
the change of logarithm of relative resistance is 0.77. Comparing the experimental results
in Figure 8c with the simulation results in Figure 9b,c, it can be seen that both the fitting
slope and the change of logarithm of relative resistance of the experimental results are
between the fitting results for the Ag nanosheet radius of 5 um and 6 um. Following this
trend, an Ag nanosheet radius between 5 and 6 um would exist. Under this radius, the
slope and the change of logarithm of relative resistance fitted by the contact point theory
are similar to the experimental results in Figure 8c. By simulating and fitting different Ag
nanosheet radii between 5 and 6 um, it is found that when the Ag nanosheet radius is
5.5 pm, the fitting slope and the change of logarithm of relative resistance are 1.39 and 0.75,
respectively, which are very close to the experimental results. Therefore, the average radius
of the Ag nanosheets used in the experiment can be inferred to be around 5.5 um through
this method. The simulation results modify the measured values of the Ag nanosheet size
based on SEM images.

Figure 9. Simulation of the conductivity of electrodes with different Ag nanosheet radii. (a) Com-
parison of the current density distribution when the radius of Ag nanosheets is 4, 5, and 6 um,
respectively. Contact point theoretical fitting for the Ag nanosheet radius of (b) 5 um, (¢) 6 um, and
(d) 5.5 um, respectively.
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Therefore, the flexible and stretchable electrodes can be fabricated by mixing PDMS
with Ag nanosheets, and the conductive stability of the composite electrodes during
stretching can be regulated by adjusting the density and size of the Ag nanosheets.

4. Conclusions

In summary, a PDMS-Ag-based composite electrode was prepared. Taking advantage
of the properties of good flexibility and stretchability of PDMS and good conductivity
of Ag, the electrode has the ability to maintain good conductivity during stretching. By
comparing the conductivity of different electrodes, it is found that the electrode with a
mass ratio of PDMS and silver glue of 1:0.4 has the best stability during stretching. The
electrode has an initial resistance of only about 5 (), a maximum strain value of over 50% in
normal operation, and a limited resistance change within 20 () during the whole stretching
process. In addition, it can maintain stable conductivity during constant stretching process;
withstand more than 1000 cycles of stretching tests; and under the state of the electrode
failure caused by destructive large stretching, the conductivity can be rapidly recovered
after the stress is released. The conductive mechanism of the electrode is explained by
combining the contact point theory and the tunneling theory. The change rule of the
conductivity under different Ag nanosheet densities and the conductivity of the electrodes
under different mass ratios during stretching process are investigated. The dominant role
of contact resistance and tunneling resistance is judged by the value of the proportional
coefficients a/b of the tunneling theoretical equations. Moreover, the simulation method is
used to explain the effect of Ag nanosheet size on the conductivity, and the average radius
of the Ag nanosheet inside the electrode is inferred to be 5.5 pm by simulation. This study
provides a simple and effective method to fabricate a flexible and stretchable electrode, and
has potential in flexible electronics, wearable devices, and other fields.
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Abstract: Sensitive detection of prostate-specific antigens (PSA) in serum is essential for the preven-
tion and early treatment of prostate cancer. Simple and disposable electrochemical immunosensors
are highly desirable for screening and mobile detection of PSAs in high-risk populations. Here, an
electrochemical immunosensor was constructed based on amino-rich nanochannels array-modified
patterned, inexpensive, and disposable indium tin oxide (ITO) electrodes, which can be employed
for the sensitive detection of PSA. Using an amino-group-containing precursor, a vertically ordered
mesoporous silica nanochannel film (VMSF) containing amino groups (NH,-VMSF) was rapidly
grown on ITO. When NH,-VMSF contained template surfactant micelle (SM), the outer surface of
NH,-VMSF was directionally modified by aldehyde groups, which enabled further covalent im-
mobilization of the recognitive antibody to prepare the immuno-recognitive interface. Owing to
the charge-based selective permeability, NH,-VMSF can electrostatically adsorb negatively charged
redox probes in solution (Fe(CN)ﬁs’/ 47). The electrochemical detection of PSA is realized based on
the mechanism that the antigen—antibody complex can reduce the diffusion of redox probes in solu-
tion to the underlying electrode, leading to the decrease in electrochemical signal. The constructed
immunosensor can achieve sensitive detection of PSA in the range from 10 pg/mL to 1 ug/mL with a
limit of detection (LOD) of 8.1 pg/mL. Sensitive detection of PSA in human serum was also achieved.
The proposed disposable immunosensor based on cheap electrode and nanochannel array is expected
to provide a new idea for developing a universal immunosensing platform for sensitive detection of
tumor markers.

Keywords: disposable immunosensor; electrochemical detection; nanochannel array; patterned ITO
electrode; prostate-specific antigen

1. Introduction

As one of the most common malignant tumors in men worldwide, prostate cancer, an
epithelial malignancy of the prostate gland, is regarded as the “invisible killer” of middle-
aged and elderly men [1,2]. This is because patients with early-stage prostate cancer can
achieve good therapeutic effects or be cured by radical surgery or radiotherapy. However,
the early symptoms of prostate cancer are not obvious, and the fatality rate is high when
found in the late stage. Therefore, early prevention, early diagnosis, and early treatment
are the keys to improving the survival rate of prostate cancer. The clinical diagnosis of
prostate cancer mainly relies on digital rectal examination, detection of prostate-specific
antigen (PSA) in serum, prostate ultrasound (transrectal), and pelvic magnetic resonance
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imaging (MRI). Amongst these, the detection of PSA in serum has the advantages of non-
invasiveness and easy operation, demonstrating great potential in screening of high-risk
groups, early diagnosis, and monitoring of curative effect [3,4]. As a tumor biomarker
secreted by prostate epithelial cells, PSA exists in prostate tissue and semen, and is present
in very low levels in normal human serum. PSA in normal human serum is generally less
than 4 ng/mL. A higher PSA level of 4-10 ng/mL is called the gray zone for prostate cancer
diagnosis. Prostate cancer patients commonly have a PSA level higher than 10 ng/mL [5].
As PSA has extremely high tissue specificity, it has become the preferred biomarker for
the diagnosis of prostate cancer. The development of a simple and low-cost method for
sensitive detection of PSA in serum is of great significance for non-invasive screening and
early diagnosis of prostate cancer.

Until now, immunoassays, including enzyme-linked immunoassay (ELISA), chemilu-
minescence immunoassay, and electrochemiluminescence (ECL) immunoassay based on
magnetic bead, were mainly applied for the detection of PSA [6-9]. However, these strate-
gies mostly employ sandwich immunoassays by forming primary antibody (Ab;)/antigen
(Ag, analyte)/labeled secondary antibody (labeled-Ab,) complexes (Ab; /Ag/labeled-Aby),
leading to a cumbersome operating process. In addition, the detection sensitivity of the first
two methods is low. Although the latter has high detection sensitivity, it suffers from high
detection costs because of the use of streptavidin-coated magnetic microbeads and ECL
ruthenium complex-labeled antibodies. The above detection methods are also difficult to
adapt to on-site detection. Electrochemical sensors have the advantages of rapid detection,
high sensitivity, simple instrument, easy integration, and portability [10-16]. Therefore,
electrochemical immunoassays offer advantages for sensitive, convenient, and even in-situ
or point-of-care detection of PSA in serum.

A suitable supporting electrode is the basis for constructing electrochemical im-
munosensors. Since it is difficult to maintain excellent detection performance after re-
generation in most immunosensors, the construction of disposable electrochemical im-
munosensors with inexpensive and one-use only electrodes is highly desirable [17,18]. This
is attributed to the disadvantages of electrochemical immunosensors based on reusable
electrochemical electrodes, such as high cost, complex fabrication, and difficulty in batch
fabrication. For example, the most common renewable electrodes are noble metal electrodes
(e.g., Au, Pt electrodes) and carbon electrodes (e.g., glassy carbon electrode (GCE), carbon
paste electrodes, carbon fiber electrodes, etc.). However, these electrodes are expensive
and often need to be polished with particulate slurries (such as 1 pm, 0.3 um, and 0.05 um
Al Oj slurry) before use, which is complicated to operate [19,20]. Disposable screen-printed
electrodes (SPCE) are inexpensive and could be mass-manufactured. Several SPCE-based
immunosensors were developed for PSA detection [21-23]. However, the fabrication of the
recognitive interface in these sensors is usually complicated, and it is easy to contaminate
the electrode surface. Recently, patterned indium tin oxide (ITO) electrodes attracted much
attention as inexpensive and disposable electrodes [24-26]. ITO is prepared by doping high-
valent Sn** into InyOj. A large number of free electrons resulting from the doping structure
endow ITO with excellent electrical conductivity as an n-type semiconductor. Until now,
many techniques (e.g., magnetron sputtering, chemical vapor deposition, sol-gel, electron
beam evaporation, etc.) were used to prepare ITO films on different substrates (such as
rigid glass, or flexible polyethylene terephthalate (PET), polyimide (PI), and so on) with
firm bonding with the substrate, and scratch resistance. Therefore, ITO electrodes have
the advantages of rigid or flexible structure, easy patterning, mass production, low cost,
and excellent electrochemical performance, demonstrating great potential for constructing
disposable electrochemical immunosensors.

The detection modes of electrochemical immunosensors include two categories [27,28].
One is to the directly or indirectly electrochemical signals generated by labels in the formed
Ab;/Ag/labeled-Ab, sandwich complex. The other type is to achieve label-free detection
by redox probes in solution or immobilized on the electrode surface [29-31]. Briefly, the
binding of antibodies towards the detected antigen on the immuno-recognitive interface
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changes the interface resistance of the electrode, which, in turn, leads to a change in
the electrical signal of the probe. Amongst these, the detection based on solution-state
probes has the advantages of convenient operation and simple electrode construction.
The improvement in the detection sensitivity of this solution-probe-based immunosen-
sor by introducing nanomaterials with signal amplification is crucial. Very recently, the
remarkable signal amplification effect by vertically ordered mesoporous silica nanochan-
nel film (VMSF) attracted much attention [32-34]. VMSF is a nanometer ultrathin film
(50~200 nm in thickness) composed of silica nanochannels parallel to each other with
high density (up to 3~12 x 10'2 cm~2) and uniform pore size (usually 2-3 nm in diam-
eter) [35-37]. On the one hand, the open and high-density nanochannel array ensures
efficient diffusion of small molecules. On the other hand, the ultra-small nanochannels
have an ultra-high specific surface area, showing excellent charge-based permselectiv-
ity [38-40]. The variability of VMSF structure endows it with flexible enrichment towards
small molecules with different charges [40,41]. For example, the ionization of silanol groups
(Si-OH, pK,~2) on commonly prepared VMSF using tetraethoxysiloxane (TEOS) as the
precursor provides negative charge that can repel anions, but shows efficient enrichment
towards cations [42—44]. When VMSF with rich amino groups (NH,-VMSF) is prepared
using 3-aminopropyltriethoxysilane-APTES as a precursor, it has a large number of posi-
tively charged sites, leading to a significant attraction on negatively charged probes [45].
Therefore, VMSF-modified electrodes can significantly enrich small molecule probes in
solution, improving the detection sensitivity of the electrochemical immunosensors. In
addition, the size exclusion effect of ultra-small nanochannels can avoid the contamination
of the electrode surface by the complex matrix (e.g., proteins) in biological samples [46].
Therefore, VMSF-modified disposable electrodes have great potential in the convenient
and sensitive detection of PSA in serum.

Herein, a label-free electrochemical immunosensing platform was fabricated for sensi-
tive detection of PSA in human serum based on modification of miniaturized, integrated,
and disposable ITO electrodes with amino-rich nanochannel arrays (NH,-VMSF). When
surfactant micelle (SM) and amino-containing siloxanes were used as template and pre-
cursor, respectively, NHp-VMSF was rapidly grown (<10 s) by electrochemical-assisted
self-assembly (EASA) method. To achieve covalent immobilization of the recognitive anti-
body (Ab), the amino groups on the outer surface of NH,-VMSF reacted with bifunctional
glutaraldehyde to generate aldehyde-based surfaces. The blocking of the nanochannels by
SM ensures that the aldehydeylation occurs only at the entrance of the nanochannels and
not within the nanochannels. The open nanochannel array after SM was removed exhibited
remarkable enrichment towards anionic electrochemical redox probes (Fe(CN)¢>~/47) in
the solution. Since the immunocomplex formed by the binding of Ab and PSA on the
immuno-recognitive interface hindered the diffusion of Fe(CN)g>~/4~ to the underlying
electrode, the immunosensor can realize sensitive detection of PSA. In comparison with
the immunosensors with complicated fabrication process, our immunosensor has the
advantages of simple fabrication and high sensitivity.

2. Materials and Methods
2.1. Chemicals and Materials

All reagents used in the experiment were of analytical grade without further treat-
ment. Prostate-specific antigen (PSA), mouse anti-human PSA monoclonal antibody (Ab),
carcinoembryonic antigen (CEA), and carcinoma antigen 125 (CA125) were purchased
from Beijing KEY-BIO Biotech Co., Ltd. (Beijing, China). Bone gamma-carboxyglutamate
protein (BGP) was purchased from Nanjing Okay Biotechnology Co., Ltd. (Jiangsu, China).
5100 calcium-binding protein {3 (S 100) was obtained from Proteintech (Wuhan, China).
Potassium ferricyanide (K3[Fe(CN)s]), potassium ferricyanide (K4[Fe(CN)g]), tetraethyl
orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB), potassium hydrogen ph-
thalate (KHP), glutaraldehyde (GA), and fetal bovine serum (BSA) were all purchased from
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Sodium nitrate (NaNO3)
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was obtained from Prospect Chemical Reagent Co., Ltd. (Wuxi, China). Additionally,
3-aminopropyltriethoxysilane (APTES) was obtained from Macklin biochemical Technol-
ogy Co., Ltd. (Shanghai, China). Anhydrous ethanol and sodium hydroxide (NaOH)
were purchased from Gaojing Fine Chemical Co., Ltd. (Hangzhou, China). Phosphate
buffer (PBS, 0.01 M, pH 7) was prepared by Na,HPO, and NaH,PO,. Deionized wa-
ter (18.2 MQ) cm) was prepared by Mill-Q system (Millipore Company, Shanghai, China).
ITO-coated glasses (<17 ()/square, thickness: 100 & 20 nm) obtained from Zhuhai Kaivo
Optoelectronic Technology (Zhuhai, China) were first cleaned by NaOH aqueous solution
(1 M), and subsequently sonicated in acetone, ethanol, and ultrapure water prior to use.

2.2. Measurements and Instrumentations

The morphology of NH,-VMSF was investigated by transmission electron micro-
scope (TEM, JEM-2100, JEOL, Tokyo, Japan) with an acceleration voltage of 200 kV. Before
measurement, the NH,-VMSF on the ITO electrode was scraped off slowly with a blade, dis-
persed evenly with ethanol, and dripped on the copper net. The morphology and thickness
of NH,-VMSF were characterized by scanning electron microscope (SEM, SU8010, Hitachi,
Tokyo, Japan) with an acceleration voltage of 5 kV. Before investigation, the electrode
surface was scratched with a glass knife and divided into small pieces, the cross-section
was placed upward and stuck on the sample table with conductive adhesive. Then, the
sample was observed after spraying with gold. X-ray photoelectron spectroscopy (XPS)
analysis was carried out on a PHI5300 electron spectrometer using 250 W, 14 kV, Mg Ko
radiation (PE Ltd., Boston, MA, United States). Electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), and differential pulse voltammetry (DPV) measurements
were performed on an Autolab (PGSTAT302N) electrochemical workstation (Metrohm,
Switzerland). A traditional three-electrode system was employed for electrochemicals.
Briefly, bare or modified ITO was used as the working electrode, Ag/AgCl was used as the
reference electrode, and a platinum wire electrode was used as the counter electrode. The
scan rate used in cyclic voltammetry (CV) measurement was 50 mV /s, the parameters for
DPV measurements included step potential (0.005 V), pulse amplitude (0.05 V), interval
time (0.2 s), and pulse time (0.05 s).

2.3. Preparation of NH»-VMSF/ITO Electrode

As reported previously, NH,-VMSF was grown on the bare ITO electrode by using the
electrochemically assisted self-assembly (EASA) method [47]. Briefly, APTES (0.318 mL)
and 1.585 g CTAB (4.34 mM) were added to a mixture of 20 mL NaNOs (0.1 M, pH 2.6)
and 20 mL ethanol. When TEOS (2.732 mL) was added to the solution, it was necessary to
adjust the pH to 3 with concentrated HCl. The solution was aged for 2.5 h under stirring
before use. Then, the bare ITO electrode was immersed into the above solution and grown
for 10 s with constant current density (—0.70 mA /cm?). After being quickly washed with
ultrapure water, the obtained electrode was dried with nitrogen, aged at 120 °C overnight,
and termed as SM@NH,-VMSE/ITO. SM template extraction was achieved by immersing
the film electrode in an ethanol solution containing 0.1 M HCI under moderate stirring for
5 min, and the resulting electrode was termed as NH,-VMSE/ITO.

2.4. Fabrication of Label-Free Immunosensor

Owing to the presence of amino groups on NH;-VMSE, glutaraldehyde (GA) was
chosen as the bifunctional linker for covalent immobilization of the recognitive bioligands.
Firstly, the prepared SM@NH,-VMSE/ITO electrode was soaked in 5 % GA solution for
30 min at 37 °C in dark. After unlinked GA was washed off, the micelle was removed by
stirring for 5 min in 0.1M HCl/ethanol (V: V = 1: 1) solution to obtain GA /NH,-VMSF/ITO.
Then, to fabricate the immune recognition interface, the PSA antibody (50 nuL, 10 pug/mL)
was drop-coated on the surface of GA-NH,-VMSF/ITO. After incubation at 37 °C for
90 min, the unbound antibody was rinsed with PBS (0.01 M, pH 7). Finally, the obtained
electrode was then incubated with BSA solution (1 %, wt%) for 60 min to block the non-
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specific sites, followed by rinsing with PBS. The prepared immunosensor was denoted as
Ab/GA/NH,-VMSE/ITO and stored in a refrigerator at 4°C.

2.5. Electrochemical Determination of PSA

The Ab/NH,-VMSF/ITO immunosensor was incubated with different concentrations
of PSA (antigen) at 37 °C for 45 min before electrochemical testing. KCl (0.1 M) containing
Fe(CN)g>~/4~ (2.5 mM) was applied as the electrolyte solution. The electrochemical signal
of the Fe (CN)63*/ 4= in the electrolyte was measured before and after PSA binding. Healthy
human serum was diluted 50-fold with PBS (0.01 M, pH 7) for real sample analysis. To
simulate the different PSA concentrations of prostate cancer patients, artificial PSA was
added to the serum and then detected with the developed immunosensor.

3. Results and Discussion
3.1. Fabrication of Immunosensor on Amino-Rich Nanochannel Array-Modified Electrode

In recent years, researchers developed electrochemical-assisted growth method (EASA)
or Stober-solution growth method to induce the synergistic occurrence of surfactant molec-
ular self-assembly and organosilane hydrolysis/polycondensation [48,49], which establish
the growth of vertically ordered mesoporous silica nanochannel films (VMSF) on solid
surfaces. VMSF has excellent properties, including ultra-thin and adjustable thickness,
highly uniform pore size and nanochannel distribution, extremely high porosity, excellent
mechanical/chemical /thermal stability and biocompatibility, and easy surface functional-
ization [50,51]. Moreover, the cost is low, and it can be prepared in batches in a large area,
so it is an ideal electrode modification material. VMSF can be stably modified on indium
tin oxide (ITO) electrodes [52,53]. This is attributed to the covalent bonding between VMSF
and the ITO surface through the formation of -5i-O-In- or -5i-O-Sn- bonds. In this work,
VMSFs containing amino groups (NH,-VMSF) were grown on the surface of patterned ITO
electrode by the EASA method, which can grow VMSFs in a very short time (within 10 s).
Although antibodies, as protein macromolecules, cannot enter the nanochannels of VMSFs,
they can be easily immobilized on the outer surface of VMSFs, which is the entrance of
the nanochannels. By introducing reactive groups (such as -NH, groups) into VMSFs, the
conversion of chemical groups can be flexibly achieved through covalent reactions.

As illustrated in Figure 1, the patterned ITO electrode consists of a square area as
the working electrode and a thin linear section as the wire. Insulating tape is applied to
the intersection of the thin wire and the working electrode area to ensure that different
electrodes have a consistent electrode area. When NH,-VMSF is grown on ITO, SM remains
within the nanochannels (SM@NH,-VMSE/ITO), thereby blocking the nanochannel. Then,
aldehyde group derivatization is performed on the outer surface of NH,-VMSF to obtain a
surface with aldehyde groups through reactions between amino groups and glutaraldehyde
(GA). After removal of SM, the covalent immobilization of the recognitive antibody (Ab) is
subsequently achieved through the reaction between aldehyde groups and amino groups in
Ab. The immunosensor Ab/GA /NH,-VMSF/ITO is obtained after blocking non-specific
sites on the electrode surface with bovine serum albumin (BSA). Since Ab can bind of the
targeted PSA, the formed immunocomplex prevents the entry of Fe(CN)s> /4~ probe in
solution, resulting in a reduction in the electrochemical signal. Based on this mechanism,
electrochemical detection of PSA can be achieved.

3.2. Characterization of Morphology and Structure of NH,-VMSF

The morphology of NH,-VMSF was characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). In Figure 2a, the cross-sectional SEM
image of the NH,-VMSE/ITO shows the layered structure, including the glass layer, the
ITO layer, and the NH,-VMSF layer. The thickness of NH,-VMSF is 78 nm (Figure 2b).
Figure 2c is the top-view TEM image of NH,-VMSF after scraping off the electrode. As
seen, NH,-VMSF has a continuous porous structure. There are no cracks in the larger area.
The high-resolution TEM (HRTEM) image reveals a hexagonal packing structure (inset of
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Figure 2c). The pore diameter is between 2-3 nm. The pore density is ~7.5 x 10'?/cm?,
corresponding to a porosity of ~44 %.
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Figure 1. Schematic illustration for the fabrication of label-free immunosensor and the determination
of PSA using immunocomplex-gated electrochemical signal.

4000
s Cis
g 3000
> J
{7
s
£ 2000 Py N‘\s
10001 Si2s Si2p
|
0 T T T BN
600 400 200 0
! : Binding Energy (eV)
(9 (d)

Figure 2. (a,b) The cross-sectional SEM image of the NH,-VMSE/ITO at different magnificence.
(c) Top-view TEM image of NH,-VMSF at different magnifications. Inset is the HRTEM image.
(d) X-ray photoelectron spectrum (XPS) of SM@NH,-VMSE/ITO.

NH;-VMSF was prepared using TEOS and APTES as mixed siloxanes. The functional
groups on the outer surface of NHy-VMSEF were applied for the fabrication of immuno-
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recognitive interface. To investigate the elemental composition of the outer surface of NH,-
VMSF, X-ray photoelectron spectroscopy (XPS) of SM@NH,-VMSF/ITO was investigated.
As shown in Figure 2d, in addition to C element (from SM), O and Si elements (from SiO,
structure) and the signal peaks of N also appear, proving that APTES introduces NH;
groups to NH,-VMSE. The active NH; groups endow NH,-VMSF/ITO with great potential
for further modification and functionalization.

3.3. Charge-Based Selective Permeability or Redox Probe in NH,-VMSF

In the growth process of NH,-VMSF on ITO electrode, SM closed and open nanochan-
nel array-modified electrodes are obtained successively. The integrity of NH,-VMSF and
the penetration of probes were investigated by examining the electrochemical behavior of
anionic (Fe(CN)g3~/4~, Figure 3a) and cationic (Ru(NH;)g3*, Figure 3b) standard redox
probes on different electrodes. As controls, the supporting ITO electrode and VMSF-
modified electrodes without amino groups (VMSF/ITO) were also examined. As shown,
the redox peaks of the two probes are obvious on the ITO electrode. Despite the excellent
electrochemical properties of ITO, its surface is difficult to derivatize directly. Furthermore,
in practical applications, co-existing components in complex matrices tend to adhere to
the ITO surface through non-specific adsorption, leading to fouling of the electrode and
degraded electrochemical performance. In the case of the SM@NH,-VMSE/ITO electrode,
no electrochemical signals are observed for either redox probes. This is due to the fact that
the hydrophobic SM blocks the nanochannels, so that hydrophilic probes in solution cannot
diffuse to the underlying electrode. This phenomenon proves that the grown VMSF is intact
without cracks. When SM was removed to obtain an open nanochannel array, significant
oxidation and reduction peaks of the two probes appear on the NH,-VMSE/ITO electrode.
As shown, VMSE/ITO exhibits higher peak current in Ru(NHj3)¢3* solution in comparison
with ITO. In the employed pH of the electrolyte solution (pH 4), the ionization of abundant
silanol groups (pK,~2) in VMSF make a negatively charged surface, leading to electrostatic
adsorption effect on cationic probe Ru(NH3)¢3* and a higher CV signal. Compared with
ITO, the electrochemical signal of NH,-VMSEF/ITO recovers to some extent because of the
reduced active surface after the growth of non-conductive NH,-VMSE. It is worth noting
that NH-VMSEF/ITO shows different peak currents for both probes in comparison with
that of VMSE/ITO. As is well-known, the ionization of abundant silanol groups (pK,~2)
in VMSF make a negatively charged surface. The introduction of amino groups endows
NH,-VMSF with positively charged sites. Due to the high surface area of the nanochannel
arrays, the modified electrodes exhibit remarkable charge-based permselectivity for ion
probes. Specifically, the electrostatic repulsion between the positively charged sites of
NH,-VMSF and Ru(bpy)32+ leads to a lower peak current on NH,-VMSF/ITO than that
of VMSEF/ITO. In the negatively charged probe solution, the situation is just the opposite.
The signal on NH,-VMSF/ITO is higher than that of VMSF/ITO electrode due to the
electrostatic attraction towards the negatively charge probe. Thus, the modification of
NH,-VMSF facilitates the diffusion of negative Fe (CN)s>~/4~ to the underlying electrode.

3.4. Electrochemical Characterization of the Fabrication Process of Immunosensor

Electrochemical methods including cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were used to investigate the changes in the electrode surface
during the fabrication of the immunosensor. Figure 4a shows the cyclic voltammetric
curves of different electrodes. GA/NH;,-VMSE/ITO was obtained by reacting SM@NH2-
VMSE/ITO with GA and then removing SM. It can be seen that the peak current of redox
probes on GA /NH,-VMSF is slightly reduced, which may be attributed to the cross-linking
of partial amino groups by GA at the entrance of nanochannels. The peak current of the
redox probe on the resulting immunosensor Ab/GA /NH,-VMSE/ITO further reduces
when Ab is covalently immobilized on the aldehyde surface and the following blocking
of non-specific binding sites by BSA. This is attributed to the fact that proteins act as non-
conductive species to increase the interfacial resistance of the electrode surface. When the
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immuno-electrode is incubated with PSA, the probe signal significantly decreases due to
the formation of antigen—antibody immunocomplexes that hinder the entry of the probe
into the nanochannel, reducing the electrochemical signal of the probe. Similar conclusions
are verified by EIS, as shown in Figure 4b, with the electron transfer resistance (Ret)
related to the semicircle diameter of each curve gradually increasing with GA modification,
fabrication of immuno-recognitive interface, and PSA binding. The above results validate
the efficient development of the immunosensor.
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Figure 3. CV curves obtained from different electrodes in 50 mM KHP (pH 4) containing 0.5 mM
Fe(CN)s*~ (a) and Ru(NH3)s>* (b).
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Figure 4. CV (a) and EIS (b) curves obtained on different electrodes. The electrolyte solution is 0.1 M
KClI containing 2.5 mM Fe (CN)g>~/4~. Insets in (b) are equivalent circuits of detection (top inset)
and the enlarged view of the EIS curves at the high frequency region (bottom inset).

The aldehydeylation of the outer surface of NH,-VMSF is the basis for the construction
of the immunosensing interface. The effect of aldehydeylation on the performance of the
constructed immunosensors using open or SM-closed nanochannel arrays was investigated.
Amongst these, the former was denoted as GA-NH,-VMSF after derivatization with GA.
The electrochemical signal of Fe(CN)s>~/4~ on different electrode was determined by
DPV. Figure 5a shows the relative current value (I/Iy) obtained on different electrodes,
where Ij is the peak current obtained on the electrode before GA modification, and I
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is the peak current obtained on the electrode after stepwise modification. As seen, the
signal of the redox probe on the GA-NH,-VMSF/ITO electrode significantly reduces when
the open nanochannel is employed for GA modification. This is attributed to the cross-
linking of GA to the amino groups inside the nanochannel, which greatly reduces the
diffusion of the probe to the underlying electrode. The immunosensor constructed by
this strategy has a very low electrochemical signal. This results in the detection of PSA
only in a narrow concentration range. In contrast, when the SM-blocked nanochannel
array is aldehydeylated, the reaction is directed to the outer surface of NH;- because the
nanochannels are filled with hydrophobic SM (Figure 5b). After SM removal, the open
nanochannels effectively ensure the diffusion of probes. In addition, the immunosensor
after binding with Ab still has a high electrochemical signal and the binding of PSA
significantly reduces the electrochemical signal, which leads to sensitive electrochemical
detection and a wide detection range. Therefore, in this paper, SM-blocked nanochannel
arrays are used for the introduction of aldehyde groups to construct immunosensors.
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Figure 5. (a,b) Relative current values (I/Iy) obtained at open (a) or SM-closed (b) nanochannel array-
modified electrodes, where Ij is the peak current obtained on the electrode before GA modification,
and I is the peak current obtained on the electrode after stepwise modification. (¢,d) Peak current
obtained in 0.1 M KCl solutions containing 2.5 mM Fe(CN)3~ /4~ after GA/NH,-VMSF/ITO was
incubated with different concentrations of antibody. (b) Peak current obtained on Ab/GA/NH,-
VMSE/ITO in 0.1 M KClI solutions containing 2.5 mM Fe(CN)>~/4~ at different pH.

The influence of the amount of antibody or pH value was investigated. Figure 5c
reveals the peak current of GA/NH,-VMSE/ITO after incubation with different concentra-
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tions of Ab. When Ab concentration increases, the peak current of redox probe decreases
and then reaches an almost stable value. When the antibody is fixed on the outer surface
of VMSE, it closes the entrance of some nanochannels because of the large size, leading
to reduced diffusion of redox probes into the nanochannels. The appearance of stable
signals indicates that the amount of immobilized antibody is close to saturation. Thus, the
concentration of Ab was chosen as 10 pug/mL. Figure 5d shows the effect of pH on the
peak current of the redox probe on the immunosensor. The peak current increases with the
increase in pH value. This is due to the charge change of amino groups under different pH
conditions. With the increase in pH, the deprotonation of amino group leads to the gradual
decrease in positive sites, weakening the adsorption towards negatively charged probes.
Considering the stability of Ab and the neutral environment of serum samples, pH 6 was
selected for further experiments.

3.5. Label-Free Electrochemical Determination of PSA

The performance of the constructed sensor in the electrochemical detection of PSA
was investigated. The detection principle was the reduction in the electrochemical probe
signal in solution after the specific binding of PSA and Ab. The immunosensors were
incubated with different concentrations of PSA, and then the DPV curves of the electrodes
were determined. As shown in Figure 6a, the DPV peak current of the immunosensor
gradually decreases with increasing PSA concentration. The linear regression curve in
inset in Figure 6a shows a good linear relationship between the peak current (I) and the
logarithmic value of PSA concentration (logCpsa). The detection range is from 10 pg/mL
to 1 ug/mL (I = —1.42logCpsa + 5.68, R? = 0.995). The limit of detection (LOD) calculated
based on a three-fold signal-to-noise ratio (5S/N=3) is 1.3 pg/mL. The LOD is lower than
that obtained based on electrochemical detection using PtCu hollow nanoframes [54],
metal-ions-functionalized gold nanoparticles-carbon nanospheres CNSs@AuNPs [55],
nafion/graphene oxide/aldehyde methyl pyridine (Nafion/rGO/CHO-MP) [56], or metal
organic frame-235/methylene blue (MOF-235/MB) [57]-modified electrode, but higher than
that obtained based on palladium-nanoparticles-loaded electroactive amino-zeolitic imi-
dazolate framework-67 (Pd /NH;-ZIF-67) [58], electrochemiluminescence (ECL) detection
based on cadmium sulfide/chitosan/g-C3Ny4 (CdS/Chito/g-C3Ny) [59], or electrodeposited
gold@poly-luminol nanocomposite (Au@PL-NC) [60].

Excellent selectivity is crucial for the practical application of immunosensors. The
selectivity of the constructed immunosensor was examined by detecting PSA or other
interfering tumor biomarkers, including carcinoembryonic antigen (CEA), bone gamma-
carboxyglutamate protein (BGP), S100 calcium-binding protein 3 (S 100), and carcinoma
antigen 125 (CA125). Immunosensors were incubated with a single protein or a mixture of
all proteins. As shown in Figure 6b, a significant reduction in electrochemical signal is ob-
served only when the immunosensor is co-incubated with PSA and PSA-containing mixed
proteins. The other tested proteins do not cause significant changes in the electrochemical
signaling response. This indicates that the constructed immunosensor has high selectivity
for PSA. Using the same experimental conditions, we prepared five sensing electrodes
in parallel and measured the response to 50 ng/mL PSA to evaluate the reproducibility
of the immunosensor construction process. As shown in Figure 6c, the five electrodes
show close responses with a relative standard deviation of 3.4 %. Therefore, the electrode
preparation process has high reproducibility. The storage stability of the immunoelectrode
was also investigated. After storage of the immunosensor at 4 °C for 6 days, the response
to 50 ng/mL PSA maintains 91.5 % of the initial signal, indicating the high storage stability
of the immunosensor.
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Figure 6. (a) DPV response of the immunosensor after incubation with different concentrations
of PSA. The inset is the linear relationship between the peak current and the logarithmic value of
PSA concentration. (b) Relative ratio of DPV peak current before (Iy) and after (I) incubation with
CEA (10 ng/ml), BGP (1 ng/mL), S100 (10 ng/ml), CA125 (1 uU/mL), PSA (10 ng/mL), or their
mixture. (c) Relative ratio of DPV peak current obtained on five parallel electrodes. 10 and I are peak
current obtained on the 1st or other electrodes. (d) Relative ratio of DPV peak current obtained on
immunosensor stored at 4 °C for different times.

3.6. Real Sample Analysis

The practical application of the constructed immunosensor was evaluated by measur-
ing the concentration of PSA in human serum. To investigate the effect of the serum matrix
on the detection of PSA, PSA added in serum diluted by different factors was detected. As
shown in Figure 7, the detection recovery is poor at a low dilution factor, which may be due
to the influence of the viscous matrix on the diffusion of redox probes or the interference of
coexisting substances. When the dilution factor is not less than 50 times, the serum matrix
has no obvious effect on the detection recovery. The PSA concentration detected by the
constructed immunosensor (1.25 ng/mL) is consistent with that (1.32 ng/mL) obtained by
the commercial electrochemiluminescence analyzer. In addition, different concentrations
of PSA were added to serum samples to mimic cancer patients with higher PSA concen-
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trations. As shown in Table 1, the detected concentration of PSA recovery ranges from
95.7% to 103.2%, indicating good accuracy. Therefore, the immunosensor constructed in
this paper has potential application in the clinical detection of PSA.
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Figure 7. Recovery for the detection of PSA (10 ng/mL) in serum matrix when serum was diluted by
different factors.

Table 1. Determination of PSA in human serum.

Added Found RSD

a 0,
Sample (ng/mL) (ng/mL) (%, n = 3) Recovery (%)
0.0100 0.0103 2.7 103.2
Human serum ? 0.100 0.0957 2.8 95.7
10.0 10.1 3.7 101.4

2 Samples were diluted 50 times when PSA was added. The indicated concentration of PSA was obtained after
dilution.

4. Conclusions

In summary, we constructed a disposable immunosensor for electrochemical detec-
tion of PSA in serum based on an array of amino-containing nanochannels modified on
patterned ITO electrodes. Using amino-containing siloxane as a precursor, amino-rich
VMSF (NH,-VMSF) was rapidly grown. Directed aldehyde group functionalization of
the outer surface of NH,-VMSF followed by covalent immobilization of the antibody was
performed when VMSF contained micelles to close the nanochannels. NH;-VMSF can
facilitate the diffusion of negatively charged redox probes in solution to the underlying
electrode. Sensitive electrochemical detection of PSA is achieved based on the hindrance
of probe diffusion by immunocomplexes. The immunosensor constructed herein has the
advantages of simple construction, sensitive detection, high reproducibility, and good
stability. In addition, the ITO electrode used has low preparation cost, a highly adjustable
electrode shape and area, and can be mass-produced. Therefore, the provided strategy is
expected to be a universal electrochemical immunoassay platform for the convenient and
mobile detection of tumor markers.
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Abstract: The physiochemical properties of nanomaterials have a close relationship with their status
in solution. As a result of its better simplicity than that of pre-assembled aggregates, the in situ
assembly of nanomaterials has been integrated into the design of electrochemical biosensors for
the signal output and amplification. In this review, we highlight the significant progress in the in
situ assembly of nanomaterials as the nanolabels for enhancing the performances of electrochemical
biosensors. The works are discussed based on the difference in the interactions for the assembly
of nanomaterials, including DNA hybridization, metal ion-ligand coordination, metal-thiol and
boronate ester interactions, aptamer—target binding, electrostatic attraction, and streptavidin (SA)-
biotin conjugate. We further expand the range of the assembly units from nanomaterials to small
organic molecules and biomolecules, which endow the signal-amplified strategies with more potential
applications.

Keywords: electrochemical biosensors; self-assembly; nanomaterials; hybridization; peptide;
streptavidin

1. Introduction

During the past several decades, miscellaneous nanomaterials with various elements
and different morphologies have been designed and synthesized. Owing to the amaz-
ing and powerful properties, they have been widely utilized in chemical, physical, and
biological-related fields. Generally, the properties of nanomaterials are closely related to
their physicochemical parameters, including composition, shape, and size. For instance, sil-
ver nanoparticles (AgNPs) can generate a well-defined and amplified electrochemical peak
based on the highly characteristic solid-state Ag/AgCl process [1], which have been widely
used as the electrochemical tracers for the detection of various targets [2]. The status of
nanomaterials in solution (monodispersion and aggregation) may have an important influ-
ence on their performances. For example, gold nanoparticles (AuNPs) and AgNPs exhibit
different local surface plasmon resonance (LSPR) adsorption and endow the solution with
different color. The inherent enzyme-mimetic catalytic activity can also be reversibly regu-
lated by modulating the status of nanozymes, such as MoS,, quantum dots (QDs), Cu,_Se
NPs, and AuNPs [3-6]. Traditional fluorescent dyes show aggregation-induced quenching
properties, but on the contrary, aggregation-induced emission (AIE) phenomenon was also
observed in various organic molecules and nanomaterials [7-10]. Therefore, lots of optical
methods (fluorescence and colorimetric) have been precisely explored to analyze targets of
interest based on the aggregation-induced effect, including metal ions, small molecules,
DNA, and enzymes [11,12]. Up to now, several mechanisms for stimulating the aggregation
of nanomaterials have been demonstrated, including DNA hybridization, antigen—antibody
association, aptamer—target binding, electrostatic attraction, streptavidin (SA)-biotin inter-
action, metal ion-ligand coordination, and covalent bond formation [13-18]. However, the
homogeneous methods based on target-recognition-induced aggregation in solution are
less sensitive.
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As a result of the merits of low cost, high sensitivity, and ease of calibration and minia-
turization, electrochemical biosensors have received broad research interest for applications
from environmental monitoring to food safety and disease diagnosis. To further improve
their sensitivity, plenty of signal-amplified strategies have been designed and applied in
electrochemical assays. Usually, the signal-amplified strategies contain enzyme catalysis
(e.g., horseradish peroxidase and alkaline phosphatase), DNA assembly techniques such
as catalytic hairpin assembly (CHA) and hybridization chain reaction (HCR), and various
functional nanomaterials [19-21]. Among these protocols, nanomaterials have shown great
promise for improving the sensitivity and selectivity of electrochemical assays because
of their excellent characteristics, such as good conductivity, high surface to volume ratio,
and ease of functionalization. Up to now, nanomaterials, including carbon nanotubes,
graphene, semiconductor quantum dots (QDs), metal nanoparticles (NPs), and 2D layered
nanosheets, have been exploited for the fabrication of electrochemical biosensors with
enhanced performances [22]. During various electrochemical assays, nanomaterials mainly
play four important roles for enhancing the detection performances: electrode substrate
modifiers, nanoelectrocatalysts, nanocarriers for enzymes and recognition elements, and
electroactive tracers. For example, carbon nanomaterials are frequently utilized in electro-
analytical and electrocatalytic sensing fields because of their high electrical conductivity,
excellent surface to volume ratio, and chemical stability [23]. Gold nanoparticles (AuNPs)
are easily incorporated with enzymes and biorecognition elements, perfectly combining
the catalytic properties of enzymes, recognition abilities of biorecognition elements with
excellent electrochemical properties of AuNPs [24].

It is a promising signal-amplified strategy to integrate the organized assembly or
unordered aggregation of nanomaterials into electrochemical methods [25]. Moreover,
the excellent conductivity and electrocatalytic activity of nanomaterials can significantly
enhance the conductivity and redox current. For instance, Chen et al. employed melamine
to induce the formation of the PdPt nanodendrites—-melamine networks based on the firm
interactions between the nanodendrites and the three amino groups of each melamine
molecule [26]. Then, the formed networks with excellent catalytic ability were utilized
as the labels to increase the current for gene mutation detection. AgNPs aggregates
induced by the hybridization of DNA on AgNPs were successfully applied for multiplexed
DNA target detection [27]. However, these aggregate tags were synthesized through
hybridization prior to the sandwich assays, which may affect the uniformity of the size
of the aggregates. In 2015, Dai et al. introduced the concept of re-creation of the existing
platforms, which transferred the NPs-based colorimetric assay into the electrochemical
analysis with Hg2+ as the model analyte [28]. After that, a number of attempts have
been put into the construction of various detection techniques based on the conversion of
aggregation-based colorimetirc assays to interfacial analytical assays [29-33]. In addition
to acting as the aggregation triggers, biomacromolecules with nanoscale sizes can also
be used as the self-assembling building blocks to form diverse nanostructures for drug
delivery and biosensing. Meanwhile, the low conductivity of biomacromolecules facilitates
the development of electrochemical impedance biosensors.

In this review, we mainly discuss the design and application of electrochemical biosen-
sors based on the in situ assembly of nanomaterials on the electrode surface for signal
readout and amplification. To facilitate the readability and comprehension, the works are
briefly discussed based on the difference in the interactions for the assembly of nanomate-
rials. Furthermore, we expand the range of assembly units from nanomaterials to small
molecules and biomacromolecules.

2. In Situ Assembly of Nanomaterials for Signal Amplification
2.1. DNA Hybridization

Due to the specificity of base-pairing hybridization, a variety of DNA assembly
nanotechnologies have been elaborately designed and versatilely applied in biosensing
for signal amplification [34,35]. It is a promising signal amplification strategy to combine

152



Nanomaterials 2021, 11, 3307

the assembly technologies with nanomaterials. Moreover, the excellent conductivity and
electrocatalytic activity of nanomaterials can significantly transform the intrinsic electron
inert polymeric DNA into a conductive DNA nanostructure. Among them, hybridization-
inducing aggregation without the use of enzymes is simple and can be conducted at mild
conditions [36]. Song et al. developed a disposable electrochemical aptasensor array for
multiplied proteins detection by in situ DNA hybridization-induced AgNPs aggregation
for signal amplification [37]. As shown in Figure 1A, AgNPs were modified with two
complementary DNA sequences and two kinds of aptamers against platelet-derived growth
factor (PDGEF-BB) and thrombin, respectively. After the capture of the target and the
sandwich-type reaction, DNA-labeled AgNPs were captured to form the AgNPs aggregates
on the electrode surface through the in situ hybridization of DNA. A remarkably amplified
electrochemical signal was observed by differential pulse stripping voltammetry (DPSV).
The sensitivity of this in situ hybridization-induced formation of AgNPs aggregates was
calculated to be 10 orders of magnitude higher than that of the single AgNP nanolabel.
Moreover, the DNA-induced assembly of AuNPs was employed for protein kinase activity
analysis (Figure 1B) [38]. In this paper, the Zr**-labeled phosphorylated peptide could
capture DNA-modified AuNPs (DNA-AuNPs) via the coordination interaction between
the phosphate groups in DNA and Zr*" ions Then, DNA-AuNPs polymeric networks
were formed in situ by DNA hybridization on the electrode surface. The conductive and
negative charged networks could accommodate a large amount of [Ru(NHj3)6]%* ions by
the electrostatic interactions. The current intensity was dramatically enhanced, and a low
detection limit and a wide linear range were achieved.
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Figure 1. (A) Schematic representation of the principle of the dnGOPs-based electrochemical detection of DNA [37].
Copyright 2014 American Chemical Society. (B) Schematic representation of DNA-AuNPs assembled polymeric network
amplified electrochemical biosensor for kinase activity detection [38]. Copyright 2014 American Chemical Society.

At the same time, other DNA-based assembly nanotechnologies including enzyme-
aided and enzyme-free methods have also gained attractive attention. For example, Yu
et al. developed a cascade signal amplification platform through integrating duplex-
specific nuclease (DSN)-assisted target recycling with CHA reaction for the detection
of microRNA-141 (miR-141) (Figure 2) [39]. During the DSN-assisted target recycling
amplification, one miR-141 extracted from human breast cancer cells could induce the
production of massive DNA connectors, which would trigger the next CHA reaction.
Then, the AuNP hot spots were self-assembled into networks on the Hp-immobilized
electrode surface. Numerous positively charged RuHex ions were captured by the anionic
phosphate backbone of DNA duple, finally resulting in a significant amplification in the
electrochemical signal. Moreover, two-input AND and INHIBIT (INH) molecular logic
gates were fabricated to analyze miRNAs. As one enzyme-free isothermal alternative,
HCR avoids the restriction of precise dependence of pH and temperature in enzyme-
mediated methods and has been used to detect miRNA and others [40,41]. For example,
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Yuan et al. developed an electrochemical biosensor for the simultaneous detection of
multiple miRNAs, in which the DNA-modified magnetic nanoprobes loaded with two
different electroactive molecules were bound with the products of HCR [42]. However,
in this method, one copy of miRNA only triggered one copy of polymeric HCR product.
To further improve the sensitivity of the HCR-based method, Miao et al. reported an
electrochemical method for miRNA detection based on the analyte-triggered nanoparticle
localization on the electrode in combination with HCR amplification [43]. In this work,
miRNA induced the opening of a hairpin on the electrode-immobilizing tetrahedral DNA
for the capture of HCR-HO-modified AuNPs. Free HCR-HO strands on the surface of
AuNPs could further induce in situ hairpin polymerization. Subsequently, numerous
AgNPs were assembled on the electrode, generating a sharp stripping current peak during
the solid-state Ag/AgCl reaction. Although DNA-modified NPs as the sensing units have
been widely used in electrochemical assays, extensive and complicated conjugation steps
increase the complexity and cost of the assays.
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Figure 2. Schematic representation of cascade amplification of DSN-assisted target recycling and
CHA reaction and in situ self-assembly of AuNP networks on electrodes for label-free electrochemical
detection of miR-141 in signal-on mode [39]. Copyright 2018 American Chemical Society.

To overcome the shortcoming of DNA label-based experiments, label-free and
nanomaterials-based signal amplification strategies have attracted more interest. As is
known to us, the polymeric products generated by DNA self-assembly can be used as
the templates for the assembly of nanomaterials through the electrostatic interaction or in
situ metallization [44,45]. For this view, Li et al. demonstrated that the positively charged
AuNPs could electrostatically assemble onto the double-helix of HCR products to amplify
the electrochemical signal [46]. It was reported that a cytosine (C)-rich DNA sequence
can be used as the template to prepare silver nanoclusters (AgNCs) that showed excel-
lent electrocatalytic ability and redox property [47,48]. Yang et al. developed a label-free
electrochemical method for the detection of miRNA (miRNA-199a) based on the in situ
DNA-templated synthesis of AgNCs [49]. As displayed in Figure 3, when miRNA-199a was
hybridized with the template probe, the target-assisted polymerization nicking reaction
(TAPNR) amplification was initiated, and massive intermediate sequences were generated
to bind with the secondary DNA probes on the electrode. Then, the HCR amplification was
triggered by the surface-tethered intermediate sequences. In this process, numerous C-rich
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loop DNAs were formed in the dsDNA polymers. In the presence of AgNO3 and NaBHy,
a large amount of AgNCs were produced by using C-rich loop DNAs as the templates.
Similar to AgNPs, the AgNCs could generate a dramatically enhanced current response.
Up to now, integrating HCR with the in situ formation of AgNCs has also been used to
develop electrochemical biosensors for the detection of methyltransferase activity, Pb%*
and Type b3a2 [50-52]. In addition, AgNCs generated in the polymeric HCR products
exhibit excellent ECL property and have been utilized to detect HATs activities [53]. In
addition, double-stranded DNA (dsDNA) can be employed as the template for the prepa-
ration of copper nanoclusters (CuNCs). Zhao et al. reported an electrochemical method for
protein detection based on the HCR-assisted formation of CuNCs [54]. The formed CuNCs
could release numerous Cu?* ions by acid dissolution, thus catalyzing the oxidation of
o-phenylenediamine by O, and leading to the strong electrochemical signal. With exonu-
clease T7 triggered targets recycling and HCR amplification, Wang et al. prepared tree-like
overlapping and branching Y-shaped dsDNA for the precise in situ growth of CuNCs [55].
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Figure 3. Schematic representation of ultrasensitive and label-free electrochemical detection of
miRNA-199a based on in situ generated AgNCs by coupling TAPNR with HCR amplifications [49].
Copyright 2015 American Chemical Society.

2.2. Metal Ion—Ligand Coordination

Organic ligands modified on the surface of NPs can bind metal ions with different
stability constants. The formation of the ligand-metal-ligand complex can induce the
aggregation of NPs. In 2015, Wei et al. first proposed the concept of converting liquid-
phase colorimetric assay into enhanced surface-tethered electrochemical analysis [28].
Based on the strategy, Hg?* was sensitively detected as the model analyte. As shown in
Figure 4A, cysteamine-capped AgNPs were prepared and modified with thymine-1-acetic
acid, in which thymine (T) could be specifically coordinated with Hg?* by the formation of
a T—Hg2+-T bond. Meanwhile, the gold electrode was modified with thymine-1-acetic acid.
Hg?* was captured by thymine modified on the electrode surface, which allowed for the
attachment of thymine-functionalized AgNPs (Ag-T) nanoprobes. Subsequently, surface-
bound Ag-T nanoprobes could induce more Hg?* and nanoprobes to be immobilized on
the electrode, thus leading to the formation of Ag-T-based nanostructures. Finally, a strong
and well-defined electrochemical signal was attained. The detection limit of the proposed
electrochemical sensor was approximately two orders of magnitude lower than that of
the AgNPs-based colorimetric assay of Hg?". Similarly, Cu>* and Cr>* were selectively
detected through their coordination with 4-mercaptobenzoic acid and 3-mercaptopropanoic
acid, respectively [56,57]. Recently, Gu et al. employed T-functionalized upconversion
nanoparticles (UCNP) as sensing units (T-UCNP) to develop an ECL sensor for the analysis
of Hg?* [58]. After the target-induced aggregation, multiple UCNPs were assembled on
the electrode surface, and an amplified ECL signal was generated.
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Figure 4. (A) Schematic representation of the electrochemical Hg2+ sensor based on Ag-T nanoprobes [28]. Copyright 2015

American Chemical Society. (B) Schematic representation of electroactive Au@Ag NP assembly driven signal amplification
for ultrasensitive chiral discrimination of D-/L-Trp [59]. Copyright 2019 American Chemical Society.

Biomolecules that can specifically interact with metal ions can also been detected by
this method. For example, Zhao et al. reported an electrochemical method for the chiral
recognition of D-/L-tryptophan (Trp) based on the Cu?*-assisted NPs aggregation [59]. As
shown in Figure 4B, D-Trp functionalized AuNPs (D-Trp-AuNPs) were used to modify the
glass carbon electrode. As a result of the high binding constant with NPs and D-Trp, Cu?*
could induce more electroactive Au@Ag NP to assemble on the D-Trp-AuNPs-modified
electrode. In the presence of D-Trp, more Au@Ag NPs networks were formed on the
electrode surface, and a strong DPV was observed. In addition, Wang et al. reported the
detection of lipopolysaccharide based on the Cu?*-induced formation of AuNPs aggregates
as the signal labels on the electrode surface, in which anionic groups were coordinated
with Cu®* ions to induce the nanoparticle aggregation [60].

2.3. Metal-Thiol and Boronate Ester Interactions

Phenylboronic acid (PBA) and its derivates can bind with «-hydroxycarboxylate acids
(such as citrate and tartrate) and o-diphenol/diol-containing species (such as catechol
derivatives, nucleosides, and glycoproteins) via the formation of a covalent boronate
ester bond [61]. Such interactions have been introduced into the design of various
biosensors [62-64]. Capping reagents play an important role in the enhancement of the
stability and solubility of nanomaterials [65,66]. Among them, trisodium citrate is the most
frequently used reagent for the synthesis of negatively charged AgNPs and AuNPs. Unlike
DNA, the ribose group in RNA contains an intact cis-diol structure in the pentose ring at
the 3'-terminal, which can react with PBA to form a boronate ester covalent bond. Our
group reported a label-free electrochemical method for the detection of miRNAs based
on the in situ aggregation of AgNPs [67]. As shown in Figure 5, after the hybridization,
the exposed cis-diol moiety in the ribose of the captured miRNA was derivatized by
4-mercaptophenylboronic acid (MPBA). Next, the thiol group of MPBA could grasp citrate-
capped AgNPs via the formation of a Ag-S bond. Then, the surface-bound AgNPs could
recruit more MPBA and AgNPs from solution through the formation of boronate ester and
Ag-S bonds, finally resulting in the in situ generation of MPBA-AgNPs-based networks
on the electrode surface. Based on the amplified electrochemical signal, miRNA-21 was
sensitively determined with a detection limit down to 20 aM.
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Figure 5. Schematic representation of the proposed electrochemical strategy for miRNAs detection
based on MPBA-induced in situ formation of AgNPs aggregates as labels [67]. Copyright 2017
Elsevier B.V.

Tyrosinase can catalyze the oxidation of tyrosine residue in the substrate peptide and
transform monophenol into o-diphenol, which could be recognized by MPBA. Based on
the MPBA-AgNPs-based networks, our group developed two sensitive electrochemical
strategies for the determination of protein kinase activity [68]. As shown in Figure 6, after
the hydroxyl of tyrosine residue was phosphorylated in the presence of tyrosine kinase (Src)
and 5-[-thio] triphosphate (ATP-S), the thiophosphate peptide could bind to AgNPs through
the formation of a Ag-S bond. Eventually, under the MPBA-assisted in situ assembly of
AgNPs, the nanoarchinectures were formed on the electrode. In another strategy, after
the oxidation of tyrosine residue, MPBA reacted with the o-diphenol moiety, and then,
AgNP was captured by MPBA through the Ag-S interaction, leading to the generation
of AgNPs-based networks. However, once the tyrosine residue was phosphorylated, the
oxidation and assembly process would be blocked, resulting in the decrease in the current
intensity. Moreover, glycan on the surface of glycoprotein can also react with MPBA to
induce the formation of MPBA-AgNPs-based networks on the electrode surface, thus
allowing for the development of electrochemical glycoprotein aptasensors [69].
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Figure 6. Schematic representation of the proposed electrochemical strategies for protein kinase
detection based on the in situ formation of the AgNPs aggregates as labels. In the first design (A),
ATP-S was used as the co-substrate. In the second design (B), ATP was used as the co-substrate, and
tyrosinase was used to convert monophenol into o-diphenol [68]. Copyright 2017 Elsevier B.V.
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dsDNA

Benzene-1,4-dithiol (BDT) with two thiol groups can be used as the connector for the
assembly of AgNPs. Based on the BDT-induced in situ formation of AgNPs networks, Hou
et al. constructed a modification-free amperometric biosensor for the detection of wild-type
p53 protein [70]. As displayed in Figure 7, a dsDNA probe containing two consensus sites
was employed to modify the gold electrode for the capture of wild-type p53 protein. After
the binding between the probe and protein, the thiol and amine groups on the surface of
p53 protein bind to AgNPs via the formation of Ag-S and Ag-N bonds. In the presence of
BDT, more AgNPs were in situ assembled on the electrode surface to form the networks
for signal amplification. This method has been successfully used to detect wild-type p53
protein in cell lysates with satisfactory results.

LY
»e

P53 protein

A2 AgNPs

BDT

Figure 7. Schematic representation of the biosensor for the detection of wild-type p53 protein by the in situ formation of
AgNPs networks for signal amplification [70]. Copyright 2020 Elsevier B.V.

2.4. Peptide-Induced Assembly of Nanoparticles

As a result of the diversity of structural units (amino acids), peptides can be syn-
thesized with a specific sequence and used as the aptamer for the capture of the target.
Moreover, a peptide with positive charges can induce the aggregation of negatively charged
citrate-capped AuNPs and AgNPs via the electrostatic interactions. In this process, the pep-
tide probe plays two roles (the target binder and the NPs aggregation inducer). Once the
peptide was bound to the target, it would lose the ability to trigger the aggregation of NPs.
Based on this fact, AuNPs and AgNPs-based liquid-phase colorimetric assays have been
converted into surface-tethered electrochemical electrochemical assays [71]. For example,
the tripeptide (Arg-Pro-Arg) with two positively charged arginine residues could lead to
the AuNPs aggregation. Dipeptidyl peptidase-IV (DPP-IV) can induce the hydrolyzation
of the peptide, thus preventing the aggregation of AuNPs. DPP-IV activity was determined
by the colorimetric and electrochemical methods based on the peptide-induced AuNPs
aggregation [72].

PrP(95—110) with an amino acid sequence of THSQWNKPSKPKTNMK was identi-
fied as the receptor of small amyloid-p (AB) oligomer (ABO) with high specificity and
affinity [73-76]. Our group found that PrP(95—110) could induce the AuNPs or AgNPs
aggregation with a color change [77,78]. For this view, we further developed an electro-
chemical platform for the detection of ABO based on the in situ formation of AgNPs net-
works for signal amplification [78]. As shown in Figure 8A, the adamantine (Ad)-modified
PrP(95—110) could be attached on the surface of AgNPs to result in their aggregation.
Based on the host-guest interaction, the formed Ad-PrP(95—110)-AgNPs networks were
tethered on the 3-CD (p-cyclodextrin)-modified electrode surface, thus producing an am-
plified electrochemical signal. However, in the presence of ARO, the binding of ABO to the
peptide hindered the interaction of the peptide and AgNPs, thus leading to the reduced
magnitude of aggregation on the electrode and decreasing the electrochemical signal from
the oxidation of AgNPs.
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Figure 8. (A) Schematic representation of the electrochemical method for the selective detection
of ABOs using AgNPs as the redox reporters and Ad-PrP(95—110) as the receptor [78]. Copyright
2016 American Chemical Society. (B) Schematic illustration of the electrochemical method for hCG
detection using a peptide probe as the receptor of hCG and the inducer of AuNPs assembly [79].
Copyright 2017 Elsevier B.V.

As a hormone produced by placenta, human chorionic gonadotropin (hCG) is recog-
nized as an important indicator for pregnancy and several cancers. Our group designed an
electrochemical biosensor for hCG detection with a dual-functional peptide probe (PPLRIN-
RHILTR) [79]. As shown in Figure 8B, the positively charged hCG-binding peptide used
as the sensing unit can induce the aggregation of AuNPs via the electrostatic interactions
and facilitate the in situ formation of AuNPs, which assemble on the electrode surface.
The formed networks could significantly reduce the charge transfer resistance. However,
in the presence of hCG, the stable complex of the peptide probe and hCG lost the coag-
ulating ability toward AuNPs. The amount of AuNPs assemblies on the electrode was
reduced, and the charge transfer resistance was intensified. This method based on the
electrochemical impedance technique achieved the determination of hCG with a detection
limit of 0.6 mIU/mL. By using AgNPs as the redox probes for a well-defined and amplified
electrochemical signal, hCG could be sensitively measured by linear-sweep voltammetry
(LSV) [80].

As one type of essential structural molecules, peptides with excellent self-assembly
and molecular recognition ability can be self-assembled into various nanostructures. More-
over, through the careful encoding of peptide with a binding or reactive site, peptides can
co-assemble with additional nanomaterials with unique optical and chemical properties
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into functional hybrid superstructures. Recently, Han et al. reported the co-assembly of
peptides and carbon nanodots (CNDs) (Pep/CND) based on the m—7 stacking between
tyrosine residues and CNDs (Figure 9A) [81]. The peptide and CNDs endowed Pep/CND
co-assembly with the recognition capability and the catalytic activity, respectively. They
further applied the Pep/CND co-assembly to construct an electrochemical method for the
detection of transglutaminase 2 (TG2). As shown in Figure 9B, TG2 catalyzed the ligation
of peptide P2 and peptide P1 on the electrode surface. Next, CNDs was bound to P2,
subsequently triggering the co-assembly of a plenty of P3 and CNDs because the tyrosine
was located at one terminal. The large amount of CNDs with catalytic ability could catalyze
the redox reaction between H,O, and 3,3’ 5,5'-tetramethylbenzidine (TMB), resulting in
the enhancement of electrochemical signal for the sensitive detection of TG2.
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Figure 9. Schematic representation of (A) the co-assembly of P3 and CNDs and (B) the principle of
the analysis of TG2 [81]. Copyright 2021 American Chemical Society.

2.5. SA-Biotin Interaction

SA is a tetrameric protein that can bind to four biotin molecules with high binding
affinity in a wide pH range (Kq = 1071 M) [82,83]. The specific and strong interaction
is always utilized for the conjugation of antibodies or nucleic acids with enzymes or
nanomaterials for signal output. It has been reported that aromatic phenylalanine (Phe)
and its derivates can self-assemble into various nanostructures through the modulation of
different parameters. Our group found that the biotinylated Phe (biotin-Phe) monomers
can self-assemble into monodispersed biotin-Phe nanoparticle (biotin-FNP) by controlling
the pH value [84]. Then, an impedimetric biosensor for the determination of caspase-3
activity and evaluation of cell apoptosis was based on the in situ assembly of biotin-FNP
in the presence of SA [85]. As shown in Figure 10, tetrameric SA protein can be captured
by the biotinylated DVED-containing peptide. Then, free biotin-binding sites of SA on
the electrode surface allowed for the anchor of biotin-FNP and SA, finally leading to
the formation of SA-biotin—-FNP networks on the electrode surface. The direct electron
transfer between [Fe(CN)s]*~/#~ and the electrode was seriously hindered. In the presence
of caspase-3, the cleavage of peptide prevented the binding of SA and the follow-up
formation of biotin—-FNP networks on the electrode surface. The electron transfer resistance
(Ret) was inversely proportional to the concentration and activity of caspase-3. The method
was further employed to develop aptasensors for impedimetric detection of miRNAs and
small molecules by competitive reactions [84,86].
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Figure 10. (A) Self-assembly of biotin-Phe monomers into biotin-FNP and the in situ formation of SA-biotin—-FNP networks
on the electrode surface. (B) Schematic representation of the biosensor for assay of caspase-3 activity via the signal
amplification by SA-biotin—FNP networks [85]. Copyright 2020 Elsevier B.V.

3. In Situ Assembly of Small Molecules and Biomolecules

In DNA assembly-based electrochemical methods, the DNA assembly unit is usu-
ally conjugated with an electroactive molecule for signal output. Actually, the amount
of electroactive molecule in the assembly product is low, and the insulation property of
DNA and its assembly may decrease the detection performances. Recently, small molecules
and biomacromolecules are proposed as the assembly units to form nanostructures on
the electrode surface for improving the detection sensitivity. For example, inspired by the
polymerization reaction, Hu et al. has reported the application of surface-initiated electro-
chemically mediated atom-transfer radical polymerization (SI-eATRP) as an amplification
strategy for the electrochemical biosensing of different targets, including double-stranded
DNA (dsDNA) and protein kinase activity [87,88]. Typically, they demonstrated the
de novo growth of a polymers (dnGOPs)-based electrochemical biosensor for the detec-
tion of target DNA (tDNA) through SI-eATRP [89]. The principle of this method was
illustrated in Figure 11A. Peptide nucleic acid (PNA) probes with a neutrally charged
N-(2-aminoethyl)glycine units-composed backbone were immobilized on the electrode
to specifically capture tDNA. After hybridization, phosphate groups with high density
could bind to Zr** and a-bromophenylacetic acid (BPAA) through the phosphate-Zr*-
carboxylate coordination chemistry. With the aid of a constant potential, the SI-eATRP was
triggered, and numerous electroactive ferrocenylmethyl methacrylate (FMMA) monomers
were polymerized into long polymeric chains on the electrode surface. Since the electro-
chemical response was greatly improved, tDNA was sensitively and selectively detected
with a detection limit of 0.072 fM. However, the utilization of Cu?* ions as catalysts may
interfere with the next electrochemical experiments because of the non-specific interaction
with nucleic acids and the electrochemical deposition of metal on the electrode. For this
consideration, they further explored novel surface-initiated electrochemically controlled
reversible-addition-fragmentation-chain-transfer (SI-eRAFT) polymerization without the
use of transition metal ions for assays [90-92]. For instance, they reported a signal-amplified
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A

electrochemical sensing of thrombin activity by SI-eRAFT polymerization [93]. As shown
in Figure 11B, after the thrombin-specific substrate peptide (Tb peptide) was cleaved, 4-
cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPAD) was bound to the peptide by the
formation of the carboxylate-zirconium—carboxylate complexes. The initiation of SI-eRAFT
resulted in the polymerization of a large number of FMMA on the electrode surface, leading
to the significant increase in the current intensity. The results showed that the SI-eRAFT-
based amplification strategy held great promise in the sensitive analysis of biomolecules.
Recently, an in situ initiated ring-opening polymerization signal amplification strategy was
also integrated with an electrochemical biosensor for the detection of CYFRA 21-1, which
is a specific biomarker for non-small cell lung cancer [94]. In addition to the covalent bond
for the polymerization of signal molecules, a peptide can self-assemble into various stable
nanostructures via non-covalent interaction including hydrogen bonding, hydrophobic
interaction, electrostatic interaction, non-specific Van der Waals and 7—m stacking. Inspired
by DNA assembly techniques, Huang et al. reported a signal amplification strategy based
on the in situ self-assembly of peptides for the determination of ABO [95]. After being
captured by the peptide CP4-PrP(95-110), the captured ABO could trigger the in situ
self-assembly of the amphiphilic C16-GGG-PrP(95-110)-Fc peptide on the surface of the
electrode under mild conditions. The accumulation of numerous Fc molecules generated a
significantly amplified signal.
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Figure 11. (A) Schematic representation of the principle of the dnGOPs-based electrochemical detection of DNA [89].
Copyright 2017 American Chemical Society. (B) Schematic representation of “signal-on” electrochemical biosensing of
thrombin activity [93]. Copyright 2020 American Chemical Society.

Generally, the efficiency of enzyme-catalyzed hydrolysis or modification of substrate
peptide or nucleic acid may be hampered due to the steric hindrance and low freedom of the
substrate. Thus, it is useful to integrate the homogeneous assay with the surface-tethered
electrochemical analysis, which can retain the high efficiency of the enzymatic reaction and
the high selectivity of the interfacial analytical method. Our group reported an electro-
chemical caspase-3 biosensor by conversing a homogeneous assay into a surface-tethered
electrochemical analysis based on the SA-biotin interaction [96]. As shown in Figure 12,
SA molecules could co-assemble with the peptide substrates (biotin~-GDEVDGK-biotin)
to form (SA-biotin-GDEVDGK-biotin-SA), aggregates on the SA-modified electrode
surface. The in situ performed aggregates significantly blocked the electron transfer of
[Fe(CN)s]?~/4~ and increased the Rer. However, after the homogeneous cleavage of the
peptide by caspase-3, the amount of intact biotin-GDEVDGK-biotin decreased, and the
product of biotin-labeled pieces further competed with the peptide substrate to bind SA,
leading to the suppression of the in situ assembly of biotin-GDEVDGK-biotin and SA.
DNA probes can be employed as the assembly units for the detection of miRNAs and en-
zyme activities. Our group also developed a DSN-based electrochemical biosensor for the
analysis of miRNAs by integrating homogeneous enzymatic reaction with surface-tethered
electrochemical analysis [97]. In the work, the biotinylated DNA (biotin-DNA-biotin)
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can trigger the in situ co-assembly of DNA and SA on the electrode. The insulating
(SA-biotin-DNA-biotin), assemblies could hamper the electron communication between
[Fe(CN)s]>~/4~ and the electrode. However, when the biotinylated DNA was hybridized
with the target miRNA, the biotin-DNA-biotin in the dsDNA would be hydrolyzed by
DSN, resulting in the hybridization—enzymolysis cycle and the generation of abundant
biotin-DNA fragments. The released fragments could further compete with biotin-DNA-
biotin to bind SA and thus reduced the amount of (SA-biotin-DNA-biotin),, assemblies.
In addition, our group also reported a (SA-biotin-DNA-biotin), networks-based electro-
chemical biosensor for the detection of telomerase activity in cancer cells [98]. The primer
was extended by telomerase to generate many (TTAGGG)n repeats on the electrode surface.
The elongated primer could hybridize with its complementary sequence biotin-DNA-
biotin, subsequently triggering the in situ co-assembly of biotin-DN-biotin and SA into
(SA-biotin-DNA-biotin), networks. Numerous phosphate groups in networks blocked
the access of negatively charged [Fe(CN)s]®~ /4 to the electrode surface, resulting in the
increase in Ret. Based on the signal-amplified strategy, telomerase extracted from two HeLa
cells could be readily determined.
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Figure 12. Schematic representation of the surface-tethered electrochemical analysis for caspase-3
detection [96]. Copyright 2021 American Chemical Society.

The applications and analytical performances of different assembly strategies are
summarized in Table 1.
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Table 1. Analytical performances of different electrochemical biosensors based on the in situ assembly of nanomaterials and

molecules for the signal enhancement.

Interaction Nanomaterials Target Detection Range Detection Limit Ref.
DNA-AuNPs lysozyme 1 pM-1nM 0.32 pM [36]
DNA-AgNPs PDGF and thrombin 5 pg/mL-1000 ng/mL 1.6 pg/mL [37]
DNA-AuNPs PKA 0.03-40 U/mL 0.03 U/mL [38]
DNA DNA-AuNPs miR-141 0.1 fM-10 nM 25.1aM [39]
i DNA-CeO, VEGF 1fg/mL-0.1 ng/mL 0.27 fg/mL [41]
hybridization i 1 odified DNA-FesOy .
NPs and 0.44 fM for miR-141
. miR-141 and miR-21 1 fM-1nM and 0.46 fM for [42]
Fe-CHO-modified .
DNA-Fe;04 NPs miR-21
DNA-AgNPs miR-17-5p 100 aM-100 pM 2 aM [43]
DNA-based Ag@Au CSNPs Hg?* 10 pM-2.5 nM 3.6 pM [44]
electrostatic CTAB-capped AgNPs PSA 0.1 pg/mL-75ng/mL 0.033 pg/mL [45]
interaction AuNPs DNA 15 pM-1.0 nM 2.6 pM [46]
AgNCs DNA 0.2 fM-1 pM 0.16 fM [48]
AgNCs miR-199a 1.0 fM-0.1 nM 0.64 fM [49]
AgNCs methyltransferase 0.02-10 U/mL 0.0073 U/mL [50]
DNA-based in AgNPs Pb2* 1 pM=100 nM 0.24 pM [51]
situ metallization AgNPs Type b3a2 10 fM-10 nM 0.56 ftM [52]
AgNCs HAT 0.5-100 nM 0.49 nM [53]
CuNPs folate receptor 0.01-100 ng/mL 3 pg/mL [54]
CuNCs miR-21 10 pM-0.1 fM 10 aM [55]
thymine-modified AgNPs Hg?* 50 pM-50 nM 5pM [28]
MBA-modified AgNPs Cu?* 0.1-100 nM 0.08 nM [56]
Metal lioand MPA-modified AgNPs Cri* 200-5000 ppb 278 ppb [57]
etal ion-ligan ine- ifi
i B Thymg‘cel\rlrl‘)‘;dlﬁed Hg?* 10 pM-100 nM 0.4 pM [58]
Au@Ag NPs D-tryptophan 5 pM-1nM 121 pM [59]
L-CYSteAH;;rIr;:dlfwd lipopolysaccharide 1.0-10 pg/mL 0.033 pg/mL [60]
citrate-capped AgNPs tyrosinase 0.001-0.5 mU/mL 0.1 mU/mL [61]
citrate-capped AgNPs thrombin 0.025-5 ng/mL 0.02ng/mL [61]
Metal-thiol and citrate-capped AgNPs HyO, 1 nM-0.6 uM Not reported [62]
boronate ester citrate-capped AgNPs miR-21 0.1-50 M 20 aM [67]
interactions citrate-capped AgNPs tyrosine kinase 0.1-25 ng/mL 0.1 ng/mL [68]
citrate-capped AgNPs PSA 0.5-200 pg/mL 0.2 pg/mL [69]
citrate-capped AgNPs wild-type p53 0.1-100 pM 0.1 pM [70]
citrate-capped AuNPs PKA 0.01-1U/mL 20 mU/mL [71]
citrate-capped AuNPs DPP-IV 0.001-0.5 mU/mL 0.55 uU/mL [72]
S citrate-capped AgNPs ABO 0.01-200 nM 6 pM [73]
Pep “de’“ﬁuced citrate-capped AgNPs ABO 20 pM-100 nM 8 pM 78]
assembly citrate-capped AuNPs hCG 0.001-0.2 TU/mL 0.6 mIU/mL [79]
citrate-capped AgNPs hCG 0.001-0.2 IU/mL 0.4 mIU/mL [80]
Carbon nanodots transglutaminase 2 1 pg/mL-50 ng/mL 0.25 pg/mL [81]
L biotin-FNPs aflatoxin By 0.05-3 pg/mL Not reported [84]
_SA_blO_tm biotin-FNPs caspase-3 1-125 pg/mL 1 pg/mL [85]
Interaction biotin-FNPs miR-21 0.1-250 M 0.1 fM [86]
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Table 1. Cont.

Interaction Nanomaterials Target Detection Range Detection Limit Ref.
Fc derivate DNA 1.0 fM-1.0 nM 0.47 M [87]
Fc derivate PKA 0-140 mU/mL 1.63mU/mL [88]
Fc derivate DNA 0.1 fM-0.1 nM 0.072 fM [89]
Fc derivate DNA 10 aM-10 pM 3.2aM [90]
In situ assembly Fc derivate PKA 0-140 mU/mL 1.02 mU/mL [91]
of small Fc derivate trypsin 25-175 uU/mL 18.2 uU/mL [92]
molecules and Fc derivate thrombin 10-250 pU/mL 2.7 uU/mL [93]
biomolecules Fc derivate CYFRA 21-1 1pg/mL-1 ug/mL 9.08 fg/mL [94]
Fc-labeled peptide ABO 0.005-5 uM 0.6 nM [95]

(SA-biotin—peptide-
biotin), caspase-3 0-50 pg/mL 0.2 pg/mL [96]
(SA-biotin-DNA-biotin), miR-21 0.01-2.5 ftM 10 aM [97]
(SA-biotin-DNA-biotin), telomerase 20-5000 cells/mL 20 cells/mL [98]

Abbreviation: AuNPs, gold nanoparticles; AgNPs, silver nanoparticles; PDGF, platelet-derived growth factor; PKA, protein kinase
A; miR, microRNA; VEGF, vascular endothelial growth factor; Thi, thionine; Fc-CHO, ferrocene carboxaldehyde; CSNPs, core-shell
nanoparticles; CTAB, cetyltrimethylammonium bromide; PSA, prostate specific antigen; AgNCs, silver nanoclusters; CuNPs, copper
nanoparticles; CuNCs, copper nanoclusters; HAT, histone acetyltransferase; MBA, 4-mercaptobenzoic acid; MPA, 3-mercaptopropanoic acid;
UCNPs, upconversion nanoparticles; DPP-1V, dipeptidyl peptidase-IV; ABO, amyloid-p oligomer; hCG, human chorionic gonadotropin;
biotin-FNPs, biotin—-phenylalanine-assembled nanoparticles; SA, streptavidin; Fc, ferrocene; CYFRA 21-1, cytokeratinl9 fragment.

4. Conclusions

Liquid-phase aggregation-based assays, such as colorimetric and fluorescence assays,
are simple and convenient. In contrast to the homogeneous analysis, heterogeneous inter-
face assays are considered as more sensitive and accurate tools for biochemical detection.
Nanomaterials in aggregation state may exhibit different optical and chemical properties
compared to the monodispersed state. In this review, we summarize the advancements in
the in situ assembly of nanomaterials for the signal output and amplification of electrochem-
ical biosensors. The proposed strategies by converting liquid-phase aggregation-based
assay into sensitive surface-tethered electrochemical analysis have exhibited more advan-
tageous performances and have shown promising applications. It is expected that new
assembly methods and units would be more effective and abundant to achieve highly
sensitive and specific detection.
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Abstract: Cancer is by far the most common cause of death worldwide. There are more than 200 types
of cancer known hitherto depending upon the origin and type. Early diagnosis of cancer provides
better disease prognosis and the best chance for a cure. This fact prompts world-leading scientists
and clinicians to develop techniques for the early detection of cancer. Thus, less morbidity and
lower mortality rates are envisioned. The latest advancements in the diagnosis of cancer utilizing
nanotechnology have manifested encouraging results. Cancerous cells are well known for their
substantial amounts of hydrogen peroxide (H,O,). The common methods for the detection of HyO,
include colorimetry, titration, chromatography, spectrophotometry, fluorimetry, and chemilumines-
cence. These methods commonly lack selectivity, sensitivity, and reproducibility and have prolonged
analytical time. New biosensors are reported to circumvent these obstacles. The production of
detectable amounts of HyO, by cancerous cells has promoted the use of bio- and electrochemical
sensors because of their high sensitivity, selectivity, robustness, and miniaturized point-of-care cancer
diagnostics. Thus, this review will emphasize the principles, analytical parameters, advantages, and
disadvantages of the latest electrochemical biosensors in the detection of HyO,. It will provide a
summary of the latest technological advancements of biosensors based on potentiometric, impedi-
metric, amperometric, and voltammetric H,O, detection. Moreover, it will critically describe the
classification of biosensors based on the material, nature, conjugation, and carbon-nanocomposite
electrodes for rapid and effective detection of H,O,, which can be useful in the early detection of
cancerous cells.

Keywords: analytical methods; biosensors; carbon materials; electrochemical sensing; HyO,; nanomaterial

1. Introduction

Biosensors are simple devices that are small and are generally used in the field of
medicine, pharmaceutical industries, environmental technology, and food industry. They
are used for the measurement of many biological and chemical substances [1]. Owing
to the advancement of science and technology, the research involved in biosensors has
successfully made the biosensing devices small and efficient [2]. The use of the latest novel
techniques and availability of a new biomaterial have made the biosensors efficient and
have extended their use in multiple industries such as pharmaceutical, environmental,
agriculture, and industrial laboratories [3]. Biosensors are of many types, and electrobio-
chemical biosensors have been commonly used for over 20 years in the field of diagnostics
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to detect biochemicals like glucose, lactate, cholesterol, urea, creatinine, DNA, antigens,
antibodies, and cancer markers [4]. Electrobiochemical biosensors are also useful in the
analysis of food materials and drinks and are extensively utilized in environmental and
pharmaceutical laboratories [5,6]. Cancer is one of the most fatal diseases, and every year,
more than 10 million new cases and 6 million deaths are reported worldwide [7,8]. Cancer
is linked with high rates of morbidities and mortalities and more than 8.7 million deaths
worldwide in 2015 [9]. The cancer incidence in high- and low-income countries is simi-
lar to the trend of increase in lower-middle-income countries because of the increase in
risk factors associated with cancer [10]. In the United States of America (USA), cancer is
the second leading cause of mortality, with heart disease being the first, and in a study
published in 2017, it was estimated that more than 0.6 million people will die annually
from cancer [8]. The survival rate of cancer patients drastically increases if the cancer is
detected in earlier stages. The appearance of alarming systems in cancer patients is usually
after cancer has spread in the body to multiple locations or has metastasized in different
locations and organs, which characterizes an advanced stage of cancer. Most of the people
are diagnosed with cancer at an advanced stage, which causes a high risk for mortality. To
have a better disease prognosis, it is imperative that new research should focus on the early
detection of cancerous cells in the body.

The use of biosensing devices, which have been designed to detect biochemicals,
holds vast potential in the early diagnosis of cancers. Biosensors work by detecting a
biological moiety or analyte and then converting it into an electrical signal, which can
be detected and analyzed by the biosensor device. Many cancerous cells release specific
chemicals called biomarkers, which can be detected using a biosensor device. The specific
biomarker levels can also help in analyzing the effectiveness of anticancer therapy. The
use of biosensor devices is a promising technique, which can help in early and accurate
detection, imaging of cancerous cells, monitoring of angiogenesis, detection of proliferation,
and tracking of metastatic changes and the efficacy of anticancer therapeutic regimens [11].
The latest research in biosensor devices using the latest techniques, such as nanotechnology-
empowered diagnostics, can help in the identification of specific cancer biomarkers, which
can help in the detection of cancer, disease progression, disease remission, and further
proliferation. The biomarkers of cancer can be overexpressed proteins, surface antigens,
active or inactive metabolites, miRNA, or the cancerous cells themselves. Many biosensors
are excellent for use as an effective analytical device because of their capability to detect
specific cancer biomarkers due to their highly sensitive, selective, robust, and miniaturized
point-of-care cancer diagnostic capability [12]. Hydrogen peroxide (H,O;) is normally
present inside the body and is vital in initiating and performing many important physio-
logical processes. HyO, is a by-product of respiratory chain and enzymes oxidases (glucose
oxidase, cholesterol oxidase, glutamate oxidase, etc.) [13-17]. Hydrogen peroxide is a
reactive oxygen species (ROS), which helps in regulating normal body functions such as
cell growth, activation of the immune system, and programmed apoptotic changes [13-17].
The body system normally functions in homeostasis, and an increased level of H,O, due
to increased production can cause harm to the body. Increased levels of H,O, can cause
damage to normal cells [18], increase inflammatory responses [19], and cause cancer [20].
H,O; regulates cancer cell characteristics, including invasion, proliferation, migration,
apoptosis, and angiogenesis. Oxidative stress is associated with high levels of ROS, com-
mon in many types of cancerous cells. H,O, has a specific role as a second messenger
in pro-tumorigenic signaling pathways of cancerous cells [21,22]. GPX2 regulates cancer
progression by regulating the hydrogen peroxide level in the cells, so when the level of
H,0O; is downregulated to a normal level and the oxidative stress is relieved, it can help
in dysregulating cancer cell homeostasis [23]. HyO; has recently been a prime focus of
research because of its high biological significance. When studied within living systems, it
is noteworthy to check the concentration of HyO, in mammals. The cellular compartment
concentration has to be in the physiological range of 1 nM to 0.5 uM [24,25]. The latest
research in the field of cancer diagnosis via biomarker-based techniques has been evaluated
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as successful because the process ensures high-precision, reliable, and sensitive data. The
processes of biomarker-based cancer diagnostic are simple, which makes it a popular choice.
Recent studies are focusing on profiling the cell functions with the efflux of endogenous
H,0; as potential biomarkers for diagnosing various cancers by measuring them using
conventional biological assays [26]. However, before moving to the practical implications
of using H>O; as a potential biomarker for cancer diagnostics in living systems, detection of
increased oxidative stress, prediction of neurodegenerative diseases, and detection of tumor
growth inside living organisms, it is imperative to develop methods and techniques that
can precisely detect and measure the level of H,O; inside the cellular compartments [27].

The current problem with detecting H,O, in cellular compartments is its low concen-
tration in the body, as well as reactivity, which makes it difficult to separate its normal
physiological concentration in a healthy organism from the concentration in a diseased or
high-risk state. Therefore, scientists and researchers are focusing on developing sensors that
can detect and quantify H,O, in different systems and physiological conditions. Currently,
many analytical techniques such as titrimetry, spectrophotometry, chemiluminescence,
chromatography, fluorescence, and phosphorescence are measuring and determining the
concentration of H,O, in cellular compartments to develop consistent, precise, sensitive,
fast, efficient, and low-cost methods. Currently, many methods investigated based on these
analytical techniques have methodological disadvantages such as small sensitivity and se-
lectivity, time-consuming and complex process, susceptibility to interference, and high-cost
running instruments [28]. Alternatively, the advantages of “electrochemical sensors” are
that they are highly sensitive and selective, reliable, quick, less costly, simple, and practical,
and therefore, they are an optimum solution for exact and sensitive H,O, detection [29].
The advancements of science and the latest research are looking for potential solutions to
detect cancer at early stages and provide individualized therapeutic regimens. However,
these techniques and methods still have many restrictions and limitations in the context of
clinical examinations, histopathological analysis, imaging mammography, and chemothera-
peutic adverse drug effects, as well as their high running costs [30,31]. In the detection of
breast cancer, the patients are first exposed to a high amount of radiation in mammography
because of its inadequate test sensitivity. Detection and disease progression are usually
confirmed using a biopsy, an invasive procedure used to conduct histopathology of the
disease [32]. These commonly used procedures are highly risky, uncomfortable, invasive,
and costly. Therefore, the latest research is currently focused on developing noninvasive,
inexpensive, highly selective screening, diagnostic, and therapeutic approaches to improve
the disease prognosis. Several reviews regarding the importance of the carbon nanoma-
terial in the electrochemical sensing of H,O, have been published. Out of those reviews,
Yang et al. and Wang et al. conducted their reviews by comparing different nanomaterials
for the creation of electrochemical biosensors and their applications for the detection of
biomolecules [33,34]. Other materials have also been used in creating biosensors such as
graphene electrochemical biosensors [35-37] and chemical sensors [38,39], which have been
reviewed by Kuila and coworkers. Depending on the aim of the existing reviews, they pro-
vide an overview of biosensors that have been used to detect biological analytes. Similarly,
Ping and coworkers [40] reviewed the strengths, advantages, and existing applications of
2D graphene-based aptasensors, whereas Chen and coworkers [13] focused their review
on the carbon nanomaterial and transition metals in the electrocatalytic reduction of H,O,
in different samples. Similarly, Zhang et al. aimed to review the role of carbon materials
in improving the sensitivity of HyO, biosensors [41]. Regardless of these existing review
articles, a comprehensive overview on the carbon-based nanomaterials and their composite
with metal NPs, metal oxides, and biomolecules for the electrochemical detection of H,O,
secreted from cancerous cells is still missing in the literature.

This review highlights the recent development in the application of carbon nanomate-
rials and metal nanoparticles for HyO, detection. A subdivision of the sensors has been
made depending on the nanomaterial used: (i) metal nanoparticles, (ii) graphene modified
with metal or metal oxide nanoparticles to form “graphene nanocomposites,” (iii) enzyme-
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loaded graphene-like 2D nanomaterials, and (iv) carbon nanotubes modified with metal
or metal oxide nanoparticles. Finally, the current potential and challenges of using carbon
nanomaterials for HyO, detection are outlined. Relative electrochemical properties such as
limit of detection (LOD), sensitivity, and stability are reported for each sensor, and a critical
comparison between the results has been carried out by summarizing the strengths and
weaknesses of the various sensors found in the review.

2. Classical Methods for H,O, Detection
2.1. Electrochemical Systems

Electrobiochemical biosensors are built on the principle that they have a biorecognition
component providing an electroactive constituent after reacting with an analyte that is
transformed into an electrical signal that is measured using a physiochemical transducer as
shown in Figure 1. The electrochemical transducers help in the detection and monitoring
of the changes in the electrical current and potential. The commonly used easily detected
biorecognition elements are enzymes. Antibodies, complete cells, and DNA can also be
conventionally used for the construction of electrochemical biosensors as biorecognizable
elements [1,42] by loading on a metal surface or carbon electrodes [43]. The most used
electrochemical transducers are amperometric, potentiometric, conductometric, and im-
pedimetric. The advantage of using electrochemical biosensors in analytical techniques is
that they can be effectively used to reduce the size of the device. Additional advantages
are that these sensors are low cost, highly sensitive, stable, and reproducible; show a linear
response; can detect turbid samples; and are efficient due to using low sample volumes
and chemical consumption [5,6,44,45].

Figure 1. Distinct strategies for the electrochemical detection of H,O, including Cyto-biosensors,
Immuno-biosensors, Enzymatic and non-enzymatic biosensors. Figure reproduced with permission
from [46]. Copyright 2014. American Chemical Society (Washington, DC, USA).

2.2. Potentiometric

Biosensors act on the principle of measuring the electric potential generated by an
electrode in the absence of a substantial amount of current via a reference and functional
electrode that has been adjusted to sense selective analytes, with membranes that cover
the electrode surface. When a target analyte interacts with the membrane covering the
electrode surface, a subsequent change in electric potential is detected and measured by
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the electrode [47]. Potentiometric biosensors work by measuring the electric potential at
zero current, which helps in differentiating the reference and functional electrodes. Po-
tentiometric sensors measure the generated electric potential of ion-selective electrodes
during biological reactions with target-specific ions. In potentiometric biosensors, the
enzyme is attached on the surface of the electrode by glutaraldehyde crosslinking or an
adsorption process. The probe of pH meter is covered by the membrane, where biolog-
ical reaction either produces or absorbs hydrogen ions. The alteration in hydrogen ions
causes a change in pH, which is a measure of the concentration of the analyte [48]. For
instance, two example of potentiometric biosensors depending upon the type of electrode
used are as follows: (a) Potentiometric biosensors use a Nafion membrane /Pt electrode
for HyO, determination, with an additional advantage of a perm-selective barrier [49].
Ascorbate and redox-active species reduce the overall electrode response, which further
potentiates coupling between the redox potential on the Pt electrode and Donnan potential
and increases sensitivity in detecting H,O,. The present potentiometric biosensor has a
sensitivity of 125.1 £ 5.9 mV/decade, linear range of 10-1000 uM, and LOD of 10 uM [49].
(b) Zheng et al. used an MnO, /CPE to detect H,O, [50]. The biosensor shows sensitivity
of 19.4-121 mV /decade, with a wide linear range of 0.3-363 M and LOD of 0.12 uM. The
analytical parameters of the MnO, doped/CPE biosensor were superior to those of the
up-to-date potentiometric biosensors, i.e., Nafion membrane /Pt electrode [49], because
of the enhanced electrode surface area, linear range, and LOD, except for the sensitiv-
ity. The coupling between the redox potential on the Pt electrode and Donnan potential
made the Nafion membrane /Pt electrode superior to the MnO, doped/CPE in terms of
sensitivity [50].

2.3. Amperometric Biosensor

Zhao et al. developed an amperometric biosensor by immobilizing HRP on a silica
sol-gel matrix on CPE for the determination of extracellular H,O, excreted from breast
cancer cells. The amperometric biosensor detected H,O, via a sequence-specific peptide
immobilized on the electrode surface and explicitly bound with horseradish peroxidase
(HRP) in an auspicious orientation. The composed biosensors showed a linear range from
1.0 x 1077 to 1.0 x 10~* M, with a detection limit (LOD) of 3.0 x 10~8 M [51]. Zhao
et al. showed a linear calibration of H,O,, i.e., 2 x 1072 to 2.6 x 10~3 M, under opti-
mum conditions [52]. In another strategy, a hydrogen peroxide biosensor was fabricated
by coating a sol-gel-horseradish peroxidase LSPR layer onto a Nafion-methylene green
modified electrode to develop a probe for HyO, detection. The developed electrode ex-
hibited sensitivity of 13.5 pA mM~!, with a detection limit of 1.0 x 10~7 M and response
to 95% of the steady-state current in <20 s [53]. To detect HyO,, Tripathi et al. developed
a novel biosensor by entrapping HRP in a new Ormosil composite doped with ferrocene
monocarboxylic acid-bovine serum albumin conjugate and multiwalled carbon nanotubes
(MWNTs). The developed biosensor showed a linear range of 0.02-4.0 mM, with a LOD of
5.0 uM (S/N = 3) [54]. In another study, a titania sol-gel matrix entrapping hemoglobin
(Hb) was used as a peroxidase mimetic to sense HyO, with a linear range from 5.0 x 107
to 5.4 x 1075 M and a detection limit of 1.2 x 107 M [55]. Povedano et al. used His-Tag-
Zinc finger commercial (His-Tag—ZFP) protein. The His—Tag-ZFP prefers to bind with
RNA hybrids over ssRNAs, ssDNAs, and dsDNAs. These were further conjugated with
streptavidin—-HRP (Strep—HRP) in order to detect HyO, with a LOD of 0.91 nM [56]. Re-
duced graphene oxide wrapped ZnMn;,Oy4 microspheres (ZnMn,04@rGO)-modified glassy
carbon electrode (GCE) (ZnMnyO4@rGO/GCE) was used to make amperometric biosensors
to detect H,O,. The resultant electrode showed a linear detection with a wide concentration
range of 0.03-6000 uM and was used to detect HyO, released from human breast carcinoma
cells (MCF-7) as low as 0.012 uM [57]. Dong et al. reported a high-performance sensor
using high-index facets of Au-Pd nanocubes loaded on large surface reduced grapheme
oxide (rGO), and GCEs were modified by physical adsorption of both nanocomposites. The
synthesized biosensor with three-dimensional nanocomposites possessed high sensitivity
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toward H,O,, with a minimum LOD of 4 nM, wide linear range from 0.005 uM to 3.5 mM,
and swift response time [58]. Later, Jia and his coworker developed a nonenzymatic
biosensor composed of poly(diallyldimethylammonium chloride) (PDDA)-capped rGO
nanosheets loaded with a trimetallic AuPtAg nanoalloy. This biosensor detects HyO, re-
leased from carcinoma cells with a LOD of 1.2 nM and a wide linear range from 0.05 uM to
5.5 mM [59]. In another study, hierarchical Mo,C@MoS, consisting of interlayer-expanded
MoS; nanosheets wrapped on Mo,C nanorods was built as a highly sensitive, bifunctional
electrochemical biosensor to detect HyO, produced by cancerous cells, with sensitivity of
1080 wA mM~! cm~2 and LOD of 0.2 uM [60]. Thiruppatthi et al. reported a simple stimu-
lus responding aminophenol, pre-anodized screen-printed carbon electrode (SPCE*/AP)
that could detect NADH and H,O,. The electrode was built by adsorbing aminophenol
on the surface of the electrode, prepared from aminophenylboronic acid via boronic acid
deprotection with HyO,. The resulting biosensor displayed linear ranges from 50 to 500 uM
and from 200 uM to 2 mM, with detection limits (S/N = 3) of 4.2 and 28.9 uM for NADH
and Hy O, respectively [61]. Maji et al. used cetyltrimethylammonium bromide-loaded
gold nanorods (AuNRs) immobilized on a GC electrode to construct an amperometric
biosensor (AuNRs/GC for the electrocatalytic detection of H,O, under localized surface
Plasmon resonance (LSPR) excitation (808 nm, 2 W cm~2). This biosensor showed an
exaggerated improvement in its biosensing properties (~2—4-fold), with a wide linear range
from 5.0 uM to 5.0 mM, LOD of 1.8 uM, and sensitivity of 1.6 A mM~1 em2[62]. In
another study, self-supported MoS, nanosheet arrays were built, and they showed highly
potent electrocatalytic performance, with a LOD of 1.0 uM (S/N = 3) and high sensitiv-
ity of 5.3 mA mM~! cm~2. This biosensor with self-supported MoS, nanosheet arrays
successfully detected trace amounts of H,O, released from live A549 cancer cells [63].

2.4. Calorimetric Biosensors

A new area of nanotechnology and its integration with biosensors has introduced
the concept of calorimetric biosensors for cancerous cell diagnosis and detection. Li et al.
used a microfluidic paper-based analytical device (1-PAD) for the synchronous sensitive
and visual detection of H,O, released from cancer cells. u-PAD construction was done
using a layer-by-layer modification of concanavalin A, graphene quantum dots (GQDs)-
labeled flower-like Au@Pd alloy nanoparticles (NPs) probe, and vertical alignment of
cancerous cells on the surface of ZnO [64]. In the study by Zhang et al. porous plat-
inum NPs on graphene oxide (Pt-NPs/GO) were used in building a calorimetric biosensor.
The resultant nanocomposite functioned as a peroxidase mimetic, which could catalyze
peroxidase substrate reaction in the presence of HyO,. Building on this phenomenon,
Pt-NPs/GO acts as a signal transducer in developing a colorimetric assay for cancerous
cell detection [65]. Additionally, porous, alloy-structured PtPd nanorods (PtPd PNRs) were
used as a peroxidase mimetic for HyO, detection. The PtPd PNRs were found to have a
detection limit of 8.6 nM and a linear range from 20 nM to 50 mM and were used as a
signal transducer to develop an innovative detection method for studying the flux of HyO,
released from cells [66]. Folate and iron-substituted polyoxometalate [(FeOH3),SiW10O36]
provided a novel method for the detection of H,O, with good sensitivity, with a linear
range of 1.34 x 1077 to 6.7 x 1072 mol L™, and low detection limit (1 x 1077 mol L 1)
and swift response toward HyO,. Ye et al. showed a new analysis method based on
calorimetric analysis. The colorimetric biosensing strategy was based on iodide-responsive
Cu—Au nanoparticles (Cu-Au NPs) combined with the iodide-catalyzed H,0,-3,3,5,5-
tetramethylbenzidine (TMB) reaction system. The bimetallic Cu—Au NPs absorbed iodide,
thus indirectly inducing the colorimetric signal variation of the HyO,—TMB system. The
results demonstrated economically effective, simple, label-free visualization of H,O, from
cancerous cells with high selectivity and sensitivity. The resultant calorimetric biosensor
operates with a linear range from 50 to 500 cells/mL and a LOD of 5 cells in 100 uL [67].
Calorimetric biosensors can be designed using single wall nano tube (SWNT), which is
subsequently embedded within a collagen matrix. When there is an angiogenic stimulation
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of human umbilical vein endothelial cells (HUVECs), H,O, molecules are released, which
can be detected using this SWNT sensor. The constructed calorimetric biosensor shows
calibration from 12.5 to 400 nM and can measure H,O, at a nanomolar concentration in HU-
VEC from humans, with 1 s temporal and 300 nm spatial resolutions [68]. Other biosensors
based on the principle of calorimetry include a biosensor with an electrode made of a 2D
hybrid material (RGO-PMS@AuNPs). This biosensor displayed remarkable electrochem-
ical performance and possessed high sensitivity and high selectivity in detecting H,O»
in 0.1 M phosphate-buffered saline as compared to enzymatic biosensors. The developed
biosensor has an additional advantage over other sensors because it is nontoxic and can
detect HyO, without any intrusion by common interfering agents, with high sensitivity
of 39.2 uA mM ! ecm 2, broad detection ranges from 0.5 uM to 50 mM, and a LOD of
60 nM. The sensor has high efficiency and can detect H,O; in trace amounts, i.e., as low as
nanomolar, secreted from living HeLa and HepG2 tumor cells [69].

2.5. Chemiluminescence Material for the Detection of HyO;

For the early diagnosis and detection of cancerous cells, it is important that molecules that
indicate changes or biomarkers should be efficiently imaged and sensed. These parameters
are important especially in studies that are evaluating the clinical mechanisms and designing
effective chemotherapeutic agents [70,71]. The diagnostic and therapeutic methods for multiple
detections are slow and need repetitive sampling, which results in low sensitivity and accuracy,
because of heterogeneous sampling for separate detections [72]. The multiple fluorescence
(FL) technique has promising results when used in in situ concurrent detection of multiple
biomolecules. This technique has certain limitations such as weak compatibility with different
biological systems, toxicity to living cells, and necessity for specialized synthesis and prepara-
tion [70]. Additionally, the FL signals generated using this technique faced interference, changes
from background effects, and photobleaching while operating. Thus, it is highly desirable that
in situ sequential detection of multiple biomolecules using within a complex biological sample
is greatly desirable, the FL technique should be researched in cancer diagnostics without the cur-
rent limitations [73]. The chemiluminescence (CL) technique is based on the principle that light
is generated because of the energy released during a chemical reaction due to the de-excitation
of the high energy moieties to the ground state or through energy transfer to luminophore
molecules as shown in Figure 2 [74-76]. CL methods have gained popularity because these
techniques are highly sensitive, are free of interference, phototoxicity, and photobleaching, and
show no changes from background effects. The combination of CL methods with enzymes
and analytes such as firefly luciferase (FFLuc) for 5'-triphosphate disodium salt (ATP) [77,78]
and HRP [79,80] may result in a highly sensitive and competent method for H,O, detection. In
the recent advancement in the field of NPs, the multifunctional NPs with shell-like structures
in their core have promising results in simultaneous diagnosis and treatment in living sys-
tems [81-84]. These multifunctional NPs were synthesized in the study by Ren et al. where dual
functioning NPs were developed by combining HRPSiO,@FFLuc NPs with the enzyme-based
core-shell structures, where the enzymes HRP and FFLuc were the main components of the
core and shell of the NPs. They used the dual functioning NPs for the simultaneous in situ
sequential detections and imaging of two biomolecules, namely, ATP and H,O,, in the same
biological system. The surroundings of tumor cells or tissues are slightly acidic, and SiO; is
sensitive to an acidic environment, which causes the breakage of the SiO, layer/component
and exposes FFLuc and HRP (outside) and the SiO, core (inside) to catalytic reactions. This
results in the emission of two separate but simultaneous chemiluminescence signals for the
sequential detection of ATP and H,O,, which avoids the signal interference between each
other [73]. In another study by Lee et al., a novel contrasting agent was successfully synthesized,
which was highly sensitive and specific and could image H,O; in living systems [85]. The
authors used peroxalate NPs to image HyO, by inducing a chemiluminescent reaction using
three components: H,O,, peroxalate esters, and fluorescent dyes. The peroxalate NPs were
coated with peroxalate esters (hydrophobic polymer in its matrix). These NPs image H,O, via
a dual step process. Firstly, H,O, diffusion occurs in the NPs, which then causes a reaction
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with the peroxalate ester groups and generates dioxetanedione, creating high energy inside the
NPs [86,87], which subsequently then chemically excites the encapsulated fluorescent dyes, via
a chemically initiated electron-exchange luminescence mechanism [88,89], leading to CL from
the NPs and allows imaging of HyO,. Additionally, Lee et al. developed a method to synthesize
peroxalate micelles, with a composition of amphiphilic peroxalate-based copolymers, rubrene
(fluorescent dye), and a “stealth” polyethylene glycol (PEG) molecule to evade macrophage
phagocytosis, which could successfully detect HyO, through CL. These peroxalate-loaded
micelles detected H,O, within nanomolar concentrations (>50 nM) and were highly sensitive in
detecting H,O, in low physiological concentrations inside living systems [90].

.(',?
Uy,
%

Fluorescent Sensor

Figure 2. Mechanism of the chemiluminescent material for the detection of HyO, released in cancer
cells. Excitation and de-excitation of chemiluminescence materials can be seen during chemical reaction.

Another study found that using peroxyoxalate chemiluminescent (POCL) NPs, H,O,
could be detected in trace amounts within living systems (in vivo) using optimized CL
techniques in the near-infrared (NIR) wavelength. The detection of H,O, using NIR is
efficient in living systems because the penetration power of these NIR rays is higher be-
cause of the reduced photon-limiting interferences (scattering and absorption) happening
within biological mediums [91-93]. CL using luminol was synthesized using o-benzyl
alcohol-decorated block poly(carbonate)s copolymer, viz., PMPC-ONA, giving the resul-
tant micelles a high H,O, detection ability. In these micelles, luminol, fluorophore, and
hemin were wrapped, forming an L/H/S@PMPC-ONA nanoprobe. These micelles work
based on the principle that in the presence of H,O, in the system, H,O, diffuses within NPs,
reacts with the hemin, and generates high energy reactive oxygen. The high energy reactive
oxygen then chemically excites the luminol, activating the CL to expose nitrosobenzalde-
hyde recognition sites. This process destabilizes the micelles and releases the fluorescent
indicator (fluorophore), which helps in imaging HyO, [94]. Lee et al. additionally synthe-
sized a nanoprobe using multiple molecule integration, i.e., dye/peroxalate NPs, which
exhibited more enhanced and controlled CL, and hence displayed widespread applications
in biomedical imaging of H,O,. This new enhanced nanoprobe was synthesized using
nanoscopic coaggregation of a dye, which exhibited the aggregation-enhanced fluorescence
phenomenon with a peroxalate, which had a high response to H,O,, which converted the
energy generated from the chemical reaction to electronic excitation [95]. Additionally,
Lee et al. successfully detected and imaged H,O, via CL resonance energy transfer in
the NIR wavelength using quantum dots functionalized with a luminol derivative [96].
Geng et al. devised a method to detect HyO, via aggregation-induced emission fluoro-
gen using 2,3-bis(4-(phenyl(4-(1,2,2-triphenylvinyl)-phenyl)amino)phenyl)-fumaronitrile

178



Nanomaterials 2022, 12, 1475

(TPETPAEN), resulting in dye-encapsulated NPs [97]. A polyoxometalate (POM), vanado-
molybdophosphoric heteropoly acid (HsPMo10V,049, PMoV2), shows similar activity like
peroxidases and functions by catalyzing the luminol/H,O, reaction to generate CL. This
phenomenon was shown in the study by Jia et al. where the study results showed an
enzyme-free luminol/H,O, /PMoV; CL system, which could be utilized for its high sensi-
tivity in detecting HyO,. This enzyme-free luminol/H,O,/PMoV, CL system exhibited
good linear dependence with respect to HyO, concentration within a wide range of up to 5
to 5000 nM (LOD) [98].

2.6. Titrimetry

The titrimetry technique can be used to analyze an unknown amount of H,O, in a
known sample concentration. The titrimetric technique uses iodometry, permanganate, and
cerium (IV) in an acidic medium. In the study by Klassen et al., the concentration of H,O,
was assessed at 300 M using the I3~ method after the calibration with permanganate. ¢
max measurement was made at 351 nm as 25,800 M~ cm ™! using the calibration plot of
the I3~ method titrated against potassium dichromate (KMnOy) [99]. In the study by Murty
et al., the concentration of H,O, was measured potentiometrically in an acidic medium
using 8-11 M phosphoric acid [47]. Kieber and Helz synthesized a method for the detection
of H,O, by modifying the iodometric titration method using water matrices, where iodine
was liberated as follows:

H,O, + 2H*Y +217 — I, + 2H,O

I, + 2H,O + CgH5AsO =217 + 2H* + C¢HsAsO(OH),

The I, produced was consumed by adding an excess of phenylarsine oxide. The
end result was declared by titrating the remaining amount of phenylarsine oxide with
iodine [100] when the intense blue color of the starch—iodine complex disappeared. The
LOD was 0.02 uM. In another study, a two-step absorbance, microtiter plate method was
developed by titrating an acidified HyO, solution with standard cerium (IV) sulfate. In
the second step, cerium (IV) sulfate was converted into cerium (III) sulfate, and potassium
iodide was converted into iodine [101]. This process is commonly used and possesses
additional advantages over the other methods because of its simplicity and low running
costs, but its limitation is its inaccuracy at lower concentrations. Additionally, the other
limitations of the method are that it consumes more time and requires skilled personnel to
perform the calibration of the instrument.

2.7. Spectroscopy

One of the most common, convenient, and extensively used methods for determining
and measuring HyO; is spectroscopy. This method is based on the principle that colored
compounds are formed with respect to absorbance measurements comparative method
of methyl blue and toluidine. A method comparing the reaction of methyl blue and
toluidine blue with iodine solution was introduced for determination of H,O, based on the
following reaction:

H,0, + 2KI + 2HCI — Iy(aq) + 2KCl + 2H,0.

In the comparison, methyl blue when reacted with iodine gave a single-peak visible
spectrum with a higher extinction coefficient (=49,100 M~ cm~1) [102]. In another study by
Matsubara et al., a method using a mixture of titanium IV and 2,4((5-bromopyridyl)azo)5-
(N-propyl-N-sulfopropyl amino) phenol disodium for determining H,O, [103] was demon-
strated. Molar absorptivity was found to be 5.7104 M~! cm~! at 539 nm. In the study by
Clapp et al., the measurement of H,O, was done using an aqueous solution with titanium
(IV) sulfate. This method yielded a yellow peroxotitanium species at a wavelength of
407 nm [104]. An in vitro method for the detection of H,O, was developed using the
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1,10-phenanthroline method. The advantages of this method are its short processing time,
increased sensitivity, and high reproducibility [105]. In another study, catalytic decomposi-
tion of H,O, was demonstrated by monomeric molybdenum (VI) by mixing hydroquinone,
ammonium molybdate, and anilinium sulfate with varying H,O, concentrations and deter-
mining the absorbance at 550 nm [106]. Zhang and Wong demonstrated a method for the
estimation of the concentration of H,O, in marine water at acidic pH of 4 in the presence
of HRP at 592 nm using leuco crystal violet oxidation. The LOD for H,O, was found to
be 20 nM with £1% accuracy [107]. In the study by Huang et al., a fast, reproducible,
and reliable method for the detection and measurement of H,O, was demonstrated. This
method used 4AAP-DEA-BCD-hemin, and the LOD was 8.4 x 102, with a molar absorp-
tion coefficient of 1.65 x 10, mol/L/cm [108]. Zhang et al. showed the determination of
H,05 in pulp bleaching effluents. The study shows that H,O,, in the presence of sulfuric
acid solution, chemically reacted with vanadium pentoxide and formed a peroxovanadate
complex that is reddish-brown [109].

2.8. Colorimetry

The method of determining H,O, using iodide and starch was first developed in 1943
by Eisenberg. The H,O, samples were treated with a titanium sulfate reagent, and the
changes in color were quantified with the presence of HyO,. The chemical reaction of HyO,
with the titanium sulfate reagent is shown as follows:

Ti** + HO, + 2H,0 = H, TiO, + 4H™.

The formation of a yellow compound called pertitanic acid determined the H,O,
concentration within a range of 0.2-3.0 mg/100 mL [110]. Another study showed a more
sensitive method using colorimetry. The study showed that the oxidation of iodide takes
place in the presence of (NHy),MoO, (ammonium molybdate), which helps in determining
the concentration of HyO, even in micromolar quantities. The study determined the molar
absorptivity of the starch-iodine complex (intense blue) at a value of 39.45 mmol ! cm
per liter at a wavelength of 570 nm [111]. The colorimetric method based on enzymes
using plant extracts was developed by Fernando et al., where a sharp pink quinoneimine
dye was formed. The pink dye formation took place when H,O; reacted with phenol,
4-aminoantipyrine, and HRP in 0.4 M phosphate buffer with pH of 7.0 [112]. The assay
results were considered optimum when the assay conditions were maintained at pH 7.0,
temperature of 37 °C, 0.7 mM H,O, concentration, and 1 U/mL enzyme concentration
within 30 min. The optimum assay resulted in a limit of quantitation and LOD of 411 and
136 mM, respectively. Another simple method to detect the H,O, released by cells within a
tissue culture was based on the principle that phenol red oxidizes in the presence of H,O,.
The study results showed a direct linear relationship between the concentration of HyO,
and absorbance, which had a range of 1 to 60 nmol/mL. The absorbance was measured at
520 nm [113]. Another fast and reliable method for determining H,O, was developed using
a colorimetry technique. In the method, 4-nitrophenylboronic acid was utilized for deter-
mining the concentration of H,O, in an aqueous medium, where nitrophenylboronic acid
reacted with HO, and produced 4-nitrophenol. The LOD was found to be ~1.0 uM [114].
Nitinaivinij et al. used the principle of colorimetry and demonstrated the determination
of HyO; in a very low concentration. The method utilized the technique of chromaticity
analysis of silver nanoprisms (AgNPrs). The AgNPrs decomposed in the presence of H,O,,
producing yellow color, and showed the H,O, concentration at 1.57 mM with high accuracy
and sensitivity [115]. The advantage of this method is that the determination of H,O, can
be carried out using a simple apparatus, but this method could give false-positive readings,
and the results were not applicable to determine H,O, within turbid samples.

2.9. Chromatography

Chromatographic techniques are commonly used for separation. High-performance
liquid chromatography (HPLC) is an analytical technique used for the detection and separa-
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tion of different moieties. In the study by Takahashi, separation of HO, was achieved using
an electrochemical detector and a cation-exchange resin gel column of sulfonated styrene-
divinylbenzene copolymer. This method was found to have a linearity of 0.9984. The LOD
was measured at 0.2 pmol [116]. In another method by Wada et al., H,O; separation was
achieved using an octadecylsilyl column, and the LOD was measured at 1.1 uM [117]. In
another study, H,O, was determined using gas chromatography in the presence of oxi-
dized butyric acid, and its absorbance was found at a wavelength of 517 nm [118]. Another
method in a study used a ligand exchange-type column for the separation of HyO,. The
column was packed using a sulfonated polystyrene/divinylbenzene cation-exchange [119].
Steinberg et al. used the principle of reverse-phase chromatographic techniques in HPLC
to determine HyO,. Iodovanillic acid was formed and was detected using UV absorption
at 280 nm with a LOD of ~0.1 uM [120]. The advantages of chromatographic techniques
in HyO, determination are that these methods are relatively simple, have low operational
costs, and use a wide range of stationary phases and columns. The limitations of this
technique are its costly overall equipment, its long operational time, interferences, and the
necessity for a specialized operator to run the machine.

2.10. Fluorescence

Another common method to detect HyO, that has wide applications is based on
the principle of fluorescent signal detection. In fluorescence sensors, the excitation of
electrons is achieved from an external photon source, in contrast to CL, where light is
generated via a chemical reaction [121]. Many fluorescent probes have been constructed
using different materials. The probes include naphthofluorescein disulfonate [122], ho-
movanillic acid [123], peroxyfluor-1 [124], peroxyresorufin-1 [124], single-walled carbon
nanotubes [125], peroxyxanthone-1 [124], and phosphine-based fluorescent reagents [126].
In one study, the fluorescent biosensors helped in the detection of intracellular HyO,
in mice peritoneal macrophages [122]. In the study by Miller et al., three fluorescent
probes that were detectable via confocal and two-photon spectroscopic methods from the
peroxysensor family were successfully developed. Each fluorescent probe emitted at a
different wavelength from the other, which allowed these probes to be used in various
applications with respect to specific emitting wavelengths [124]. Recently, intracellular
H,0; concentration can be measured using HyPer, a genetically encoded H,O, biosensor
(Figure 3) [127]. HyPer is a chimeric protein [128] composed from the permuted yellow
fluorescent protein (cpYFP) and H,O;-sensitive domain of the bacterial transcription factor
OxyR, which is responsible for sensing HyO, [129]. In the study by Belousov et al., an HyO,
sensor named HyPer was developed and studied. The HyPer sensor was successful in
detecting an increase in H,O, levels in HeLa cells during Apo2L/TRAIL protein-induced
apoptosis (programmed cell death). This sensor also detected increased levels of HyO, in
cells taken from rat adrenal medulla (PC-12) that had been previously exposed to nerve
growth factor [128]. The HyPer family includes five probes: HyPer [128], HyPer2 [130],
HyPer3 [131], HyPer7 [132], and HyPerRed [133]. GEFlIs of this family consist of a circularly
permuted fluorescent protein (cpYFP for the numbered HyPers or cpmApple for HyPerRed)
integrated via short peptide linkers into the bacterial transcription factor OxyR lacking a
DNA-binding domain. Upon oxidation by H,O,, OxyR forms an intramolecular disulfide
bond [134] that elicits conformational rearrangements. These rearrangements are then
transmitted into the chromophore center of a fluorescent moiety of a GEFI, causing fluo-
rescence alterations that can be subsequently detected. HyPer and its improved derivates,
HyPer2 and HyPer3, contain cpYFP. cpYFP has two excitation peaks at 420 and 500 nm
and a single emission peak at 516 nm. When the OxyR domain is oxidized by H,O,, the
intensity of fluorescence excited at approximately 420 nm (F4y() decreases, whereas the
intensity of fluorescence excited at approximately 500 nm (F5() increases proportionally. A
sensor readout is generated as a Fsg/ F4o0 ratio [128].
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Figure 3. Analysis of HyPer fluorescence in K562 cells exposed to extracellular HyO,. (a) Scheme
demonstrating the changes in the excitation spectrum of HyPer upon oxidation. (b) Flow cytometry
histograms of K562 cells measured after two-minute exposure to different concentrations of HyO,.
Reproduced with permission from [127]. Copyright 2019, Science Direct (Amsterdam, The Netherlands).

Another study by Xu et al. showed a specific probe called Mito-H,O,, which is used to
detect mitochondrial-associated H,O, levels in HeLa cells. The study further showed that
Mito-H,O, was an effective, sensitive, and quick mitochondrial-targeted sensor [135]. Xiao
et al. also developed another fluorescent probe called ER-H,O; specifically for targeting the
endoplasmic reticulum, which was equally effective, sensitive, and quick in the detection of
H,0,. Xiao et al. induced apoptosis in both the organelles using L-buthionine sulfoximine,
and both of these probes were tested for HyO, specificity and selectivity [136]. Shen et al. de-
veloped a microfluidic method, which had droplets in combination with gold nanoclusters.
This method was demonstrated to have high sensitivity for the detection of H,O, secreted
by a single cell. When a single cell was isolated using a microdroplet (with a volume of
4.2 nL), it can secrete HyO,, which causes florescent changes in HRP-gold nanoclusters with
high specificity and high sensitivity of 200-400 attomole. The high throughput performance
(~103 single-cell encapsulated microdroplets per minute) of the resultant microfluidic de-
vice makes it a powerful tool to investigate cell-to-cell heterogeneity in releasing H,O,
at the large scale, promising revelation of new knowledge to understand the biological
role of H,O, in tumor cells [137]. Moreover, Wang et al. fabricated a Ce6@Lum-AuNPs
nanoprobe using green syntheses methods. They successfully loaded luminol-gold NPs
with the fluorescent receptor Chlorin e6 (Ce6). The resultant fluorescent Ce6@Lum-AuNPs
proved successful towards fluorescent bioimaging of cancerous cells [138].

3. Recent Advances
3.1. Current Approaches in the Construction of Biosensors

Over the past 200 years, the use of enzymes was common because of specific sub-
strate sensitivity. However, enzymes are highly unstable and sensitive and are prone to
denaturation caused by environmental changes such as pH and temperature. Therefore,
recent studies have focused on using an artificial pseudo-catalyst instead of enzymes
to overcome the drawbacks [139-141]. Denaturation of enzymes is common in enzyme
groups such as peroxidases, catalases, monoamine oxidase, choline oxidase, uricase, and
ascorbate oxidase. Peroxidases, also known as heme proteins, constitute the prosthetic
group, i.e., ferriprotoporphyrin, and are usually found to have a molecular weight of 30
to 150 kDa [142,143]. Peroxidases are oxidoreductases and are produced by many ani-
mals, plants, and microorganisms. Peroxidases reduce H,O, and help in the oxidation of
aromatic amines, phenols, and organic and inorganic substrates [144] and are extensively
utilized in biochemistry, enzyme immunoassays, wastewater treatment plants containing
phenol compounds, synthesis of aromatic compounds, and removing H,O, from food
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materials [143]. The application of peroxidase enzymes is extensive, and they are com-
monly used in analytical techniques for the detection of glucose [145], cholesterol [146],
uric acid [147], HyO, [148], alcohols [149], and phenols [144]. Peroxidase enzymes are also
used in the pharmaceutical industry for the construction of biosensors for the detection of
different drugs in the body. As previously mentioned, enzymes are prone to degradation;
hence, the latest research involves the replacement of enzymes with pseudo-catalysts, i.e.,
inorganic/organic. These materials are chosen because of their low cost, stability, and
convenience [150-152].

3.2. Electrochemical Sensing of HyO; via Metal Nanoparticles

Nanotechnology has advanced, and there are many types of NPs available nowadays.
NPs can be classified based on the nanomaterial used to synthesize them. Commonly
available nanomaterials include metal NPs [153,154], carbon nanomaterials [155,156], and
metallic oxide nanostructures [157]. Nowadays, NPs are used in manufacturing H,O,
electrochemical sensors, exhibiting distinctive electrical and catalytic properties toward the
reduction or oxidization of HyO; and having a broad range of stability based on the nanoma-
terial used in them. However, until now, most of the studies reporting cost-effective H,O,
detecting electrochemical sensors have a detection limit of the sub-micromolar level [38,158].
To detect HyO, in cellular matrices, the electrobiochemical sensors should be sensitive
enough to sense H,O, concentration in nanomoles. Currently, those biosensors that are
highly sensitive and have optimum H;O, detection limits have been developed using
HRP and metal nanoparticles [159,160], which decreases the long-term operational stability
and increases the operational costs. In the study by Wang et al., real-time electrochemi-
cal detection of HyO, via small MoS, NPs in Raw 264.7 cancerous cells was performed.
The resulting device had a detection limit lower than 2.5 nM and a wide linear range of
up to five orders of magnitude [161]. In vivo monitoring of HyO, secreted from living
cells is essential in understanding cellular signaling pathways. The release of H,O, from
living cells is very low because the selective detection of H,O, at a low level is challeng-
ing. To overcome this difficulty of detecting endogenous HyO, from live cells, Dou et al.
synthesized three hybrid metal nanoflower sensors for the detection and monitoring of
H,O; concealed from living MCF-7 cancerous cells. The three-hybrid metal Au-Pd-Pt
nanoflower-decorated MoS, nanosheet-modified sensors were developed using simple wet
chemistry. The three-hybrid metal nanoflower sensors (Au-Pd-Pt/MoS;) show a syner-
getic increase in the electrocatalytic reduction of HyO, with an ultrasmall detection limit as
low as the sub-nanomolar level. Immobilization of aminin glycoproteins on the nanocom-
posite surface will result in an increase of its biocompatibility, which, in turn, enhances
composite adherence to cells. This property of nanocomposites can be effectively used in
future applications directed toward monitoring the secretion of HyO, from living cells and
cellular apparatus and may be utilized in developing highly efficient and sensitive cancer
diagnostics sensors [162]. Sun et al. synthesized a dumbbell-shaped Pt,Pdgy_,—Fe304 NP
composite, which could effectively determine the secretion of H,O, from Raw 264.7 cells
with a detection limit of 5 nM [160]. Chang et al. developed a sensitive fluorescent assay to
determine H,O, with a wide linear range of 1 to 100 uM and detection limit of 0.8 uM. A flu-
orescent biosensor based on the inner filter effect (IFE) was manufactured using poly (vinyl
pyrrolidone)-protected gold nanoparticles (PVP—AuNPs) and fluorescent BSA-protected
gold nanoclusters (BSA-AuNCs). The BSA-AuNCs acted as an IFE fluorophore pair. The
high extinction coefficient of PVP-AuNPs served as a dominant absorber and influenced
the emission of the fluorophore in the BSA-AuNCs assay. The surface Plasmon resonance
(SPR) of PVP-AuNPs was significantly enhanced with an increase in H,O, concentration.
The increased H,O, then caused the significant induction of the fluorescent quenching
effect of BSA—AuNCs [163]. Cui et al. showed a fast, simple, and reagent-free method
for HyO, detection. The study used luminol-reduced Au NPs for the determination of
H,0,. The resulting biosensor had the electrochemiluminescence application in effectively
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determining the concentration of HyO, within limits of 3 x 1077-1.0 x 10~3 mol L~ with
a low detection limit of 1.0 x 10~7 mol L1 (S/N = 3) [164].

Liu et al. synthesized porphyrin functionalized ceria (Por-Ceria) uniform nanoparticles
as a calorimetric probe for HyO, detection [165]. A nickel phosphide nanosheet array on
a titanium mesh (Ni,P NA /TM) possesses superior analytical performance with a rapid
retort time of <5 s. Manufactured biosensors showed high selectivity and stability, with a
wide linear range of 0.001-20 mM, ultrasmall LOD of 0.2 uM (S/N = 3), and high sensitivity
of 690.7 uA mM 1 em—2 [166]. Small (10-30 nm) platinum nanoparticles (Pt-NPs) were
prepared via protein-directed one-pot reduction. The resultant BSA /Pt-NPs composite
shows colorimetric determination of H,O, with a linear range from 50 uM to 3.0 mM, LOD
of 7.9 uM, and visually detected lowest concentration of 200 uM [167].

Ultrathin silver nanosheets that can detect H;O, with a LOD of 0.17 uM, linear range
of 5-6000 1M, and fast response time <2 s were synthesized by Ma et al. The synthesized
biosensors showed real-time determination of H,O; released from living HeLa and SH-
SY5Y cells, with high sensitivity of 320.3 pA mM~! cm~2 [168].

The synergistic combination of p-type semiconductive channels of layered double
hydroxides (LDHs) exhibited multifunctional properties, a distinctive morphology, and
abundant surface active sites. The Fe30,@CuAl NSs modified electrode exhibited excellent
electrocatalytic activity toward H,O, reduction. The projected biosensor revealed promi-
nent electrochemical sensing of HyO, with an extensive linear range of eight orders of mag-
nitude and a low detection limit of 1 nM (S/N = 3) [169]. Copper(I) phosphide nanowires
on 3D porous copper foam (CuzP NWs/CF) were fabricated via electrochemical anodized
Cu(OH); NWs to manufacture noble metal-free electrocatalysts. The CuzP NWs/CF-based
sensor exhibited first-rate electrocatalytic reduction of HyO, with a detection limit as low
as that achieved by noble metal-free electrocatalysts, i.e., 2 nM. The developed sensor
assured sensitive and consistent determination of HyO, excretion from living tumorigenic
cells [170]. Xiong et al. developed a nickel phosphide nanosheet array on a titanium mesh
(NipP NA/TM) using an economical and effective metal toward electrocatalytic H,O,
reduction. NipP NA/TM, being a nonenzymatic HyO, sensor, presented superior analytical
performance, with a swift response time <5 s and wide linear range of 0.001-20 mM. The
resultant electrode exhibited high sensitivity of 690.7 ptA mM~! em™2 and ultrasmall detec-
tion limit of 0.2 uM (S/N = 3) [166]. A Prussian blue nanocube-decorated molybdenum
disulfide (Mo0S,-PBNCs) nanocomposite was designed for the electrochemical sensing of
H,0,. Interestingly, a sensor for label-free sensing of carcinoembryonic antigen (CEA) can
be constructed by using MoS,-PBNCs nanocomposites. The electrochemical response of
the MoS;-based immunosensor was linear, with a CEA concentration range from 0.005 to
10ng mL~! and minimum recognition limit of 0.54 pg mL~1 [171].

3.3. H,O; Detection Using Enzymatic Biosensors

Various analytical techniques, i.e., chemiluminescence [95], fluorescence [172], and
electrochemistry [80,160], have been employed for the analysis of H,O, at the cellular
level. Among them, electrochemical sensors are an area of high interest and provide fast,
economically effective, and real-time determination via a simple mechanism with ultrahigh
sensitivity and selectivity. Electrochemical detection is considered a powerful tool for the
determination of other electroactive metabolites such as glucose [173], dopamine [174], and
O, [175] secreted from live cells. The high selectivity and sensitivity of enzymes made
them valuable for the electrochemical biosensing of HyO,. Horseradish peroxidase (HRP)
enzymes draw considerable attention for the construction of electrochemical biosensors
because of their efficient catalysis of HyO, [176,177]. Wang et al. reported a highly sensi-
tive sequence-selective DNA sensor composed of an HRP-labeled probe. The proposed
biosensor successfully detected the K-ras gene, which is associated with colorectal cancer.
Thiol (-SH) modified capture probe adsorbed chemically on the gold electrode via self-
assembly and exhibiting a detection limit of 5.85 x 1072 mol L1, hybridization of nucleic
acid (target DNA:K-ras gene), and a HRP labeled oligonucleotide detection probe can be
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achieved using the sandwich way method. Wang et al. developed an extremely sensitive
sequence-selective DNA sensor on an HRP-labeled probe to detect the specific K-ras gene
which is associated with colorectal cancer. At first, the capture probe modified with -SH
was chemically adsorbed on the gold electrode by self assembly. Then, a complementary
nucleic acid (target DNA:K-ras gene) was hybridized with an HRP labeled oligonucleotide
detection probe in a sandwich way with a detection limit of 5.85 x 10712 mol L~ [178].
Bruno et al. developed horseradish peroxidase conjugated gold nano biosensors for de-
tection of HyO, released by prostate cancerous cells. The proposed biosensor can detect
hydrogen peroxide (H,0O,) in a wide linear range from 2 to 100 pM with a low detection
limit of 0.01 uM [179]. A Cyt c loaded nanostructured TiO, film was successfully prepared
by Luo, which exhibits natural enzymatic activity toward H,O,, redox formal potential (E%)
of 108.0 &= 1.9 mV versus Ag | AgCl, and an heterogeneous electron transfer rate constant
(ks) of 13.8 & 2.1 57! [157]. To stabilize the enzyme model, Zhou et al. used an enzyme
cytochrome ¢ (Cyt ¢), to facilitate the transfer of electrons between the redox enzyme and
electrode. Cyt ¢ was immobilized stably into the molecular hydrogel to maintain its innate
bioactivity toward H,O,. The use of Cyt c is a consistent methodology to regulate HyO,
at an optimized potential with high selectivity over other ROS, oxygen, metal ions, and
ascorbic acid. The in vivo sensing of H,O, from living cells, a small molecular hydrogel
provides long-lasting stability and good reproducibility [180].

3.4. Carbon-Based Material for HyO, Sensing

The success of graphene has boosted great research in the synthesis and characteri-
zation of graphene-like 2D materials, single and few-atom-thick layers of van der Waals
materials, which show fascinating and useful properties. The single atom layer of C is
the most transparent, strongest, and thinnest material and exhibits electrical conductance
much better than Cu, with the ability to endure a current density that is six orders of magni-
tude [36,181,182]. The structure of some of the carbon-based material is shown in Figure 4.
Recently, graphene has attracted great interest in the development of biosensors, i.e., optical
and electrochemical, with improved performance owing to its integration with different
nanomaterials (metals and metal oxides) and quantum dots [183-185]. Researchers have
developed great interest in the emerging class of carbon-based 2D materials (graphene)
because of their distinctive properties with applications in sensing and biosensing, elec-
tronics, catalysis, composites, and coatings. The excellent optical and electrical properties
of carbon-based 2D materials made their use emergent in sensing and biosensing and
showed real-time application in the field of biochemistry and nanomedicines [186,187].
Graphene-like 2D layered nanomaterials boron nitride (BN), transition metal dichalco-
genides, graphite—carbon nitride (gC3Ny), graphenes, and transition metal oxides have
been investigated broadly [188,189]. Boron nitride nanosheets contain alternate nitrogen
and boron atoms in a honeycomb lattice structure with extensive band gap, and BN is an
insulator [190]. Instead of various transduction techniques, electrochemical methods are
well known for analytical biomarker detection via graphene 2D-based sensors [191].

185



Nanomaterials 2022, 12, 1475

Figure 4. Different types of carbon-based materials, i.e., (a) Graphene, (b) Carbon nanotube, and
(c) reduced grapheme oxide, used in electrochemical sensing of HyO,.

3.4.1. Graphene-Based Metal-Free Electrocatalysts

The application of carbon materials in analytical and industrial electrochemistry is
well known owing to their low cost and electrocatalytic potential in a number of redox
reactions [192]. Recently, groups of researchers showed that surface functionalization of
graphene materials results in diverse behavior, which made them benevolent in sensing in
contrast to intrinsic graphene. Zhou et al. showed the chemical reduction of graphene oxide
into chemically reduced graphene oxide (CR-GO) via hydrazine, and the resultant GCE con-
structed from the obtained CR-GO showed excellent sensing capability for HyO, detection.
The synthesized electrochemical biosensor exhibited a lower detection limit of 0.05 pM and
wide linear range from 0.05 to 1500 uM, which precedes the use of functionalized carbon
materials in electrochemical sensing [155].

In another work, Takahashi et al. reported rGO modified GCE via electrodeposition.
The electrochemical studies showed an enhancement in the sensing performance of the rtGO
modified electrode that was considerably better than the original electrode for hydrogen
peroxide detection. Some studies showed a high electron density on the defective sites
(edges) of modified graphene oxide, which made it a potential candidate for the electro-
catalytic reduction of HyO, [193]. The synthesis of novel quality graphene is important
in exploiting graphene application for electrochemical sensing. Chemical and physical
(thermal method) reduction of GO (hydrophilic GO to hydrophobic graphene) is the most
effective method to manufacture graphene on a large scale. During chemical and physical
reduction, exfoliated graphene becomes disorderly aggregated, which results in the de-
crease in their disperse behavior in water and limits their practical applications [194]. Later
on, some researchers fixed this problem using various dispersants, i.e., sodium dodecyl
sulfate, cetyltrimethyl ammonium bromide (CTAB), and DNA. These dispersants enhanced
the disperse behavior and stability of graphene in an aqueous environment. Lv et al. sim-
ply introduced DNA molecules on the graphene surface using the self-assembly method
and formed graphene-DNA hybrids (GN/DNA). DNA-graphene was found to show a
physical interaction, i.e., -7 stacking via aromatic rings of graphene and N-containing
functional moiety in DNA, which results in a strong interaction between graphene and
DNA. Stacking DNA on the graphene surface not only enhanced graphene dispersion
in aqueous media but also imparted an electron-rich character to graphene by forming a
GN/DNA composite. Comparative studies showed that the GN/DNA modified electrode
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exhibited higher sensitivity, wide detection range, and swift response time in contrast
to the GN-modified electrode for the electrochemical sensing of HyO, [195]. Woo et al.
fabricated a multiwalled carbon nanotube—graphene composite (MWCNT—-graphene) via
a direct in situ chemical reduction of graphene oxide and pre-treated MWCNT mixture.
The prepared component showed a uniform network of ultrathin graphene sheets stuck
between nanotube bundles. Structural analysis showed that the morphology of graphene
present between nanotube bundles was comparatively higher than pure graphene, which
showed wrinkled and aggregated morphology. The electrochemical sensor constructed
from the resultant MWCNT-graphene exhibited a wide detection range from 20 uM to
2.1 mM and low detection limit of 9.4 uM. Synergic increase in the electrochemical perfor-
mance of the MWCNT-graphene composite is attributed to high electrical conductivity of
MWCNTs [196]. Recently, metal-free electrocatalysts, heteroatom-doped graphene, play
a crucial role in HyO, detection. The electronic properties of graphene can be altered
drastically by doping graphene with N, S, and B, which play a crucial role in operating the
electronic properties. Wang and coworkers used the nitrogen plasma treatment strategy to
produce N-doped graphene from reduced graphene oxide as a starting material. Spectral
studies of N-graphene showed that the nitrogen atom was substituted into graphene sheets
with three different nitrogens, including graphitic N, pyridinic N, and pyrrolic N. The
concentration of nitrogen in graphene sheets was optimized by monitoring the plasma
exposure time, and the resultant N-doped graphene showed improved electrocatalytic
performance as compared to pristine graphene in electrochemical sensing [197].

Wau et al. reported the synthesis of N-doped graphene using hydrazine as a nitrogen
source, with a 4.5% N/C atomic ratio, and reducing agent. Structural studies of N-doped
graphene were made via XPS measurements. Structural analyses showed 28% pyridinic
N, 49% pyrrolic N, 19% graphitic N, and 4% oxidized N [198]. Increased sensitivity, a
wide linear range, and a low detection limit were achieved using N-doped graphene as
compared to pristine graphene. In addition to N, Yeh et al. successfully synthesized
boron-doped graphene nanosheets (BGNs) using B,O3 and graphene nanosheets through
an atmospheric-pressure carbothermal reaction. Boron doping on the graphene surface
created defects in nearby sites and uneven charge separation, which, in turn, facilitated
the charge transfer to neighbor atoms. The resultant BGN-doped graphene showed a wide
linearity range from 1.0 to 20.0 mM, detection limit of 3.8 uM, and much higher sensitivity
(266.7 pA mM~! cm—2) compared with undoped GNs [199]. Recently, the electrochemical
performance of the detection of HyO, was further improved using co-doped graphene
with two elements. Yang et al. synthesized N and B co-doped graphene (NB-G) using
a microwave-activated chemical-thermal treatment strategy. In this strategy, they first
developed N-graphene using GO and cyanamide as a precursor, followed by microwave
treatment. The boron atom was doped on N-modified graphene via the pyrolysis of the N-G
and B,O3 mixture at 900 °C for 0.5 h in an Ar atmosphere to obtain BN-G [200]. Electrochem-
ical studies of NB-G were made using ferric/ferrous coupling of K3[Fe(CN)g]/Ky4[Fe(CN)s].
The prepared electrode exhibited outstanding electrocatalytic reduction of H,O, and a
rapid response time, with a linear range from 0.5 uM to 5 mM and detection limit as low as
0.05 uM. The excellent electrochemical performance of the NB-G electrode is attributed to
the novel structural network, with high charge transfer and large surface area, and the syn-
ergistic effect between the two heteroatoms of B and N [200]. Table 1 shows electrochemical
performance of non-enzymatic metal free H,O, sensors based on graphene.
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Table 1. Non-enzymatic metal free H,O, electrochemical sensors based on graphene.

Carbon Material uAS;rllsIlEllviz i Lm?; II\(/IE;nge Detec(t:;ll)hmlt Ref.
CR-GO - 0.05-1500 0.05 [155]
Graphene-MWCNT 3291 20-2100 94 [196]
rGO/nPPy 47.69 0.1-4 0.034 [201]
IL-GR-s-PANI 280.0 0.5-2000 0.06 [202]
rGO/Tyrosine 69.07 100-2100 80 [203]
Poly(o-Phenylenediamine)/ GO 16.2 2.5-25 0.84 [204]
BGNs 266.7 1000-20,000 3.8 [199]

NB-G - 0.5-5000 0.05 [200]
GSnano/CS 18.78 5.22-10,430 2.6 [205]
GN-HN-SWCNT 0.015 0.2-400 0.05 [206]
H-GNs/PEDOT 235 0.1-10 0.08 [207]
NS-GQD/G - 0.4-33 0.026 [208]
Functionalized 3D Graphene 169.7 0.4-660 0.08 [209]
rGO/GO hybrid MEA - 0.18-9.6 - [210]
3D-G/GCE - 0.2-41,200 0.17 [211]

3.4.2. Carbon Composite with Enzymes for HyO, Detection

Noble metals, nonnoble metal oxide, and sulfide-modified graphene composites are
used to immobilize HRP for the construction of enzymatic HyO, biosensors [212,213].
Song at al. [214] reported MoS,—graphene (MoS,-Gr)-based biocompatible biosensors for
the ultrasensitive detection of HyO,. M0S;-Gr nanosheets were prepared using GO and
NaMoOy as precursors using the solvothermal method, and a change in solution color
from reddish-brown (GO) to black confirmed the dispersion of dark flower-like MoS,
nanoparticles on the Gr surface. Structural analyses were made using XRD results, which
confirmed the formation of MoS,-Gr composites. Electrostatic interaction arose between
negatively charged MoS,-Gr nanosheets and positively charged HRP and resulted in the
formation of the HRP-MoS,-Gr composite. The appearance of the peak in the UV-Vis
spectra at 402 nm confirmed the immobilization of HRP on MoS;-Gr, whereas no peak was
noticed in case of M0S,-Gr nanosheets. The HRP-MoS,-Gr fabricated biosensor showed
excellent stability and enhanced electrocatalytic performance for HyO, detection. The
resultant biosensors exhibited a low detection limit of 0.049 uM and broad linear range
from 0.2 uM to 1.103 mM.

Later, Yu et al. immobilized horseradish peroxidase (HRP) on Au-decorated graphene
oxide. The fabricated biosensors showed a fast response with remarkable performance,
such as low detection limit (7.5 x 10~? M) and real-time measurement of cellular H,O, in
living cells [27]. Liu et al. used horseradish peroxidase (HRP) immobilized on 3D porous
graphene (PGN) to develop a real-time biosensor for the detection of HyO, from living cells.
Nanoporous graphene plays a significant role in the excess absorption of HRP, accelerates
the diffusion rate, and shows excellent electrochemical performance toward H,O, with a
LOD of 0.0267 nM and wide linear range of seven orders of magnitude [215]. Enzymatic
biosensors suffer from two major problems, namely, enzymatic loss and inactivation, which
greatly affect biosensor performance. Fan and his coworker overcame this problem by
encapsulating horseradish peroxidase on biomimetic graphene capsules (GRCAPS) using
CaCOj as a porous sacrificial template to mimic the existence form of bioenzymes in
organisms as shown in Figure 5. As a result, the synthesized biosensor showed a low
detection limit of 3.3 mmol L~! and wide linear range of 0.01-12 mmol L~ 1[216]. Wu et al.
used another strategy to construct horseradish peroxidase-attapulgite nanohybrids on
glassy carbon to fabricated biosensors. The prepared biosensor showed a rapid response,
high sensitivity, and a low detection limit with a wide linear range for the detection
of hydrogen peroxide released from RAW 264.7 macrophage cells [217]. Table 2 shows
electrochemical performance of enzymatic HO, biosensor loaded on graphene.
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Figure 5. Mechanism of the synthesis of the graphene enzyme composite for the electrochemical
sensing of HyO,. Reproduced with permission from [216]. Copyright 2015, Science Direct.

Table 2. Graphene-based enzymatic biosensors for HyO, detection in Cancerous cells.

Graphene-Based Materials u AS;I]I:[IEIIV thrz Lme(a:l\sl{)a nge Detec(t:ll\zl)hmlt Ref.
GE/Fe;04/Hb GCE 0.3837 100-1700 6.00 [218]
rGO-CMC/Hb - 0.083-13.94 0.08 [219]
Hb/AuNPs/ZnO/Gr - 6.0-1130 0.8 [220]
HRP/graphene - 0.33-14.0 0.11 [221]
Hb/Au/GR-CS 3.47 x 10° 2.0-935 0.35 [222]
Hb/Au NPs-Gr - 0.1-70 0.03 [223]

HRP /P-L-His-rGO 2.6 x 10° 0.2-5000 0.05 [224]
GS-PSS/GRCAPS - 10-12,000 3.3 [216]
HRP/AuNP/ThGP 0.086 0.5-1800 0.01 [225]
PANI/HRP/GE-CNT/AuPt NPs 370 0.5-100 0.17 [226]
Au/graphene/HRP/CS - 5.0-5130 1.7 [227]
MP11/DMPG-AuNPs/PDDA-G 2437 20-280 26 [228]
(HRP-Pd)/f-graphene 92.82 25-3500 0.05 [229]
HRP-f-graphene-Ag 143.5 25-19,350 5.0 [230]
HRP/Ce0p-rGO 4.65 0.1-500 0.021 [212]
HRP-MoS,-Gr 679.7 0.2-1103 0.049 [214]
Catalase/ AuNPs/graphene-NH, 134 0.3-600 0.05 [231]
Cyt c/GO-MWCNT/Au NP 0.533 1x1075-14 x 107* 27.7 x 10° [232]
RGO-MWCNT-Pt/Mb 1.990 1x1075-1.9 x 107* 16 x 10°° [233]
PPY-He-RGO - 0.1-10 0.13 [41]
HRP/PGN/GCE - 8.0 x10711-6.64 x 1077 2.6 x107° [215]
PGR/catalase/GCE - 1.0 x 1077-7.7 x 10~° 1.5 x 1073 [234]

FeS, /graphene - - 5x 104 [235]
F-MoS,-FePt NCs - 8-300 224 [236]

3.4.3. Graphene Composite with Metal Nanoparticles for H,O, Detection

Dai et al. prepared heterogeneous Co3O, dodecahedrons that contain carbon, and encap-
sulated Au nanoparticles (Au@C-Coz04) were proposed via the pyrolysis of Au nanoparticle-
encapsulated zeolitic imidazolate framework-67 (Au@ZIF-67). A remarkable increase in
electrocatalytic performance with ultrahigh sensitivity of 7553 pA mM~! cm~2 and with a
detection limit of 19 nM was observed using the electrode fabricated from the porous Au@C-
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Co0304 even with the 0.85% Au content in the composite. The synthesized biosensors were
applicable for monitoring H,O, concentration, which will be helpful in identifying cancerous
cells [237]. A metal organic framework consisting of porphyrinand iron metal decorated on
well-ordered mesoporous carbon (OMC) for hydrogen peroxide (HyO;) secreted from viable
cells. Porphyrinic iron metal-organic framework (pFeMOF)-decorated ordered mesoporous
carbon (OMC) was developed to detect hydrogen peroxide (H,O,) released from viable
cells. Increased stability and electrical conduction were noticed with the introduction of
OMC. Electrocatalytic reduction of HyO, was observed at two different linear ranges, i.e.,
from 70.5 to 1830.5 pM and from 0.5 to 70.5 uM, with high sensitivity of 67.54 pA mM ™!
at a low concentration and 22.29 pA mM ! at a high concentration and with a detection
limit (LOD) as low as 0.45 uM [238]. A nonenzymatic HyO, electrochemical sensor was
developed by immobilizing 2D ultrathin MnO; nanosheets onto glassy carbon electrodes
(GCE) with a Nafion film. The amperometric study showed an excellent increase in electro-
catalytic reduction of H,O, with an extreme low detection limit (5 nM), wide linear range
(25 nM~2 uM and 10-454 pM), and high sensitivity of 3261 mA M~ ecm~2 via the immobi-
lization of the MnO, nanosheets. The constructed biosensors were efficaciously employed
for real-time monitoring of H,O, released from SP2/0 cells in trace amounts [239].

The functionalized hollow-structured nanospheres (HNSs) centered on Pd nanoparticles
(NPs) adorned double shell-structured N-doped graphene quantum dots (N-GQDs)@N-doped
carbon (NC) HNSs, with ultrafine Pd NPs and “nanozyme” N-GQDs as dual signal-amplifying
nanoprobes, act as an exceedingly effective electrochemical sensor for the detection of H,O,
released from cancer cells. The hybrid HNS material-based synthesized electrochemical biosen-
sors demonstrate excellent performance, which involves an ultrasmall detection limit as low
as nanomolar and a rapid response time. The extra sensitivity, selectivity, and reproducibility
of the synthesized biosensors make them valuable for real-time tracking of H,O, released
from different living cancer cells in a normal state and treated with chemotherapy and ra-
diotherapy [26]. Heteroatom-doped graphene (N and B) exhibits multidimensional electron
transport pathways, which make their use valuable in electrocatalytic sensing of H,O, with
excellent stability and response time. Tables 3 and 4 show electrochemical performance of
graphene-supported non-noble metal and noble metal nanoparticles.

Table 3. Graphene-supported non-Noble metal nanoparticles for electrochemical detection of HyO,.

. Sensitivi i i imi
Graphene-Based Materials sA mM-1 cglrz Lme(e:-l\sl{)ange De‘ec(‘:l’&‘)hm't Ref.
Nafion/EGO/Co304 560 1-100 0.3 [240]
CoHCFNPs/GR 0.0007 0.6-379.5 0.1 [41]
VS, NPs/GCE 41.96 2 0.5-2.5 0.224 241
CoO,NPs/ERGO 148.6 5-1000 0.2 242
CoTPP/RGO 0.0013 0.1-4600 0.02 243
rGO/CoPc-COOH 145 100-12,000 60 244
(PDDA-G/Fe304)n 61.2 20-6250 2.5 245
Fe;0,/GO-PAMAM 1.385 20-1000 2.0 246
CoS/RGO 2.519 0.1 to 2542.4 0.042 247
rGO-Fe, 03 0.085 50-9000 6.0 248
Fez04/rGO 387.6 1-20,000 0.17 249
Ni,P NA/TM 690.7 0.001-20 0.2 166
Fe304 /RGO 2227 0.5-3000 0.18 [41]
Fe;0, /RGO 0.0468 4.0-1000 2.0 250
PB/TiO,-GR 480.97 0.04-2000 0.0086 251
RGO/Fe;04 688.0 100-6000 32 252
Cu-MOF-GN 57.73 10-11,180 2.0 [33]
PFECS/rGO 117.142 10-190 1.253 253
FeTSPc-GR-Nafion 36.93 0.2-5000 0.08 254
RGO/ZnO 13.49 0.02-22.48 0.02 255
Cu,O/N: -graphene 26.67 5.0-3570 0.8 256
CupO-rGO 0.0207 30-12,800 21.7 257
CuS/RGO 0.035 5-1500 0.27 [80]
Cup;O/GNs - 300-7800 20.8 258
GO/MnO, 38.2 5.0-600 0.8 259
MnO,-ERGO 59.0 100-45,400 10 260
MnO, nanosheet/graphene - 10-900 2.0 261
CoFe/NGR 435.7 - 0.28 262
Co@NCS - 0.5-7500 0.08 263
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The resultant N and B co-doped graphene (NB-G)-based electrochemical sensor
showed a linear response from 0.5 uM to 5 mM with a LOD of 0.05 pM (S/N = 3). This
increase in sensitivity with an ultralow detection limit to microlevel attributed to the NB-G
constructive structure and special effects arose from the co-doping of N and boron in
graphene [200]. CuFe,O4 nanoparticle-doped reduced graphene oxide based on a CPE was
used as a voltammetric sensor for hydrogen peroxide (H,O,) sensing. The synthesized
sensors showed a rapid amperometric response in less than 2 s and wide linear range of 2
to 200 M with a low detection limit of 0.52 M under optimum conditions (pH 5) [264]. Xi
et al. synthesized N and S dual-doped graphene (NSG) co-doped carbocatalyst via one-pot
syntheses. The NSG-modified electrode showed superior catalytic activity toward sensing,
including a linear range up to 1.7 mM. ZnMn,O4-wrapped reduced graphene oxide mi-
crospheres (ZnMn,O04@rGO) act as an excellent electrocatalyst for HyO, reduction. The
ZnMn,O4@rGO-pasted glassy carbon electrode (ZnMn,O,@rGO/GCE) displayed a linear
detection range of 0.03—6000 uM with a detection limit of 0.012 pM. The resultant biosen-
sor showed promising results in physiology and diagnostics and was applicable in the
determination of H,O; secreted from human breast cancer cells (MCE-7) [57]. An AuNPs-
NH, /Cu-MOF composite was prepared via ammoniation of Au NPs, anchored with a
Cu-based metal organic framework (Cu-MOF). The synthesized AuNPs-NH,/Cu-MOF
composite was further modified with a GCE to prepare an AuNPs-NH,/Cu-MOF/GCE
electrode. The synthesized AuNPs-NH,/Cu-MOF/GCE composites possessed high sensi-
tivity and selectivity, and they can be used as an electrochemical enzyme-free sensor for
the quantitative detection of HyO,. Instead of quantitative H,O, detection, the synthesized
electrochemical sensor showed a wide linear response toward H,O, concentrations ranging
5-850 uM with a LOD down to 1.2 uM [265]. Wang et al. improved the sensitivity of the
electrode using hemin-capped biomineralized gold nanoparticles (Hem@AuNPs)-doped
reduced graphene oxide (rGO), followed by coating with chitosan (CS). The resultant
electrode from the prepared nanohybrids showed excellent electrocatalytic reduction of
H,O, with superior sensitivity, stability, and response time of few seconds. The most
important feature of the synthesized electrode from the resultant nanohybrid is its lower
detection limit of 9.3 nM and linear range of five orders of magnitude. Such characteris-
tics enable this biosensor to detect H,O, releasing from living Hela cells accurately and
make this biosensor valuable for ultrasmall detection of HyO, from living HeLa cells
precisely [266]. Sun and his coworkers designed a novel nonenzymatic hydrogen per-
oxide sensor using intermetallic PtPb nanoplates (PtPb/G) supported on graphene with
enhanced electrochemical performance for HyO; detection in neutral solution and H,O,
released from the cells. The nanocomposite exhibited excellent electrocatalytic activity
for the electrochemical reduction of H,O, in half-cell test and with wide linear detection
range of 2 nM to 2.5 mM and ultralow detection limit of 2 nM. An experiment further
showed that the sensitivity of intermetallic PtPb nanoplates is 12.7 times higher than that of
a commercial Pt/C electrode for the detection of H,O; released from Raw 264.7 cells [267].
A graphene/Nafion/azure/I/Au nanoparticle composites modified glass carbon electrode
(graphene/Nafion/Azl/ AuNPs/GCE) was used for the construction of a nonenzymatic
H,0, sensor. The performance of the synthesized biosensors was recorded under optimum
conditions, i.e., pH of 4.0 and potential of —0.2 V, upon the addition of HyO,. A stable
current was obtained in less than 3 s, with a detection limit of 10 uM (S/N = 3) and a linear
range of 30 uM to 5 mM [268]. Ju et al. reported a green and simple strategy for the in situ
growth of surfactant-free Au nanoparticles (Au NPs) on nitrogen-doped graphene quantum
dots (Au NPs-N-GQDs). The reported strategy showed the in situ formation of the Au NPs—
N-GQDs hybrid by simple mixing of N-GQDs and HAuCl,-4H,O without any reductant
and surfactant. The prepared nanocomposite (Au NPs-N-GQDs) exhibited a low detection
limit of 0.12 uM and sensitivity of 186.22 pA/mM cm? for the electrochemical detection of
hydrogen peroxide (H,O;) [79]. Another research group developed a microelectrode with
high sensitivity, a wide linear range, and good selectivity for the detection of H,O, released
from female cancer cells. The synthesized hierarchical nanohybrid microelectrode was
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composed of 3D porous graphene enfolded activated carbon fiber (ACF). This technique,
i.e., green ionic liquid (IL), plays a crucial role in the simultaneous superficial and effective
electrodeposition and electrochemical reduction of GO nanosheets on ACF to form a 3D
porous ionic liquid functionalized electrochemically reduced GO (ERGO)-wrapped ACF
(IL-ERGO/ACEF) [269].

Table 4. Graphene supported noble metal nanoparticles for electrochemical detection of H,O,.

Sensitivity Linear Range Detection Limit

Graphene Based Material WA mM-1 cm-2 (M) (uM) Ref.
Au-PEI/GO 460.0 0.5-1680 0.2 [270]
AgNPs-MWCNT-rGO 0.833 100-100,000 0.9 [271]
RGO-Au-PTBO 63.39 5.0-1077.1 0.2 [272]
Ag-MnOOH-GO 59.14 0.5-17,800 0.2 [273]

Au NPs@POM-G 58.87 5.0-18,000 1.54 [274]
AgNPs-TWEEN-GO 0.7459 20-23,100 8.7 [41]
GO-ATP-Pd 504.85 0.1-10,000 0.016 [275]
GN/Au-NPs - 0.5-500 0.22 [276]
GN-Pt 0.01 2-710 05 [277]

Ag NWs-graphene 12.37 10.0-34,300 1.0 [278]
GR-AuNRs 389.2 30-5000 10 [279]
Au@C-Co30, 7553 - 0.019 [237]

Au NPs-N-GQDs 186.22 0.25-13,327 0.12 [79]
AuNPs-NH2/Cu-MOF/GCE 1.71 5-850 1.2 [265]
GO/Au@Pt@Au - 0.05-17,500 0.02 [280]
NG-hAuPd 5095.5 0.1-20 0.02 [281]
PDA-RGO/Ag NP 0.0111 0.5-8000 2.07 [282]
AgNPs/GN - 100-100,000 0.5 [283]
Ag/SG - 100-136,500 0.14 [284]

Pt/PG 341.14 1-1477 0.5 [285]
PDDA-RGO/MnO, /AuNPs 1132.8 5.0-500 0.6 [286]
AgNP/rGO - 100-80,000 7.1 [287]
AgNPs-GO - 10-20,000 0.5 [288]
RGO-AuNP 53 250-22,500 6.2 [289]
GNPs/SGS 27.7 20~15,000 0.2 [290]
AgNPs-CNT-rGO - 10-10,000 1.0 [291]
PpyNFs/AgNPs-rGO 0.7367 100-5000 1.099 [292]
polystyrene@RGO-Pt 0.0675 0.5-8000 0.1 [41]
Graphene/Nafion/Azl/ AuNPs - 30-5000 10 [268]
Pt/GN 0.0204 2.5-6650 0.8 [41]
RGO-AuNPs (B) 9.5 25-41,500 5.0 [273]
PtAu/G-CNTs 313.4 2.0-8561 0.6 [293]
PtAuNPs-CTAB-GR 0.1654 0.005-4.8 0.0017 [294]
PtAu/RGO 4.105 0.015-8.73 0.008 [295]
Pt/graphene-CNT paper 141 0-25.0 0.01 [296]
pFeMOF/OMC 67.54 70.5-1830.5 0.45 [238]
Pd-PEI/GO - 0.5-459 0.2 [297]
Pd-NPs/GN 0.019 0.001-2000 0.0002 [298]
PANPGNs 2.75 0.1-1000 0.05 [299]
RGO-PMS@AuNPs 39.2 0.5-50,000 0.06 [69]
2AulAg-PDA/CFME 12966 0-55 0.12 [300]
TiO,NTs/r-GO/AgNPs 1152 15,500-50,000 22 [301]
PtPb/G - 225 0.02 [267]
3DGA-AuNPs/cytc/GCE 351.57 - [302]
PdPt NCs@SGN/GCE - 1-300 0.3 [303]
AuNFs/Fe304@ZIF-8-MoS; - 5-120 0.9 [304]
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3.4.4. Graphene-Loaded Biomolecules for Selective Detection of H,O,

Recently, graphene-based heme protein electrodes have gained wide attention for
H,0O; detection. These graphene-based materials offer an appropriate microenvironment
to maintain the redox bioactivity of proteins and make the transfer of electrons feasible
between redox proteins (active centers) and the principal electrode [232]. A mixture of
a strong acid and an oxidizing agent is used for the synthesis of graphene oxide from
graphite [289]. GO serves as a precursor of graphene and as a sensing element. Several
proteins, including cytochrome ¢, horseradish peroxidase (HRP), and myoglobin (Mb),
were incubated. Zuo et al. [227] fabricated a heme proteins-modified GO electrode from GO
suspension. Immobilization of protein on a GO sheet is associated with strong hydrophobic
and electrostatic interactions between proteins and GO. The innate characteristics of the
proteins remain unaltered in the presence of GO, which offers an appropriate microen-
vironment for the immobilization of protein with an intact structure. Studies revealed
that the protein-based GO modified electrodes have an advantage over the featureless
voltammograms because of the emittance of redox peaks from proteins on these electrodes,
which stipulate an efficient electrical wiring of the redox centers of proteins to the surface
of the electrode in the presence of GO. Importantly, the proteins retained their intrinsic
peroxidase activity upon forming mixtures with GO and the catalytic properties provide
a high sensing performance for H,O, detection with low detection limit and wide detec-
tion range. Furthermore, Mani and coworkers improved the performance of Mb-based
H,O; biosensors using an RGO-MWCNT-Pt/Mb electrode [233]. The RGO-MWCNT-Pt
composite was prepared using the wet chemical method, which provides good affinity
and a large surface area for the accumulation of excess Mb. The Pt nanoparticles in the
RGO-MWCNT-Pt/Mb composite showed excellent electrocatalytic activity and efficiently
prohibited the accumulation and restacking of graphene sheets and CNTs. The resultant
electrode (RGO-MWCNT-Pt/Mb) showed an excellent wide linear range from 10 pM to
0.19 nM with a detection limit of 6 pM and much higher sensitivity (1.99 pA pM’1 cm~2)
compared to other biosensors.

Additionally, HRP-fabricated H,O, electrochemical biosensors were prepared using
nano-graphene for the direct electron transfer from HRP to the substrates (electrode) [305].
These HRP-anchored graphene-based materials determine H,O, with higher selectivity and
sensitivity [224,306]. Zhang et al. reported immobilization of HRP and lysozyme enzymes
on graphene oxide sheets in phosphate buffer solution by incubating GO with enzymes at
4 °C. The immobilized enzyme molecules were studied in situ using AFM, which clearly
disclosed HRP molecules (bright spots) on the surface of GO. Strong hydrogen bonding
and electrostatic interaction play a key role in loading enzymes (HRP and lysozyme) on
graphene oxide, which was much higher than that on previously reported studies and
was found to be the optimum solid substrate for the immobilization of the enzyme [307].
Moreover, Fan and coworkers applied the same method to generate graphene-poly (sodium
4-styrenesulfonate) /biomimetic graphene capsules (GS-PSS/GRCAPS) nanocomposites
for direct electrochemical sensing of H,O,. Initially, porous CaCO3 was used as a sup-
port for HRP encapsulation in GRCAPS. Afterward, a GS-PSS/GRCAPS composite was
synthesized via layer-by-layer electrostatic self-assembly, in which negatively charged
GS-PSS electrostatically interact with positively charged PEI@QGRCAPS [261]. GRCAPS
was revealed to mimic the existing enzymes in living cells and provide a satisfactory
microenvironment for HRP to realize direct electron transfer at the modified electrode.
The resultant electrochemical biosensor exhibited long-term stability, low detection limit,
extensive linear range, and an excellent anti-interference ability. A nonenzymatic and
highly electrocatalytic H,O, biosensor was proposed using a novel electrode composed
of hemin-capped biomineralized gold nanoparticles (Hem@AuNPs), rGO, and chitosan
(CS). The excellent rGO conductivity and outstanding electrocatalytic performance of
Hem@AuNPs make them suitable for developing ultrasensitive biosensors for real-time
determination of H,O,. Taking advantages of the peroxidase-like activities of nanohybrids,
the resultant electrode demonstrated a highly selective and outstanding electrochemical
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performance toward H,O, with fast response, improved sensitivity, and stability. More
significantly, the lower determination limit of 9.3 nM and wider linear ranges of five or-
ders of magnitude enable this biosensor to accurately detect H,O, released from living
HeLa cells [266]. Jiao et al. reported nonenzymatic biosensors for dynamic, most signif-
icant ROS. Intracellular nonenzymatic monitoring of HO, was achieved via loading of
AuPtAg nanoalloy on rGO capped with poly (diallyldimethylammonium chloride). The
constructed biosensor showed rapid and precise measurement of H,O, released from can-
cerous cells. The precise and accurate detection of HyO; is due to the remarkable rGO and
PDDA conductivity with outstanding synergistic electrocatalytic performance of ternary
alloys. The remarkable electrochemical performance of the resultant biosensor, with a low
detection limit (1.2 nM) and wide linear range (from 0.05 uM to 5.5 mM), is due to the
peroxidase-like activity of the AuPtAg nanoalloy [59]. In another study, a cytochrome c
(Cyt ¢)-immobilized Au nanoparticle-loaded 3D graphene aerogel (3DGA) was synthesized
for the detection of HyO,. Morphological and surface study of the 3DGA-AuNPs revealed
efficacious formation of 3D-networked assembly, which helps in enhancing conductivity
and effective enzyme immobilization. The large surface of 3DGA and biocompatibility
of AuNPs help in enabling direct electron transfer between the electrode and Cyt c. The
as-prepared 3DGA-AuNPs/Cyt ¢/GCE exhibited a pair of well-defined redox peaks of a
Fe/ Il redox couple of Cyt c and revealed excellent electrocatalytic potential toward HyO,
with high sensitivity of 351.57 pA mM~! em~2 [302].

3.5. Carbon Nanotubes (CNTs)

CNTs, an allotropic form of carbon, are composed of a graphene sheet packed in a tube
constituting a cylinder (single-walled CNTs (SWCNTs)) or concentric and closed tubules
(multiwalled CNTs (MWCNTs)) [308-310]. The combination of CNTs in biosensors offers
numerous advantages, including increased surface area, smooth charge transfer, stacking
of various biomolecules, and improved conductivity of the resulting platform as shown in
Table 5 [310-312].

3.5.1. H,O; Electrochemical Sensors Based on the Association of CNTs and Hemoproteins

Direct electrochemical assignment of proteins in biosensors is an area of high interest.
However, direct electron transfer between proteins and electrodes is faced with major
problems, i.e., the distance between the redox center and electrode and protein denaturation.
Different methods, including polymer adsorption, covalent binding, and layer-by-layer
film assembly, are well known for the deposition of protein molecules on the electrode
surface. The excellent electrocatalytic properties of CNTs make them valuable in loading
biomolecules and for use as biosensors. CNTs function as nanowires and boost the electron
transfer from the protein’s redox center to the electrode. The heme-containing proteins
(Hb, Mb, Cyt ¢, and HRP) are the most common analytes for protein detection [313].
Heme proteins are the center of several biological redox reactions. Therefore, several
studies reported the efficacy of these proteins as a biosensor for H,O,, nitrite, or hydrogen
sulfide detection. Yang et al. have developed a method to directly bind hemoglobin
to a vertically aligned CNT surface. They modified the nanotubes so they could use
diazonium chemistry to directly bind hemoglobin. In amperometric detection of H,O5, an
Hb-ACNT electrode exhibits a wide concentration range (40 M to 3 mM), LOD of 5.4 M,
high sensitivity, and long-term stability [314]. This aligned NT forest shows accumulation
of Hb on a large area rather than immobilization in unsystematic tangled webs of CNT.
Furthermore, Esplandiu et al. immobilized Mb to detect H,O,, studied direct electron
transfer kinetic, and showed that vertically aligned NT forests possess better kinetics
compared to the epoxy incorporated SWCNT/Mb sensor [315]. In addition, their LOD
was 50 nM for HyO,, superior to other random and aligned NT methods. The release
of HyO, from living HepG2 cancer cells was studied by Zhang and coworkers, who
constructed an enzyme-based biosensor with a LOD of 0.23 uM using SWCNTs as a
robust scaffold for Hb immobilization. The constructed biosensor was also used for the
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quantification of HyO, released from HepG2 cells via in situ biosynthesis of ZnO quantum
dots, which was further confirmed by fluorescence staining [316]. Wang et al. applied a
simple dispersion method to coat a GCEs with SWCNT and heme proteins in the presence
of cetylrimethylammonium bromide (CTAB) [317]. CTAB-suspended NTs facilitate the
immobilization of Mb, Cyt ¢, and HRP on the electrode surface. Redox chemistry of
heme was studied in the presence of SWCNTs. The developed electrode was precisely
used for nitrite and HpO, detection, which gave rise to a new-fangled peak in cyclic
voltammograms with decreased in heme reduction peak. The results indicate that the
electrode exhibited a response time of only 4 s, LOD of 3.6 M, and less sensitivity for HyO,
detection. Several researchers have also demonstrated the efficacy of the immobilization
of heme proteins on polymers. For instance, Hb was immobilized on polyelectrolyte
surfactant polymers [318], where Hb retained a secondary structure, thus reducing the
effect of protein denaturation in polymers. Moreover, the addition of SWCNT to the
nanocomposite enhanced the reaction kinetics, and HO, was sensed with a LOD of 0.8 M.
Likewise, MWCNT and Mb were immobilized on the collagen polymers [319], where H,O,
was measured with a linear range from 0.6 to 39 M. Nagaraju et al. used self-assembled
monolayers of 4-aminothiophenol on gold electrodes with immobilized Cyt ¢ for H,O,
detection [320]. Three orders of magnitude of faster electron transfer kinetics were observed
with SWCNT in these monolayers as compared to the non-SWCNT monolayer. The results
confirmed that NTs increased the direct electron transfer. However, large step changes
(3.8 mM) in H,O, were used, and no LOD was calculated. Thus, the sensitivity was
not very significant. A layer-by-layer approach was also implemented to immobilize
proteins rather than simultaneous deposition of all components, e.g., chitosan-stabilized
NTs were placed on GCE, followed by the accumulation of gold NPs on chitosan, and
subsequently, Hb was bound to the gold surface [321]. This method is beneficial in retaining
the bioactivity of Hb and increases the amount of enzyme activity. The method showed
a LOD of 0.2 M for H,O, detection. The heme-based biosensors showed rapid and fast
detection of changes in HyO,. In general, HRP is the most widely used in biosensing
as compared to other heme-containing proteins, which shows the best results compared
to others. The lowest limits of detection for H,O, were achieved using an aligned NT
geometry, which supports the accumulation of the heme protein and which, in turn,
leads to fast electron transfer from proteins to electrodes. Future studies are required to
address the reproducibility of electrode fabrication, practical geometries, and uses for real
samples. SWCNTs, HRP, and 1-butyl-3-methylimidazolium tetrafluoroborate (BMIM-BFy)
were combined to construct a cellular HyO; sensor. At a working potential of —0.35V,
HRP-BMIM-BF4/SWCNTs/CFUME showed a dynamic range of ~10.2 uM, with a low
detection limit of 0.13 uM (S/N = 3) and high sensitivity of 4.25 A/M cm?. Due to its small
dimension and low working potential, HRP-BMIM-BF,/SWCNTs/CFUME allowed direct
amperometric real-time monitoring of H,O, in HeLa cells treated with camptothecin (an
anticancer drug) without complex data processing and extra surface coatings to prevent
interference. Thus, its testing evidently demonstrated a significantly high level of H,O, in
HelLa cells under camptothecin stress [322]. A schematic presentation of enzyme loaded
CNTs for the detection of HyO, in living cells is shown in Figure 6.

Table 5. CNTs-supported metal nanoparticles biosensors for electrochemical sensing of H,O, secreted
from cancerous cells.

. Sensitivity Linear Range Detection Limit

CNTs H,O; Biosensors WA mM-1em 2 (uM) (M) Ref.

ZnO/COOH-MWNTs - 1-21 - [323]

GCE/MWCNTs-CDs 0.039 3.5-300 0.25 [324]
((APy)e[HaW1,0491)/ B .

(SWCNT-COOH) 04 (3251

GCE/CNTs-PAMAM
BN NG 987.5 3-400 0.8 [326]

195



Nanomaterials 2022, 12, 1475

Table 5. Cont.

Sensitivity Linear Range Detection Limit

CNTs H,O, Biosensors WA mM-1 em-2 (uM) (M) Ref.
GCE/Cg-MWCNTs
CS-IL/MB/CuNP 0.0243 2-4 0.055 [327]
3D PB NPs/G-CNTs 0.11343 1-3161 0.095 [328]
CF@N-CNTAs-AuNPs 142 1-4300 0.05 [329]
CDs/MWCNTs/GCE - - - [324]
OECT/PET/CE-CNTs/PtNPs - 0.5-100 0.2 [330]
ZNBs/fMWCNTs - 0.049-22 0.035 [331]
ZnONPs/MWCNTs - 1000-200,000 - [332]
N-CNTs 30 - 0.5 [333]
(GC) (BG-CNPs/GC) - - [334]
GCE/rGONRs/MnO, 0.0142 0.25-2245 0.071 [335]
EtChlﬂg Fe (acac) HAuC1,
Annea ing Cu(acac),
Mo0,@PPy NCNTs NCNTs@Fe,0,8Cu  NCNTs@Fe 0,8Au
Reference electrode<— —>rAuxiliary electrode l
‘ Cyl c

S e =
i
Working elect ‘
/r\g.‘
@ > Fe, @ —cCu @M »—Cytochrome C

Figure 6. Enzyme-loaded CNTs for the detection of HyO, in living cells. Reproduced with permission
from [336]. Copyright 2019, Elsevier Ltd (Amsterdam, The Netherlands).

3.5.2. HyO, Electrochemical Sensors Based on the Association of Metallic Nanoparticles
and CNTs

In the last few years, the connotation of metal nanoparticles with CNTs has been
considered a valuable alternate for the development of highly sensitive and selective
sensors for HyO, detection shown in Figure 7 [41,337,338]. Zhang et al. developed a
remarkable stretchy nanohybrid microelectrode using carbon fibers [329]. The constructed
microelectrode reproduced a remarkable analytical signal at 0.300 V, with an ultrasmall
LOD as low as nanomolar. Rapid and ultrasmall sensing of H,O, excreted from MCF-7 and
MDA-MB-231 cells was achieved because of the synergistic catalytic activity of the N-CNTA-
decorated AuNPs. Table 6 showed non-enzymatic CNTs biosensors for H,O, sensing.
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Figure 7. Mechanism of metal nanoparticle loaded CNTs for real-time analyses of H,O, secreted from live
cells. Reproduced with permission from [324], Copyright 2016 Spinger Ltd (Berlin/Heidelberg, Germany).

Table 6. Ultra-sensitive electrochemical biosensors for detection of H,O,.

Sensitivity Detection Limit

H, O, Biosensors WA mM-1 cm-2 Linear Range (uM) (uM) Ref.
GN-HN-SWCNT 0.015 0.2-400 0.05 [206]
Cyt c/GO-MWCNT/Au NP 0.533 1x107%-1.4 x 107* 27.7 x 10~° [232]
HRP/P-L-His-rGO 2.6 x 10° 0.2-5000 0.05 [224]
HRP/AuNP/ThGP 0.086 0.5-1800 0.01 [225]
RGO-MWCNT-Pt/Mb 1.990 1x1075-1.9 x 10~* 16 x 10°° [233]
CoTPP/RGO 0.0013 0.1-4600 0.02 [243]
GN-Pt 0.01 2-710 0.5 [277]
PDA-RGO/Ag NP 0.0111 0.5-8000 2.07 [282]
Pt/GN 0.0204 2.5-6650 0.8 [41]
PtAuNPs-CTAB-GR 0.1654 0.005-4.8 0.0017 [294]
Pd-NPs/GN 0.019 0.001-2000 0.0002 [298]
GCE/MWCNTs-CDs 0.039 3.5-300 0.25 [324]
GCE/Cg-MWCNTs
CS-1L/MB/CuNP 0.0243 24 0.055 [327]
GCE/rGONRs/MnO, 0.0142 0.25-2245 0.071 [335]

Bai et al. developed an electrode with high electrocatalytic activity using carbon dots
(CDs) and oxidized MWCNTs modified GCEs [324]. The excellent biosensing capability of
the MWCNT/CD/GCEs composite is associated with the large surface area and electron
acceptor characteristics of MWCNTs and with the excellent donor capacity of the CDs. The
analytical performance of the sensor is highly dependent on the MWCNT:CD ratio, so 10:1
was selected for electrode manufacturing. The developed biosensors successfully quantified
the HyO; secreted from HeLa cells with a linear range of 3.5 x 10 %and3 x 10*Mand a
LOD of 0.25 mM.

Liu and Ding used a Pt-encapsulated poly(amidoamine) dendrimer with amine termi-
nations (G6-NH, PAMAM dendrimer) covalently attached to a carboxylated CNT compos-
ite [326]. Elaborated architectures showed a rapid, reproducible, and steady response at
0.150 V, with a linear range between 3 and 400 mM. The biosensor successfully detected
H,0; in MCF-7 cells with an LOD of 0.8 mM. Liu at al. modified GCEs by dendrimer-
encapsulated Pt nanoclusters and carbon nanotubes (Pt-DENs/CNTs) to detect extracellular
H,0; excreted from live cells. Those Pt-DENs/CNTs nanocomposites were characterized
by UV-Vis spectra, SEM, energy-dispersive X-ray spectroscopy, and TEM. The nonenzy-
matic sensor displayed exceptional catalytic activity in HyO, reduction. The effective
nonenzymatic sensing capability of H,O, reduction revealed that the Pt-DENs/CNTs
sensor has potential application in screening H,O, in cellular processes [326].

Real-time monitoring of H,O; secreted from living cells is important to understand the
occurrence of diseases and searching of new therapeutic strategies. Zhao et al. successfully
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synthesized three-dimensional carbon nanotubes spaced graphene aerogel decorated with
Prussian blue nanoparticles (3D PB NPs/G-CNTs) by one-step mild temperature treatment,
in which the PB NPs acquire intrinsic peroxidase-like activity. The 3D porous structure of
G-CNTs with large surface and high electrical conductivity can efficiently enhance catalytic
performance and help in real-time detection of H,O, released from living cells. The
composite exhibited good catalytic performance toward Hy,O, reduction with sensitivity of
134.3 pAmM ! em =2, LOD of 95 nM, and wide linear range of 1-3161 uM [328].

Zhang et al. integrated FezO4 and Cu nanoparticles (NPs) into the NCNTs to pro-
duce N-doped carbon@Fe30,4-Cu nanotubes (NCNTs@Fe30,@Cu) through a one-pot high-
temperature decomposition. Then, Au NPs were assembled on the magnetic NCNTs to
obtain an NCNTs@Fe;O4@Au composite by galvanic replacement with Cu NPs. The re-
sultant composite provided a suitable platform for the immobilization of the enzyme to
fabricate biosensors for H,O, monitoring. After the cytochrome ¢ (Cyt ¢) was accumu-
lated by the NCNTs@Fe30,@Au composite, the Cyt ¢/NCNTs@Fe30,@Au gathered to
the surface of the electrode with an external magnet [336]. Tabrizi et al. developed a flow
injection amperometric sandwich-type aptasensor for the detection of human leukemic
lymphoblasts (CCRF-CEM). An amperometric biosensor was synthesized by decorating
nanogold on poly(3,4-ethylenedioxythiophene) (PEDOT-Aunano). PEDOT-Aunan, acts
as a nano-platform for immobilizing a thiolated sgc8c aptamer and MWCNTs loaded
PdNPs/3,4,9,10-perylene tetracarboxylic acid (MWCNTs-Pdnano/PTCA) to assemble a
catalytic labeled aptamer. In this strategy, the CCRF-CEM cancer cells were sandwiched
between the immobilized sgc8c aptamer on PEDOT-Aunano (electrode) and sgc8c aptamer
MWCNTs-Pdpano /PTCA /aptamer (catalytic site). The resultant sandwich-type aptasensor
determined the CCRF-CEM cancer cell concentration using 0.1 mM H,O; (electroactive
component). The MWCNTs-Pdpano nanocomposites enhanced the electrocatalytic reduc-
tion of HyO,, which further boost sensor sensitivity toward CCRF-CEM cancer cells. The
proposed sandwich-type aptasensor displayed outstanding analytical performance for
real-time determination of CCRF-CEM cancer cells with high selectivity, ranging from
1.0 x 10! t0 5.0 x 10° cells mL~! with an LOD of 8 cells mL~! [339].

3.5.3. In Vivo Sensing of H,O, Release from Carcinoma Cells

Considering the significance of cellular H,O, in cell pharmacology and pathophysi-
ology, accurate and reliable in vivo detection of cellular H,O; is sorely needed. Sensing
H,0; at cellular level is constrained by several factors, including small cell size, low con-
centration of cellular H,O,, and interferences in the culture medium [215,340]. Such in situ
monitoring of the cellular release of HO, provides a new in vitro drug screening platform
for personalized medicine and cancer therapy. Enzyme-based electrochemical sensing is
efficient for continuous in situ monitoring of H,O, because of its high sensitivity, rapid
response, and selectivity [27,267]. In vivo monitoring of H,O, secreted from living cells is
essential in understanding cellular signaling pathways. The release of H,O, from living
cells is very low because the selective detection of H,O, at a low level is challenging.

Chen et al. used a flow-through mode sensing strategy based on cell-in-lumen configu-
ration for ultra-small detection of H,O, secreted from the H1299 carcinoma cell. The current
strategy involved the growth of cells on the inner surface of a porous hollow fiber (PHF),
while a sensing layer comprised of multi-walled carbon nanotubes, gold nanoparticles
(AuNPs), and enzymes accumulated on the outer surface of the PHFE. The porous structure
of the resultant electrode proved beneficial in the exchange of H,O, from cell to sensing
layer in a short time span. The resultant electrode exhibits ultra-small sensitivity to detect
H,0O; at the nanomolar level having a detection limit of 6 nM with a wide linear range of
0.01-5 [341]. Ye et al. fabricated a PdPt NCs@SGN /GCE non enzymatic electrochemical
biosensor comprised of Pd-Pt nanocages and SnO, /graphene nanosheets. The resultant
electrode displayed excellent catalytic activity toward H,O, in situ secreted from human
cervical cancer cells (Hela cells) with high selectivity and sensitivity, a low detection limit
of 0.3 mM, and a large linear range from 1 mM to 300 mM [303]. Fe3O,4 quantum dot was
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decorated on three-dimensional graphene nanocomposites (Fe304/3DG NCs) for real time
in-situ monitoring of H,O, released from living cancer cells. The fabricated electrochemical
sensor mimics peroxidase-like activity with high sensitivity of 274.15 mA M~1em=2, alow
detection limit (78 nM), fast response (2.8 s), and outstanding reproducibility [342].

A nonenzymatic electrochemical sensor was constructed by immobilizing 2D ultrathin
MnO; nanosheets onto glassy carbon electrodes (GCE) with a Nafion film for real-time
monitoring of HyO; released from SP2/0 cells in trace amounts. The amperometric study
showed an excellent increase in electrocatalytic reduction of HyO, with an extreme low
detection limit (5 nM), wide linear range (25 nM~2 uM and 10-454 uM), and high sen-
sitivity of 3261 mA M1 ecm 2 via the immobilization of the MnO, nanosheets [239]. Xi
et al. synthesized N and S dual-doped graphene (NSG) co-doped carbocatalyst via one-pot
syntheses. The NSG-modified electrode showed superior catalytic activity toward sensing,
including a linear range up to 1.7 mM. The prepared electrode showed high sensitivity of
0.266 mA cm~2 mM~! with a detection limit as low as 1 uM (S/N = 3), with good discern-
ment, reproducibility, stability, and biocompatibility with real-time determination of H,O,
secreted from live cancerous cells [343]. Later on, Zhao et al. used a well-controlled strategy
for the syntheses of the graphene fiber microelectrode via MnO, nanowire (MnO,-NWs)
assembly (MnO,-NWs@Au-NPs). The prepared microelectrode showed proficient catalytic
performance toward the redox reaction of HyO,. The nanohybrid microelectrode showed
in vivo real-time detection of H,O; released from human breast cancer cells [344]. Recently,
Chen and his co-worker established high-index facets of an Au-Pd nanocubes loaded
rGO composite. The resultant electrode comprised of three-dimensional nanocomposites
showed a detection limit of 4 nM, a wide linear range from 0.005 uM to 3.5 mM, and real
time monitoring of endogenous H,O, in human serum samples released from a living
breast cancer cell [345].

3.6. MXenes Materials

So far, various nanomaterials have been reported and utilized for the development
of incrementally efficient biosensors. Among the most recently reported nanomaterials
available for biosensors, MXenes have attracted much attention for their huge poten-
tial in biosensor development because of their unique characteristics [346]. MXenes are
two-dimensional inorganic compounds with a thickness of a few atomic layers and they
are composed of transition metal carbides, nitrides, or carbonitrides such as titanium
carbide (TizC;) and titanium carbonitride (Ti;CN), which confers them with exceptional
characteristics, including high conductivity and superior fluorescent, optical, and plas-
monic properties [347,348]. Moreover, the biocompatible property of MXenes enables their
biomedical application [349,350]. Since they were first reported in 2011, MXenes have
been used to develop various types of advanced biosensors, including electrochemical,
fluorescent/optical, and surface-enhanced Raman spectroscopy (SERS) biosensors, by aug-
menting MXene characteristics to make them suitable for specific types of biosensors or by
combining them with other nanomaterials [351,352]. Recent studies on the development
of highly effective MXene biosensors show that this novel nanomaterial is the most ideal
candidate for biosensor development at present. So far, no considerable development
was seen in MXenes-based biosensors for detection of H,O, released from a cancer cell.
However, we foresee MXenes as having outstanding potential for detection of H,O, at an
ultra-low level with durable stability and long working hours.

4. Conclusions and Future Perspectives

Carbon nanomaterials have gained prodigious attention over the last two decades
because of their higher applicability in electrochemical sensors. This review shed light
on the application of carbon nanomaterials and their composite with metal, metal oxides,
and biomolecules for the fabrication of electrochemical sensors for real-time monitoring
of hydrogen peroxide. Initially, we discussed the recent advancement in the develop-
ment of heme protein biosensors with carbon nanomaterials as immobilization matrix and
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their application in the detection of HyO,. Subsequently, the synthesis and application of
graphene-supported nano-catalysts (metal-free, noble metals, and nonnoble metals) was
discussed in detail for the construction of nonenzymatic H,O, electrochemical sensors.
Despite the extensive advancement in the design and application of carbon nanomaterials
for the electrocatalytic determination of H,Oy, it is crucially important to develop new
techniques and methods for the synthesis of carbon-based electrocatalysts with a novel
structure and extraordinary activity. Some of the most highly ultra-sensitive biosensors for
detecting H,O, at an ultra-low level are displayed in Table 6. Furthermore, the compre-
hensive understanding and exploration of the structure-property relationship of carbon
nanomaterials and their extensive use in HyO, sensors require more efforts and research.
Particularly, its excellent electrical conductivity, electron mobility, small band gap, and ul-
trahigh surface area make it widely applicable in biosensors. These advantages of graphene
would bestow good conductivity to the capsule film, further facilitate fast electron transfer
between enzyme and basal electrode, and enhance the sensitivity and detection limit of
biosensors. We prophesy excellent biosensing potential of new MXenes materials and
carbon-based material for detection of H,O; released from cancer cells at an ultra-low level
with remarkable stability and selectivity.
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