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Editorial
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Biosensors for Quantitative Analysis of Disease Markers
and Viruses
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2 European Centre for Living Technology (ECLT), Ca’ Bottacin, Dorsoduro 3911, 30124 Venice, Italy
* Correspondence: najmeh.karimian@unive.it

Instrumental laboratory methods for biochemical and chemical analyses have reached
a high level of reliability with excellent sensitivity and specificity. However, the complex
sample preparation, the need for trained personnel as well as the use of sophisticated
and expensive instrumentation still represent a drawback. Despite the indispensability
of laboratory methods that guarantee excellence with regard to their analytical reliability,
the need to carry out quantitative analyses for large-scale and rapid screening purposes
has prompted the development of novel analytical tools, such as biosensors, capable
of providing accurate and precise analytical information at low cost, ease of use and
applicability for decentralized monitoring and point-of-care testing [1,2]. The recent global
health crisis caused by the COVID-19 pandemic has further alerted the world to the urgent
need for rapid and reliable analytical devices, which are suitable for the detection of
biologically active components of clinical relevancy.

Especially for the case of immunological tests, this recent experience has highlighted
the gap between, e.g., classical ELISA, which provides quantitative and reliable responses,
although it must be performed in a centralized laboratory by trained personnel, and
strip lateral flow tests with visual detection, suitable for decentralized use, although
capable to provide only qualitative information, sometimes with not ideal sensitivity and
specificity. New analytical devices are therefore highly sought to fill this gap, which must
combine the capability of providing quantitative instrumental responses with fast and
user-friendly applicability.

The advantages of electrochemical and optical biosensors (low cost and easy trans-
duction) are nowadays complemented in terms of improved sensitivity by combining
electrochemistry (EC) with optical techniques such as electrochemiluminescence (ECL),
EC/surface-enhanced Raman spectroscopy (SERS) and EC/surface plasmon resonance
(SPR) [3]. Despite recent impressive technological progress in this area, there are still pitfalls
that must be overcome to progress towards real world applicability. To this goal, biosensors
need to become self-contained and usable automatically or semi-automatically, while guar-
anteeing precise chemical information and analytical reliability. Hopefully, advances to
reach these difficult tasks can derive from the continuous development and application of
informatics tools, such as machine learning-based methodologies [4,5]. However, progress
in the design of the biosensors’ architecture will also be crucial.

The present Special Issue focuses on some of the abovementioned challenges, while
proposing novel approaches and exploring new applications in electrochemical, optical and
opto-electrochemical biosensors. In particular, the focus is on the quantitative detection of
disease markers and viruses. To this aim, this Special Issue presents both original research
articles and authoritative review papers.

Interesting features of SPR sensors include label-free detection, high sensitivity, real-
time monitoring and applicability to raw sample [6,7]. In their contribution to this Spe-
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cial Issue, Masson and coworkers present the new possibility of exploiting SPR to de-
velop a so-called doxy-AuNPs-based SPR biosensor for the fast and sensitive detection
of doxycycline [8]. Indeed, the authors demonstrate that the drug doxycycline can tune
the formation of Au nanoparticles to enhance the response of a SPR biosensor to this drug.
Among other interesting features, it is worth mentioning that the resulting SPR signal
scales directly with the concentration of doxycycline, contrary to the usual SPR-based
immunosensors which, being based on competition assays, result in a progressive lowering
of the response while increasing the analyte concentration.

In their article, Campuzano, Pingarron and coworkers [9] present a novel amperomet-
ric immunosensor for the determination of ST2, a member of the interleukin 1 receptor
family. ST2 has well-known relations with inflammatory and other diseases so that high
levels of sST2 are found in the serum of patients suffering from several disorders. The
proposed method is based on a sandwich immunoassay with electrochemical detection,
using a disposable screen-printed carbon electrode. Magnetic immunoconjugates are built
on the surface of carboxylic acid-microsized magnetic particles. Captured ST2 is finally
sandwiched by a biotinylated secondary antibody conjugated with a streptavidinated
peroxidase. The sensor shows interesting selectivity and sensitivity, allowing the determi-
nation of soluble ST2 in plasma samples from healthy individuals and patients diagnosed
with pancreatic ductal adenocarcinoma (PDAC), with the advantage of a relatively short
analysis time (45 min). The good correlation of the obtained results with those provided by
classical ELISA demonstrates the potential of the developed strategy for the early diagnosis
and/or prognosis of the fatal PDAC disease.

On the stream line of biosensors based on enzyme inhibition effects [10], Worden
and coworkers [11] study a novel electrochemical biosensor to detect acetylcholinesterase
(AChE) inhibitors that may trigger neurological diseases. The research is based on an
integrated approach, combining experimental results within the frame of a theoretical
model suitable to be applied to the case of an inhibition-based bi-enzyme (IBE) sensor.
Experimentally, AChE and tyrosinase (Tyr) are co-immobilized on the working electrode
component of a screen-printed electrode array. Using redox recycling of the electroactive
component of the sensor, an amplification mechanism is suitably activated to increase
the signal and the sensitivity. The theoretical model is validated by comparison between
experimental and calculated results. The model shows its capability to reproduce different
trends in the experimental results, ranging from steady-state responses to unsteady-state
dynamics of the biosensor, e.g., following the addition of a reactant (phenylacetate) and an
ACE inhibitor (PMSF).

In their research article, Kaushik and coworkers [12] present an electrochemical im-
munosensor for collagen I, chosen as a biomarker for monitoring the regeneration of dam-
aged connective tissue in tendons and ligaments. The proposed immunosensor is fabricated
using a self-assembled monolayer (SAM) of a bis-thiol to immobilize gold nanoparticles
(AuNPs) which are functionalized with the capture agent, that is a half-reduced mono-
clonal antibody. Detection is performed by electrochemical impedance spectroscopy and/or
SPR, the former technique providing the lower detection limits. Interestingly, the sensor
shows improved sensitivity with respect to the commonly used ELISA procedure for the
same analysis.

In diagnostics and theranostics, a key issue concerns the capability of detecting cancer
biomarkers. Such a role is played by microRNA (miRNA), which are small RNA sequences
(18–25 mers), whose expression level is correlated with the onset and development of
diseases, including cancer, diabetes and heart disease. In their review article, Amine and
coworkers [13] focus on direct miRNA electrochemical biosensors based on redox markers
with different designs, such as DNA-intercalating redox systems, redox catalysts as well
as free redox indicators. The authors discuss the advantages and drawbacks of these ap-
proaches, presenting the state of the art and the challenges still open to improve validation,
clinical application and possible commercialization of electrochemical biosensors for the
detection of circulating miRNA.
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Increasing attention is paid to the development of the biorecognition element able
to promote a wider applicability of electrochemical biosensors. In their review, Palchetti
and coworkers [14] present the state of the art and prospects on a key point crucial for the
future of bioanalytical sensing, which is the development of electrochemical biosensors
based on synthetic peptides. The advantages of easily synthetized peptides vs. antibodies
are evident in terms of cost effectiveness and high yields. The authors discuss the different
roles of peptides in the design of electrochemical biosensors, from their use as antifouling
agents to their role in the development of catalytic and affinity electrochemical biosensors.
Moreover, the authors discuss and compare the procedures used for the selection and
synthesis of peptides as well as the different electrochemical detection strategies based on
both label and label-free approaches, together with application for clinical diagnostics.

The drastic effect of viral infections and their transmission at an alarming rate has
highlighted the need for advanced and rapid diagnostic techniques, as dramatically demon-
strated by the COVID-19 pandemic. In their review, Arduini and coworkers [15] analyze
the most recent achievements in the field of the quick detection of SARS-CoV-2 with biosen-
sors. At first, the article presents and discusses the guidelines on COVID-19 for in vitro
diagnostic tests and their performance, developed by the European Commission in 2020.
Afterwards, the review examines technical and scientific aspects of the different biosensors
developed up to the publication of the review, focusing on biosensors designed for the
quantitative analysis of SARS-CoV-2 antigens, as tested on real matrices, such as nasophar-
ynx swabs, saliva, serum and droplets. A critical comparison between biosensors able to
provide quantitative responses vs. qualitative tests is presented. Finally, the authors discuss
the pros and cons of available analytical tools to address a feasible strategy for fabricating
an ideal biosensor suitable for the specific detection of SARS-CoV-2, hopefully offering the
possibility of a wide range use and commercialization.

Thanking all the authors for their contributions, we hope that the articles presented
in this Special Issue can offer a stimulating panorama of some of the open challenges for
advancing research in the field of electrochemical and opto-electrochemical biosensors, in
particular for the detection of viruses and disease markers. In our opinion, these contri-
butions can constitute a useful starting point for further development in this important
field, with a focus on some specific areas. Moreover, they show that when biochemistry,
electrochemistry and analytical chemistry meet, it is possible to offer at least a partial
answer to the need for real improvements in the quality of life and public health.

Author Contributions: All authors contributed equally to this editorial. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Detailed information is available on request to the corresponding author.
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Abstract: In clinical chemistry, frequent monitoring of drug levels in patients has gained considerable
importance because of the benefits of drug monitoring on human health, such as the avoidance of
high risk of over dosage or increased therapeutic efficacy. In this work, we demonstrate that the drug
doxycycline can act as an Au nanoparticle (doxy-AuNP) growth and capping agent to enhance the
response of a surface plasmon resonance (SPR) biosensor for this drug. SPR analysis revealed the high
sensitivity of doxy-AuNPs towards the detection of free doxycycline. More specifically, doxy-AuNPs
bound with protease-activated receptor-1 (PAR-1) immobilized on the SPR sensing surface yield the
response in SPR, which was enhanced following the addition of free doxy (analyte) to the solution of
doxy-AuNPs. This biosensor allowed for doxycycline detection at concentrations as low as 7 pM.
The study also examined the role of colloidal stability and growth of doxy-AuNPs in relation to the
response-enhancement strategy based on doxy-AuNPs. Thus, the doxy-AuNPs-based SPR biosensor
is an excellent platform for the detection of doxycycline and demonstrates a new biosensing scheme
where the analyte can provide enhancement.

Keywords: gold nanoparticles; doxycycline; tetracycline; SPR biosensor; signal amplification;
clinical diagnosis

1. Introduction

It is important in the analytical community to develop sensors for frequent monitoring of drugs.
In particular, clinical diagnosis and therapeutic procedures demand sensors to assess drug levels in
patients. There is a need to obtain accurate test results in a short time for a large number of samples
to decide on the course of medical treatments [1]. As such, different laboratory-based techniques are
often employed to measure the drug concentrations in biofluid of patients, which serves to adjust
medication knowing the active concentration of drugs in blood. As such, regular monitoring of drug
levels in patients can prevent its toxicity and damage to organs [2,3].

Doxycycline is a wide-spectrum drug belonging to the tetracycline family of antibiotics, which has
been a drug of choice for treatment of several types of bacterial infections [4]. Protease-activated
receptor-1 (PAR-1) is the member of PARs (protease-activated receptors) family that was identified in
1991 by two independent laboratories during the investigation of thrombin signaling pathway in both
hamster and human cells. PAR-1 is expressed in all kinds of blood cells as well as in immune cells
epithelium, astrocytes, and neurons [5]. PAR-1 is the receptor protein with which doxycycline binds to
inhibit the tumor progression [6].

According to FDA, safe dose of doxycycline is 200 mg on first day of treatment followed
by 100 mg per day. In case of prolonged high dose, patient may suffer from gastrointestinal and

Biosensors 2020, 10, 184; doi:10.3390/bios10110184 www.mdpi.com/journal/biosensors5
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renal diseases. It is a relatively low-toxicity drug and has been recommended for human use for a
long time. However, the long-term use of doxycycline may lead to some side effects. Elzeinová et al.
reported the adverse effects of doxycycline on testicular tissue and sperm parameters in CD1 outbred
mice [7]. According to them, the treatment of male mice with doxycycline in puberty led to long-lasting
effects on reproductive organs and spermatozoa in adult males. They reported that the effect
of doxycycline was concentration dependent. In addition, antitumor activities of doxycycline
against different types of malignancies have also been reported elsewhere. For example, Sun et al.
and Liu et al. have reported cytotoxicity and antimetastatic activity of doxycycline in melanoma and
breast carcinomas [8,9]. According to Son et al., doxycycline has potential to show apoptotic activities
in pancreatic cancer cells [10]. Duivenvoorden et al. has reported that doxycycline treatment could be
effective to reduce the tumor burden in bone metastasis mouse model of human breast cancer [11].
All these studies suggest that this valuable antibiotic also has potential to treat other types of human
cancers and thus a candidate anticancer drug of high research value. It is, therefore, important to
monitor the concentration of doxycycline (doxy) in blood to optimize the dosage and reducing the
side effects.

Currently, methods used for doxycycline detection involve analytical techniques such as
high-performance liquid chromatography (HPLC) [12], sequential injection chromatography (SIC) [13],
and potentiometry [14]. These techniques provide accuracy and reasonably good detection limits
but have disadvantages such as need of complicated sample preparation, trained personnel,
and sophisticated instruments and thus cannot provide onsite and fast detection. Therefore, there is a
need to develop alternative methods that can provide onsite, fast, and sensitive detection of doxycycline.

Surface plasmon resonance (SPR) biosensor is an optical technique that measures the binding
events quantitatively in real time without labeling the interacting molecules [15]. The physical principle
of SPR technique involves the measurement of changes in refractive index when the interaction of
molecules takes place at the sensor surface [16]. The benefits of the SPR technique include label-free
detection, high sensitivity, real-time monitoring, and crude sample analysis [17]. These advantages
make this SPR technique a reliable and convenient one to examine the binding specificity and interaction
of biomolecules, as first reported in 1982 when Liedberg et al. initially reported the use of a SPR-based
biosensor for the detection of biomolecular interaction [18]. Till now, this technique has been primarily
used as an effective tool for biomolecular interaction analysis, but more recently, clinical analysis is
increasingly reported [19]. SPR sensing proceeds without altering or damaging the composition of
original analyte [20] and is increasingly proposed for clinical diagnostics [21,22], drug monitoring [23],
environmental monitoring [24,25], food analysis [26,27], and biochemistry [28].

Despite the many advantages of SPR biosensors, the binding of small molecules to the sensor surface
typically results in small shifts, which constitutes a limitation of SPR biosensors. Most portable and small
SPR instruments are not sensitive enough to assess such small refractive index changes, which make
them unfit to use for ultrasensitive detection of small organic drugs [29]. To overcome this limitation,
different groups have employed various enhancement strategies in conjugation with SPR, such as
enzyme [30], polymerase chain reaction (PCR) [31], and gold nanoparticles (AuNPs) enhancement
methods [32]. Among them AuNPs-based enhancement strategies have received considerable attention
and played a significant role in response amplification of SPR biosensors [33]. The ease of synthesis,
good stability, biocompatibility, low toxicity, and ability of surface functionalization of AuNPs make
them an attractive tool for biomedical applications [34]. AuNPs support localized surface plasmon
resonances (LSPR), arising from the combined oscillations of electrons present in the conduction band
of the metal [35]. The electronic coupling between the LSPR of gold nanostructures and SPR is often
applied as a strategy to amplify the response signals of biosensors. For example, this strategy has been
designed for the detection of methotrexate [23] and testosterone [36].

AuNPs are extensively applied in SPR biosensors, as such the effect of size of nanoparticles
on SPR interactions is increasingly well understood. According to Kelly et al., size and shape of
the nanomaterials could be effectively used to control the plasmonic characteristics as well as the
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electromagnetic field amplification of AuNPs [37]. Comparatively, larger nanostructures give higher
sensitivity towards changes in refractive index than the smaller nanostructures. Uludag and Tothill
studied the effect of size of AuNPs over the SPR sensor response. According to them, increasing the
size of AuNPs resulted in higher sensor response [38]. Springer et al. observed that the size of AuNPs
affects the diffusion mass transfer rate as well as the SPR signal and resulted in optical enhancement of
SPR biosensor [39]. All these considerations suggested that the size of AuNP is critical and needs more
attention while studying the biomolecular interaction via SPR biosensor.

To further build on the use of AuNPs-enhanced SPR for drug detection, we report on the fabrication
of a doxy-AuNPs-based SPR biosensor for fast and sensitive detection of doxycycline. The use of the
analyte to trigger AuNPs overgrowth is used as a novel sensing principle, where the signal of the
SPR sensor is proportional to the concentration of doxycycline, in opposition to the usual competition
assays resulting in a reduced response of the SPR sensor with concentration. Synthesized doxy-AuNPs
were characterized by UV–VIS, X-ray diffraction (XRD), FT-IR, and transmission electron microscopy
(TEM). SPR analysis was performed to demonstrate the detection of doxycycline. Various conditions
were optimized to improve the SPR response. In this study, doxy-AuNP containing sodium
chloride (NaCl) was employed as reagent providing further increase in the biosensor response.
Thus, the doxy-AuNPs-based SPR biosensor is an excellent platform for the ultrasensitive detection
of doxycycline.

2. Experimental

2.1. Materials

Gold (III) chloride trihydrate, doxycycline hyclate, N-hydroxysuccinimide (NHS), 16-mercapto-
hexadecanoic acid (16-MHA), 11-mercapto-1-undecanol, ethanolamine hydrochloride, and sodium
chloride were purchased from Sigma Aldrich (Oakville, Canada). Sodium hydroxide and
N-ethyl-N’-(3-dimethylaminopropyl)-carbodiimide (EDC) were purchased from Fluka chemicals.
Protease-activated receptor (PAR-1) was purchased from Cedarlane (Burlington, Canada).

2.2. Preparation of the Doxy-AuNPs

To prepare doxy-AuNPs, aqueous solutions of 4 mL gold chloride (0.4 mM) and 2 mL doxycycline
(0.8 mM) were added in a conical flask. To the mixture, 3 mL sodium hydroxide (0.01 M) was added.
The mixture was continuously stirred for 3 min. After 3 min, a ruby red color was observed (Figure 1).
A UV–Vis spectrophotometer (Model Cary 100 Bio, Varian, Palo Alto, USA) was used to monitor the
synthesis of doxy-AuNPs in wavelength range of 300–800 nm.
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Figure 1. Scheme illustration of doxycycline effect on overgrowth of doxycycline Au nanoparticles
(doxy-AuNPs).

2.3. Characterization of the Doxy-AuNPs

The crystalline nature of doxy-AuNPs was confirmed via XRD studies. The solution containing
doxy-AuNPs was centrifuged three times at 10,000 rpm for 30 min and washed with deionized water
each time. Then, the pellet obtained after centrifugation was left overnight to dry under fume hood.
Powder XRD analysis was performed with Bruker D2 Phaser using Cu Kα radiation (1.54 Å λ) in the 2θ
region, from 0 to 80◦. Transmission electron microscopy (TEM) (FEI Tecnai t12) with voltage 80 kV and
final emission 10μA was used to examine the size and shape of doxy-AuNPs. Moreover, 2k AMT camera
was applied to take micrographs of doxy-AuNPs. Sample for TEM was prepared by placing 10 μL
of doxy-AuNPs colloidal solution on copper grid coated with carbon and formvar film. The sample
was left for 24 h to dry and then analyzed with TEM. The FT-IR is the most widely used technique
to study the interaction of biomolecules with the nanomaterials. The appearance of certain spectral
changes enables to identify the interaction of certain functional groups with the nanomaterials [40].
The doxy-AuNPs were also characterized with FT-IR. The solution containing doxy-AuNPs was
centrifuged three times at 10,000 rpm for 30 min and washed with deionized water each time. Then
the pellet obtained after centrifugation was dried under fume hood for 24 h, transferred, and analyzed
with FT-IR.

2.4. Fabrication of the SPR Sensor

SPR measurements were performed on a portable SPR instrument (Affinité Instruments, Montréal,
QC, Canada) [23]. A dove prism with a gold film (1 nm Cr and 45 nm Au) was immobilized with
a self-assembled monolayer (SAM) of 16-mercaptohexadecanoic acid and 11-mercapto-1-undecanol
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(Supporting Information, page S2). The SAM has the ability to bind receptor (protease-activated
receptor-1) PAR-1 and is capable for resisting nonspecific adsorption on sensing surface for quantification
of biomolecule [41]. This modified gold-coated prism with SAM was placed into the chip holder of
the SPR setup. Then, a disposable PDMS flow cell was mounted over the prism and tighten with
a clamp. The reference and sample solutions were injected at different sensing areas via separate
injection ports. In PDMS flow cell, there are two separate flow channels, one for sample solution and
other for reference solution. For the sample solution, the flow channel is S-shaped and comprise three
different sensing areas, providing analysis of sample in triplicate. The total volume of the channel for
sample analysis is 16 μL. For the reference solution, the flow channel covers the fourth sensing area
with a volume of 5 μL. The whole SPR system was connected to custom LabView software via a laptop.
Data acquired by the SPR system was controlled by software and minimum finding algorithm based
on a second-order polynomial fit was used to integrate SPR signal at each time point. The sensorgrams
for all four sensing areas were recorded in real time.

2.5. Immobilization of Receptor on Sensor Surface

In all SPR experiments, the SAM-modified gold-coated prism was inserted in the SPR
instrument. First, Milli-Q water was added into the flow cell and left for 15–20 min for stabilization.
Afterwards, the sensing surface was activated with EDC/NHS and left for 5 min until the resonant
wavelength was constant. Then, the sensing surface was rinsed with PBS, followed by the injection of
the receptor solution of protease-activated receptor-1 (PAR-1) at 5 μg mL−1 and reacted for 15 min.
The receptor PAR-1 was covalently attached to the SAM through activated carboxylic acid group
from EDC/NHS. Subsequently, nonspecific binding sites on the sensing surfaces were blocked by
injecting 1 M ethanolamine hydrochloride (pH 8.0) for 10 min followed by rinsing with PBS to remove
noncovalently attached receptor PAR-1. This procedure was repeated for all SPR experiments.

2.6. Electrolytic Stability of Doxy-AuNPs

To examine the electrolytic stability of doxy-AuNPs, different concentrations of NaCl (from 50 to
1000 mM) were added in doxy-AuNPs colloidal solutions and their UV spectra were recorded
(Model Cary 100 Bio, Varian, Palo Alto, USA) in the wavelength range of 300–800 nm. To select the
suitable electrolytic condition of doxy-AuNPs, which can give larger SPR response, doxy-AuNPs
containing varying concentrations of NaCl (from 50 to 1000 mM) were injected in SPR followed by
rinsing each time before and after each injection with same concentration of NaCl in water to record
the refractive index baseline. A control experiment of doxy-AuNPs without NaCl was also conducted
and sensorgrams were recorded in real time.

2.7. Sequential Analysis for Determination of Concentration of Doxycycline

To examine the effect of doxycycline on the growth of synthesized doxy-AuNPs,
varying concentrations of doxycycline (from 1 nM to 1 mM) were added in suspensions of doxy-AuNPs
and their UV spectra were recorded in the wavelength range of 300–800 nm. Furthermore, to carry
out detection of doxycycline with the SPR system, varying concentrations of doxycycline (0.1 nM to
100 μM) were added in the colloidal suspension of doxy-AuNPs and injected sequentially in flow cell
at room temperature for 30 min followed by rinsing each time before and after each injection with
100 mM NaCl in water for 5 min to record baseline. Interaction between biological receptor PAR-1
and doxy-AuNPs was measured as binding shift by SPR biosensor in real time. Control experiments
were performed by injecting doxy-AuNPs (containing optimized NaCl concentration) without adding
free doxycycline in SPR system. Origin software was used to process the data utilizing the minimum
wavelength finding algorithm. From the sensorgram, last 50 data points of 100 mM NaCl steps before
and after the doxycycline sensing steps were used to calculate the binding shift from sensorgram.
The logarithm of doxy concentration was plotted against the binding shift to find the correlation
between concentration of doxycycline and binding shift. Triplicate measurements were carried for all
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conditions. Reproducibility was obtained from the triplicate SPR measurements of 100 nM doxycycline
and measured as a coefficient of variation resulting from the ratio of the standard deviation and the
mean response, in percentage.

3. Results and Discussion

3.1. Strategy of the Assay

Doxycycline is a broad-spectrum drug with its antimicrobial as well as antitumor activities [4,8,10,11].
PAR-1 is the receptor protein with which doxycycline binds to inhibit the tumor progression [6].
Therefore, SPR analysis for doxycycline detection mainly depends upon the interaction of doxy-AuNPs
with PAR-1 immobilized on sensor surface. The interaction of doxy-AuNPs with PAR-1 resulted
in change of refractive index, which consequently gives SPR response in the form of wavelength
shift. In this work, doxy-AuNPs containing NaCl were employed as an amplification element to
enhance the SPR response. Furthermore, addition of free doxycycline in doxy-AuNPs colloidal solution
causes overgrowth of doxy-AuNPs, which consequently further enhances the SPR biosensor response.
The concentration of doxy was correlated with biosensor response. This concept could be applied to
other small molecules that can act as reducing agents for gold ions. It is advantageous of synthesizing
the AuNP with the analyte as it provides a simple method for synthesis and functionalization in a
single step and allowed for the efficient overgrowth of the AuNP in presence of the analyte.

3.2. Synthesis and Stability of Doxy-AuNPs

A wet chemical reduction method was used to synthesize the doxy-AuNPs [42]. Doxycycline,
being a polyphenolic compound, reduces and stabilizes the AuNPs. The polyphenolic groups
are oxidized to their respective quinones by AuCl4− with H+ transfer and AuNPs formation.
Recently, He et al. has reported the similar phenomena [43]. The b-agonists that possess monophenolic
group or aniline showed the capability of reducing HAuCl4 into AuNPs at elevated temperature,
which means the reducing capability of such compounds are weaker than the one of the polyphenolic
compounds, such as doxycycline. Immediately after addition of doxycycline and sodium hydroxide
in gold chloride solution, AuNPs were synthesized in 3 min with characteristic ruby red color,
similar to another synthesis previously reported for L-methionine [44]. Synthesis of doxy-AuNPs
was confirmed using UV–Vis spectrophotometry. A sharp surface plasmon resonance was observed
at 520 nm, which is a characteristic LSPR (localized surface plasmon resonance) in spherical gold
nanoparticles [45], thus confirming the synthesis of doxy-AuNPs (Figure 2a). TEM images were then
acquired for further supporting the synthesis of doxy-AuNPs. Homogenously distributed spherical
gold nanoparticles were obtained with this method (Figure 2b). Average particle size of doxy-AuNPs
calculated was 4.7 ± 0.7 nm (n = 169, histogram in Supporting Information, Figure S1). The crystalline
nature of doxy-AuNPs was examined through XRD analysis. XRD pattern of doxy-AuNPs showed
strong diffraction peaks at 38.5◦, 46.1◦, 64.5◦, and 78.6◦ corresponding to {111}, {200}, {220}, and {311},
respectively, which reflects the crystalline nature of doxy-AuNPs (Figure 2c) [46].

To examine the electrolytic stability of synthesized doxy-AuNPs, different concentrations of NaCl
(from 50 to 1000 mM) were added in doxy-AuNPs colloidal solutions and their UV spectra were
recorded. Doxy-AuNPs showed good electrolytic stability with slight red shift (from 520 to 530 nm)
and small decrease in intensity up to 100 mM NaCl, whereas in case of higher concentrations from 250
to 1000 mM NaCl, LSPR band of doxy-AuNPs further red shifted from 530 to 540 nm with significant
broadening and decrease in intensity (Figure 2d). It was likely due to the refractive index shift of high
salt solution and screening of surface charge on the AuNP. Srivastava and Gupta have also reported
this phenomenon. According to them, resonance wavelength increases with higher salt content due to
interaction of the salts with the metal film [47]. The effect of salt has been previously shown to have
an impact on the Debye length and the interaction of ligand-modified AuNP for a methotrexate SPR
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sensor [48]. As such, the stability of the doxy-AuNP was essential to carry the SPR measurements
reported in this paper.

Figure 2. (a) UV–Vis spectrum of doxy-AuNPs. (b) TEM image of doxy-AuNPs, acquired at 80 kV,
with exposure of 1200 ms and magnification of 150,000X. The scale bar represents 50 nm. (c) XRD
spectra of doxy-AuNPs. (d) UV–Vis spectra showing the electrolytic stability of doxy-AuNPs in the
presence of different concentrations of NaCl.

The interaction of doxycycline in synthesis of AuNPs was studied through FT-IR (Figure 3).
In case of pure doxycycline, the absorption band was observed in the range of 3400–3200 cm−1 for
O-H and N-H bonds but this band completely disappeared in case of doxy-AuNPs. This observation
hints about the involvement of these moieties in the modification process. Likewise, the absorption
bands in the range of 1700–1500 cm−1 were attributed to α,β-unsaturated carbonyl of amide and
ketone functionalities of doxycycline. These signals moved to higher values in case of doxy-AuNPs,
although the intensity of signals is low. The shifting to higher values justified the involvement of
hydroxyl group resulting into disappearance of C=C conjugation.

11



Biosensors 2020, 10, 184

Figure 3. FT-IR spectra of doxycycline (red) and doxycycline-modified gold nanoparticles (black).

3.3. SPR Analysis for Detection of Doxycycline

3.3.1. Optimization of Electrolytic Conditions of Doxy-AuNPs

A shorter Debye length and, as a consequence, decreased colloidal stability are required for
the molecular interaction of target analyte to occur on a surface-bound receptor. The presence of
NaCl causes the electrostatic screening of surface charges by dissolved ions and reduces the Debye
length, and resulted in the higher SPR response reported previously for a methotrexate assay [48].
To select the suitable electrolytic condition of doxy-AuNPs, which can give higher SPR response,
doxy-AuNPs without NaCl and with varied concentrations of NaCl (from 50 to 1000 mM) were
injected in SPR system. In the absence of NaCl, very low and undetectable SPR response was observed
for doxy-AuNPs, whereas significantly higher SPR response was observed for doxy-AuNPs in the
presence of NaCl (Figure 4 and Figures S2 and S3 in Supporting Information page S3). Very low
SPR response of doxy-AuNPs is mainly attributed to the small size (4.7 nm) and larger Debye length
of doxy-AuNPs in absence of salt, which makes them unfit to enter deep in the binding pocket of
receptors bound to the sensor surface [49,50]. On the contrary, addition of NaCl to doxy-AuNPs
causes the electrostatic screening of surface charges by dissolved ions and reduces the Debye length,
and thus resulted in the largest SPR response [48]. The control with the same NaCl concentration
before injection of the doxy-AuNP led to changes in SPR shifts much smaller (i.e., 1 nm) than with the
doxy-AuNP. Doxy-AuNP with 50 mM NaCl led to a SPR shift of 9.5 nm, whereas the doxy-AuNP with
100 mM NaCl provided a 25 nm SPR shift. Since the doxy-AuNPs containing 100 mM NaCl generated
maximum SPR response signal (Figure 4), these conditions were selected for all further SPR bioassays
for detection of doxycycline.
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Figure 4. Effect of sodium chloride (NaCl) concentration on the surface plasmon resonance (SPR)
response of doxy-AuNPs. The SPR response was measured in the Kretschmann configuration, and the
binding shift refers to the propagating plasmon of the gold film.

3.3.2. SPR Bioassay for Doxycycline Detection

Sequential SPR analysis was performed for the detection of doxycycline (analyte). As the Au salt
and doxycycline were reacted in equimolar conditions, it is hypothesized that the reaction is incomplete
and thus, leaves unreacted Au ions in solution in addition to the AuNPs. Different concentrations of
doxycycline (0.1 nM to 10 μM) were added in the colloidal solution of doxy-AuNPs (containing 100 mM
NaCl) and injected sequentially into the flow cell of SPR system. In comparison, a control sample
was run in which doxy-AuNPs (containing 100 mM NaCl) were injected in flow cell of SPR system.
For the control sample, a 25 nm binding shift was observed with doxy-AuNPs (Figure 5a, red trace)
without the addition of doxycycline in solution while an increase in binding shift was observed with
successive addition of increasing concentrations of free doxycycline in the doxy-AuNPs colloidal
solutions (Figure 5a, black trace). This enhancement of SPR response on successive addition of free
doxycycline is mainly because increased concentration of doxycycline resulted in rapid growth of
doxy-AuNPs, similar to reported elsewhere for other tetracyclines [50], which consequently give higher
SPR response.

We conclude that the growth was likely due to the already present doxy-AuNPs in colloidal
solution working as nuclei for the gold atoms remaining from the AuNP synthesis and doxycycline
(analyte). This caused the rapid growth of seeds of doxy-AuNPs (Figure 1), which consequently
resulted in higher SPR response. Our UV–Vis results showing the effect of doxycycline addition in
doxy-AuNPs colloidal solution also supports this overgrowth. On addition of varying concentrations
of doxycycline (from 1 nM to 1 mM) in doxy-AuNPs colloidal solution, the LSPR of doxy-AuNPs
showed slight red shift with increase in intensity (Figure 5b), a typical feature of nanoparticle growth.
Shen et al. has also reported the similar phenomena for effect of tetracycline addition to the in situ
growth mechanism of AuNPs. According to them, AuNPs seeds (citrate stabilized) present in the
solution work as nuclei for the conjugation and growth of gold atoms produced as result of reaction
between tetracycline and HAuCl4 [50]. Furthermore, a similar effect of size of AuNPs on SPR response
was reported by Bukar et al. According to them, gold nanoparticles with large size and smaller Debye
length on the SPR sensor surface prevail over interaction with surface-bound receptors and lead to a
higher SPR response [48].
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Figure 5. (a) Propagating SPR response of doxy-AuNPs (control, red trace) and of doxy-AuNPs
with varying concentrations of doxy (analyte, black trace). (b) UV–Vis spectra indicating the effect
of addition of doxycycline on growth of doxy-AuNPs. (c) Sequential binding curve presenting a
correlation between log of doxy concentration and SPR response. Error bars indicate standard deviation
of triplicate measurements.

Calibration of this SPR sensor shows linearity over several orders of magnitude and detection of
doxycycline from nanomolar to micromolar (Figure 5c), which is in the clinical range, demonstrating
the applicability of the sensor for doxycycline. The blood serum levels of doxycycline reach 1–10 mg/mL
within about 2 h after administration of a dose, which corresponds to approximately 2–22 μM [51].
The sensor also showed high reproducibility with a coefficient of variation around 5% and a limit of
detection of 7 pM (established from the sensitivity and noise level of the sensor). This low limit of
detection compared favorably to the other analytical techniques developed earlier for doxycycline
detection (Table 1) and therefore highlights the advantages of the SPR sensor for doxycycline. In addition
to the excellent analytical performance, the SPR sensor is relatively simple to use on a portable instrument
that would be conducive for point-of-care measurements.
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Table 1. Comparison with other analytical techniques developed for doxycycline detection.

Ref. Method Linearity Range
Limit of Detection (LOD)

As Reported in Paper Value in mol/L

Jeyabaskaran et al., 2014 [52] RP-HPLC 25–150 μg/mL 0.02 μg/mL 3.7 × 10−8 mol/L

Adrian et al., 2012 [53] ELISA 0.25–6.7 μg/mL 0.1 μg/L 1.95 × 10−10 mol/L

Kogawa et al., 2012 [54] HPLC–UV 50–100 μg/mL 2.83 μg/mL 5.2 × 10−6 mol/L

Selvadurai et al., 2010 [55] Liquid chromatography–mass
spectrometric (LC-MS) 0.5–5 μg/mL 50 ng/mL 9.2 × 10−8 mol/L

Ramesh et al., 2010 [56] RP-HPLC 30–300 μg/mL 0.02 μg/mL 3.7 × 10−8 mol/L

This work Surface plasmon
resonance biosensor 0.1 nM–100 μM 7 pM 7 × 10−12 mol/L

4. Conclusions

An ultrasensitive SPR biosensor based on doxy-AuNPs has been successfully developed for the
detection of doxycycline. Variation in size and growth of doxy-AuNPs affected the biosensor response.
To overcome the limitation of low molecular weight of analyte, doxy-AuNPs (containing 100 mM NaCl)
have been applied as an amplification element to obtain significantly enhanced SPR response. The
reported biosensor allowed for the detection of doxycycline as low as 7 pM. The high sensitivity, low limit
of detection, excellent signal response time (less than half an hour), good stability, and reproducibility
make this SPR biosensor an excellent alternative to the conventional methods for the detection of
doxycycline. In future, the present biosensor can be applied in different fields of medical diagnostics
and environmental monitoring for the detection of doxycycline.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6374/10/11/184/s1,
Figure S1: Histogram of doxy-AuNPs, Figure S2: SPR sensorgram indicating the response of doxy-AuNP
(without NaCl) towards the doxycycline determination, Figure S3: SPR sensorgram indicating the response of
doxy-AuNP (with and without NaCl) towards the doxycycline determination and additional information on
the fabrication of SPR sensor using 16-mercaptohexadecanoic acid (16-MHA) and 11-mercapto-1-undecanol,
on Protease activated receptor 1 (PAR-1) and on the role of NaCl in SPR sensing of doxycycline
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11. Duivenvoorden, W.C.M.; Popović, S.V.; Lhotük, Š.; Seidlitz, E.; Hirte, H.W.; Tozer, R.G.; Singh, G. Doxycycline
decreases tumor burden in a bone metastasis model of human breast cancer. Cancer Res. 2002, 62, 1588–1591.
[PubMed]

12. Hadad, G.M.; El-Gindy, A.; Mahmoud, W.M.M. HPLC and chemometrics-assisted UV-spectroscopy methods
for the simultaneous determination of ambroxol and doxycycline in capsule. Spectrochim. Acta Part A Mol.
Biomol. Spectrosc. 2008, 70, 655–663. [CrossRef] [PubMed]
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Abstract: A magnetic beads (MB)-involved amperometric immunosensor for the determination of
ST2, a member of the IL1 receptor family, is reported in this work. The method utilizes a sandwich
immunoassay and disposable screen-printed carbon electrodes (SPCEs). Magnetic immunoconjugates
built on the surface of carboxylic acid-microsized magnetic particles (HOOC-MBs) were used to
selectively capture ST2. A biotinylated secondary antibody further conjugated with a streptavidin
peroxidase conjugate (Strep-HRP) was used to accomplish the sandwiching of the target protein.
The immune platform exhibits great selectivity and a low limit of detection (39.6 pg mL−1) for
ST2, allowing the determination of soluble ST2 (sST2) in plasma samples from healthy individuals
and patients diagnosed with pancreatic ductal adenocarcinoma (PDAC) in only 45 min once the
immunoconjugates have been prepared. The good correlation of the obtained results with those
provided by an ELISA kit performed using the same immunoreagents demonstrates the potential of
the developed strategy for early diagnosis and/or prognosis of the fatal PDAC disease.

Keywords: electrochemical immune platform; human ST2; plasma; pancreatic cancer

1. Introduction

IL1RL1/IL33R encodes a member of the interleukin 1 receptor family known as ST2
(or IL-33R), which consists of a transmembrane receptor (ST2L) and truncates soluble (sST2)
isoforms. ST2 has well-known relations with inflammatory diseases; elevated circulating
levels of sST2 are found in the serum of patients suffering from several disorders such as
systemic lupus erythematosus pulmonary fibrosis, rheumatoid arthritis, collagen vascular
and asthma, as well as in inflammatory conditions including septic shock or trauma [1–6].

In addition, serum sST2 has been reported as a promising prognostic biomarker to
manage cardiovascular diseases [5,7–9] but, as is the case with other biomarkers, sST2 is
not only related to cardiovascular diseases. Recent studies have shown that sST2 can be
used as a biomarker of hepatic cystic echinococcosis (CE) activity; it has been reported that
it can differentially work at the cut-off value of 1246 pg mL–1 [10]. Moreover, the survey
carried out within the Oulu Project Elucidating Risk of Atherosclerosis (OPERA) dedicated
to explore the connections among cardio metabolic risk factors, different diseases, and total
mortality, showed higher sST2 levels among subjects suffering from cardiovascular disease,
cancer, mild cognitive decline, and diabetes, while elevated sST2 concentrations indicated
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a worse prognosis and could provide prognostic information on an individual mortality
before any particular diagnostic [11]. In addition, it was reported that patients suffering
from severity of metabolic syndrome (MetS), which comprises a group of metabolic abnor-
malities including central obesity, hypertension, diabetes mellitus (DM) or hyperglycaemia,
high triglyceride (TG) levels, and low levels of high-density lipoprotein cholesterol (HDL-
C), showed high serum sST2 levels, regardless of sex and age [12]. Additionally, the role of
sST2 in pathogenesis and prognosis of different types of cancer, such as glioblastoma [13],
breast cancer [14], pancreatic cancer [15], and leukaemia [16] has been described. ST2 is con-
sidered as a key molecule regulating cell proliferation [6] and exerting a pro-tumorigenic
effect on diverse types of cancer, including breast, colon, liver, lung, and pancreatic cancers,
among others [17]. Moreover, high ST2 expression has been associated with poor survival
and it is considered as a potential target for colorectal cancer immunotherapy [18]. A study
with chemotherapy-treated advanced pancreatic ductal adenocarcinoma (PDAC) patients
showed that sST2-plasma levels lower than 13,064 pg mL–1 were related to higher overall
survival (16 months) than those over the median (4 months) [19]. Increased levels of sST2
correlating with severity have also been reported in plasma samples from patients with
pancreatitis [20], a risk factor for PDAC initiation.

The evaluation of sST2 levels is generally undertaken using enzyme-linked im-
munosorbent assays (ELISA), sometimes limited by their low sensitivity and poor preci-
sion [5]. However, the ELISA assay reported in 2009 by Dieplinger et al. [3], known as
Presage® ST2, has been suggested as the only one to be used clinically [5], due to its high
precision, sensitivity, and in vitro stability, with a limit of detection (LOD) <2 ng mL–1 [21].
Only two more methods for the determination of ST2 have been reported. One consisted
of the production of molecularly imprinted polymer nanoparticles (nanoMIPs) used as
synthetic antibodies for ST2 and using surface plasmon resonance (SPR), providing a
LOD of 8.79 ng mL–1 [22]. The second method was an impedimetric immunosensor us-
ing a fullerene C60-modified disposable graphite paper electrode allowing a low LOD
of 0.124 fg mL–1. However, the impedimetric immunosensor needed more than 14 h for
preparation, followed by 30 min for antigen incubation before measurement [23].

In this paper, we describe a simple, sensitive, specific, precise, and fast electrochemical
immunoassay for the determination of ST2. The method was successfully applied to the
analysis of sST2 in human plasma from healthy individuals and from patients diagnosed
with PDAC. The target analyte in the plasma samples was specifically captured with im-
munoconjugates prepared on the surface of MBs, sandwiched with a biotinylated detector
antibody (btn-DAb), and labelled with a Strep-HRP conjugate. SPCEs were used as am-
perometric transductors to detect the activity of the enzyme magnetically captured at the
surface of the working electrode in the presence of H2O2 and hydroquinone (HQ).

2. Materials and Methods

2.1. Apparatus and Electrodes

A CHI812B potentiostat (CH Instruments, Inc., Austin, TX, USA) operated by the soft-
ware CHI812B was used for the electrochemical measurements. Screen-printed carbon elec-
trodes (SPCEs, DRP-110) and the mandatory cable connector (DRP-CAC) were purchased
from Methrom Hispania, S.I., (Madrid, Spain). A magnetic concentrator (DynaMag™-2,
123.21D, Invitrogen Dynal AS, Carlsbad, CA, USA) was used to efficiently separate and
handle MBs. Other instruments employed include: a constant temperature incubator
shaker (Optic Ivymen® System, Comecta S.A, Scharlab, Madrid, Spain), a magnetic stirrer
(Inbea S.L.), a Vortex Bunsen AGT-9, a Basic pH-meter (Basic 20+, Crison, Barcelona, Spain),
and a homemade polymethacrylate (PMMA) casing with a neodymium magnet (AIMAN
GZ) embedded. ELISA flat-bottom plates and a Magellan V 7.1 (TECAN) ELISA plate
reader were used to compare the results obtained with the developed electrochemical
immune platform.
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2.2. Materials and Reagents

MBs functionalized with carboxylic acid groups (HOOC-MBs, 2.7 μm Ø 10 mg mL–1,
Dynabeads® M-270 carboxylic acid, Cat. No: 14305D) were acquired from Invitrogen-
Thermo Fisher. Furthermore, 2-(N-morpholino) ethanesulfonic acid (MES), sodium chlo-
ride, potassium chloride, sodium dihydrogen phosphate, di-sodium hydrogen phosphate,
and Tris-hydroxymethyl-aminomethane-HCl (Tris-HCl) from Scharlab were used. N-(3-
dimethyl-aminopropyl)-N’-ethylcabodiimide (EDC), N-hydroxysulfosuccinimide (Sulfo-
NHS), ethanolamine, Tween® 20, hydroquinone (HQ), and hydrogen peroxide (H2O2,
30% w/v) were purchased from Sigma-Aldrich. Blocker casein solution (BB) (consisting of
a 1% w/v purified casein PBS solution, pH 7.4) from Thermo Scientific was used. Anti-ST2
murine monoclonal capture antibody (anti-ST2-CAb), recombinant human ST2 standard,
and goat anti-human ST2 detector antibody modified with biotin (btn-DAb) were used; all
of which were included in the Human ST2/IL-33R DuoSet® ELISA (Cat. No: DY523B-05,
R&D Systems, Inc.). Human hemoglobin (Hb), human serum albumin, (HSA) and IgG from
human serum were purchased from Sigma-Aldrich. Streptavidin peroxidase conjugate
(Strep-HRP) from Roche Diagnostics GmbH was used.

Next, 0.05 M of pH 6.0 phosphate buffer, 0.1 M of pH 8.0 phosphate buffer, pH 7.4
phosphate-buffered saline (PBS), 0.025 M of pH 5.0 MES buffer, and 0.1 M of pH 7.2
Tris−HCl buffer solutions were prepared with deionized water from a Millipore Milli-Q
purification system (18.2 MΩ cm).

2.3. Preparation of the Magnetic Immunoconjugates and Electrochemical Readout

The protocol for the biofunctionalization of the MBs was carried out under continuous
stirring (950 rpm) at 25 ◦C. A 3 μL-aliquot of the commercial HOOC-MBs solution was
deposited into a 1.5 mL centrifuge tube and, after the two washing steps with 50 μL of MES
buffer for 10 min, the surface carboxylic groups of the MBs were activated with 25 μL of a
50 mg mL–1 mixture solution of EDC/Sulfo-NHS prepared in MES buffer for 35 min. Once
activated, the beads were washed twice with 50 μL MES buffer and incubated with 25 μL
of a 10 μg mL–1 anti-ST2-CAb solution in MES buffer for 15 min. Thereafter, the blocking of
the activated free remaining MBs sites was made with 25 μL of 1 M ethanolamine solution
prepared in 0.1 M of phosphate buffer at a pH of 8.0, for 60 min. The modified beads were
then washed twice with 50 μL of 0.1 M Tris-HCl buffer at a pH of 7.2, and once more with
50 μL of BB. Subsequently, they were incubated in a 25 μL-aliquot of human ST2 standard
(or the properly diluted plasma sample to be analyzed) in BB for 15 min. Thereafter, the
modified beads were washed twice with 50 μL of BB and incubation with 25 μL of a
mixture solution containing 1.0 μg mL–1 btn-DAb and 1:1000 diluted Strep-HRP conjugate,
prepared in BB, and accomplished for 30 min to form the sandwich immunocomplexes.
Two latter additional washings with 50 μL BB were finally made.

The as-modified MBs were re-suspended in 0.05 M of pH 6.0 sodium phosphate
buffer (50 μL) and magnetically concentrated by drop-casting onto the WE surface of the
SPCE previously placed into the PMMA casing. The embedded magnet was positioned
just below the carbon working electrode of the SPCE to ensure the reproducible capture
of the modified MBs onto the working electrode surface. The ensemble SPCE/magnet
holding block was connected to the electrochemical station through the cable connector
and immersed into an electrochemical cell containing 10mL of the same buffer solution and
1.0 mM of freshly prepared HQ. Amperometric readings in stirred solutions were recorded
at−0.20 V (vs. Ag pseudo-reference electrode) upon the addition of 50 μL of a fresh 0.1 M
H2O2 solution. The provided signals correspond to the difference between the steady-state
and the background currents, the error bars having been estimated as the triple of the
standard deviation of three replicates (confidence intervals calculated for α = 0.05).

2.4. Analysis of sST2 in Plasma

The developed immunosensor was used to determine the sST2 concentration in plasma
samples, both from healthy individuals and PDAC-diagnosed patients. These samples
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were provided by the Hospital del Mar Medical Research Institute (IMIM) and approved
by the corresponding ethical permission (IMIM 2020/9067/I). Signed informed consent
from all the involved subjects, were obtained.

Due to the demonstrated absence of the matrix effect, quantification was performed
by simple interpolation of the amperometric responses provided by the immunosensor
for plasma samples diluted 25-fold or 50-fold for healthy subjects or PDAC patients,
respectively, into the calibration plot constructed with ST2 standards.

In addition, the same samples were analyzed by applying the ELISA method which
used the same immunoreagents according to the previously reported protocol [24] with
minor modifications (1.0 μg mL−1 anti-ST2-CAb solution, prepared in PBS; 200 ng mL−1

btn-DAb solution (in Reagent Diluent solution), and Strep-HRP prepared by diluting
40 times with Reagent Diluent solution the solution provided in the commercial kit).
The absorbance values obtained for plasma samples that were 25-times diluted from
healthy individuals and 100-times diluted from PDAC patients were interpolated into the
calibration graph constructed with ST2 standards.

3. Results

Figure 1a schematically shows the developed platform involving magnetic immunocar-
riers prepared by the covalent immobilization of a specific capture antibody (anti-ST2-CAb)
onto HOOC-MBs, which selectively capture ST2. This protein was subsequently recognized
with a specific biotinylated detector antibody (btn-DAb) which was enzymatically labeled
with a (Strep-HRP) polymer. Amperometric detection at –0.20 V (vs. Ag pseudo-reference
electrode) was performed onto SPCEs where the MBs bearing the sandwich immunocom-
plexes were magnetically located using a magnet-holding block. The bioaffinity reactions
taking place on the surface of the immunocarriers were evaluated in the presence of HQ as
a redox mediator, using H2O2 as an enzymatic substrate (Figure 1b). The recorded cathodic
current was proportional to the target protein level (Figure 1c).

Figure 1. Preparation of the MB-based immunosensor for the determination of ST2. (a) Steps
involved in the sandwich immunoassay; (b) Electrochemical transducer and reactions involved in
the amperometric readout; (c) Example of amperometric traces recorded for control and high ST2
content samples.
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3.1. Optimization of Experimental Variables

The fundamentals of the proposed immune platform were verified by comparing the
amperometric responses measured using both unmodified MBs and anti-ST2-CAb-MBs in
the presence of 0.0 (B) and 1000 pg mL–1 (S) ST2 standards, as well as the corresponding
S/B ratio values. To ensure that the variation in the S/B ratio values was related only to the
presence and concentration of ST2, the same buffer solution (BB) was used to perform both
S and B measurements. Figure 2a confirmed negligible non-specific adsorptions of ST2,
Strep-HRP and btn-DAb when no specific anti-ST2-CAb was attached onto the HOOC-MBs,
confirming the rationale of the proposed sandwich-based immunoassay.

 

Figure 2. Feasibility of the immunosensor design (a), and effect of the working variables on the amperometric response
provided by the developed immune platform (b–i): (b) different buffered medium for the preparation of ST2 standard
solutions; (c) concentration and (d) incubation time of anti-ST2-CAb; (e) steps involved in the working protocol; (f)
incubation time with ST2; (g) concentration of btn-DAb; (h) Strep-HRP dilution; and (i) incubation time of the mixture
containing btn-DAb and Strep-HRP. Amperometric responses measured in the presence of 0.0 (white bars) and 1000 (a) or
500 (b–i) (grey bars) pg mL–1 ST2 and the resulting signal-to-blank ratios ((S/B), blue dots and lines).

The main experimental variables involved in the preparation and performance of the
immune platform were optimized. The comparison of the amperometric measurements
(–0.20 V vs. the Ag pseudo-reference electrode) in the absence (B) and in the presence
of 500 pg mL–1 (S) ST2, according to the S/B ratio, was taken as the selection criterion.
The amount of magnetic micro-carriers and the variables involved in the amperometric
detection, including the detection potential, the pH, and composition of the supporting
electrolyte and the concentrations of H2O2 and HQ, were the same as those optimized in
previous works [25,26]. The selected pH value of 6.0 [26] agrees with the optimum pH
range (6.0–6.5) reported for HRP [27]. The study of the applied potential influence on the
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amperometric detection at SPCEs using the HRP/H2O2/HQ system in 0.05 M of pH 6.0
sodium phosphate buffer led to the selection of a potential value of−0.20 V as appropriate
to achieve good sensitivity and precision [25,26].

The tested ranges for each variable as well as the selected values are summarized in
Table 1, while the obtained results are displayed in Figure 2b–i.

Table 1. Assessed experimental variables optimized for the ST2 immunosensor development.

Variable Tested Range Selected Value

ST2 standard buffered medium PBS; PBS:BB; BB BB

[anti-ST2-CAb] (μg mL–1) 0.0–50 10

Incubation time anti-ST2 CAb (min) 15–60 15

Number of steps for the assay 1–3 2

Incubation time ST2 (min) 15–60 15

[btn-DAb] (μg mL–1) 0.25–5.0 1.0

Strep-HRP dilution 1:250–1:5000 1:1000

Incubation time btn-DAb + Strep-HRP (min) 15–60 30

Figure 2b shows the effect of the buffer solution composition on the ST2 recognition
and non-specific adsorptions. BB, PBS, and a (1:1) PBS:BB mixture were tested, with a
larger S/B ratio observed when using BB, which was selected as a buffer medium to carry
out the assay.

The amperometric responses in the presence of ST2 increased with the concentration
of the specific anti-ST2-CAb solution to be immobilized onto the surface of the MBs,
while there was no significant variation in the B response (Figure 2c). Nevertheless, a
concentration of 10 μg mL–1 anti-ST2-CAb was chosen for further work because of the
sufficiently large S/B ratio achieved and to improve the assay affordability. It is clear that
if higher sensitivity for ST2 determination was required, 50 μg mL–1 anti-ST2-CAb can
be used. As it is observed in Figure 2d, an incubation time of 15 min was enough for the
immobilization of the anti-ST2-CAb onto the activated MBs.

The number of steps involved in the assay was optimized by checking different
working protocols, requiring different stages of incubation in solutions of different compo-
sition, all of these started from the prepared anti-ST2-CAb-MBs: (1) a protocol involving
three successive incubation steps with the ST2 standard (30 min), btn-DAb (30 min), and
Strep-HRP (15 min) solutions; (2A) a protocol involving two successive steps involving
incubations in a mixture solution containing ST2 standard and btn-DAb (30 min), and in
a Strep-HRP solution (30 min); (2B) a protocol involving two successive steps consisting
of incubation with the ST2 standard solution (30 min) followed by another incubation in
a btn-DAb/Strep-HRP mixture solution (30 min); and (3) a protocol involving a single
incubation in a mixture solution containing the ST2 standard, btn-DAb, and Strep-HRP
(30 min). Figure 2e shows that larger S/B ratios were reached for protocols 2B and 3,
probably due to an improved efficiency in biorecognition events when the reagents are
in homogeneous solution. As evidenced, a better S/B ratio was reached when ST2 was
first captured on the anti-ST2-CAb-MBs, and subsequently incubated in a btn-DAb and
Strep-HRP mixture solution (Figure 2e, bars 2B). From this result we can deduce that when
target ST2 is firstly captured by the detector antibody, the effect of steric hindrance of
the ST2-btn-DAb complex is more apparent in hampering the efficient recognition by the
anti-ST2-CAb modified MBs. Therefore, this two-step working protocol (protocol 2B) was
selected for further work. According to this optimized protocol, the time required for
the complete modification of the MBs, and therefore for the preparation of the biosensor
and the determination, is 175 min. However, it should be noted that the biosensor can be
prepared, or the determination performed in as little as 45 min if starting from anti-ST2-
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CAb-MBs, which, according to the results discussed in Section 3.2, are stable for at least
22 days.

Figure 2g,h display the effect of btn-DAb and Strep-HRP concentration on the im-
munosensor response, respectively. The S/B ratio increased with btn-DAb concentration
up to 1.0 μg mL–1 and progressively decreased for larger concentrations due to the slight
increase in the blank signal (B) and the decrease in the specific response in the presence
of ST2 (S), which can be explained because of a hindered molecular recognition in the
presence of large btn-DAb amounts. As expected, smaller S/B ratio values were obtained
when low Strep-HRP tracer was loaded onto the modified MBs (Figure 2h). According to
Figures 2f and 2i, incubation times of 15 and 30 min, were selected for capturing ST2 and
for its simultaneous recognition and labeling through the HRP-Strep-btn-DAb mixture,
respectively.

3.2. Calibration Curves and Analytical Characteristics of the Immune Platform

Calibration graphs for ST2 constructed with immune platforms were prepared with
either a 10 or 50 μg mL–1 capture antibody and loaded onto the magnetic microcarriers
(Figure 3a,b).

 

Figure 3. Calibration curves constructed for the amperometric determination of ST2 with immune
platforms prepared from MBs modified with (a) 10 μg mL–1 or (b) 50 μg mL–1 anti-ST2-CAb solutions.
Comparative fictitious pictures of the anti-ST2-CAb loading onto the magnetic immunoconjugates
are also shown.

The amperometric responses increased with the ST2 concentration over the 141 to
2500 pg mL–1 and 76 to 2500 pg mL–1 ranges for the immunosensors prepared using 10 or
50 μg mL–1 anti-ST2-CAb solutions, respectively. According to the 3×sb/m criterion, where
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sb is the standard deviation for 10 amperometric measurements in the absence of ST2, and
m is the slope of the corresponding linear calibration plot, LODs of 39.6 and 26.7 pg mL–1,
respectively, were calculated. Besides, as expected, an increase in the sensitivity (0.52 nA
mL pg–1 vs. 0.30 nA mL pg–1) was apparent when using the larger loading of anti-ST2-CAb
on the MBs. Importantly, both LODs values were significantly lower than the reference
intervals reported for sST2 in human plasma and serum from males (11–45 ng mL–1 and
8.6–49.3 ng mL-1) and females (9–35 ng mL–1 and 7.32–33.5 ng mL–1) [28,29].

Compared with the only two (bio)sensors reported to date for ST2 determination,
an extremely low LOD was claimed for the impedimetric immunosensor (0.124 fg mL–1).
However, the method, involving disposable graphite paper electrodes coated with fullerene
C60, took more than 14 h, and was applied to the analysis of spiked serum samples from
healthy individuals [23]. The proof of concept SPR sensor using affinity MIP nanoparticles
achieved a LOD value of 8.79 ng mL–1 and was just applied to the analysis of spiked fetal
bovine serum [22].

The developed immune platform can be prepared in 3 h without tedious synthesis
procedures, and has an acceptable reproducibility (RSD value of 6.4% for the measurements
of 500 pg mL–1 ST2 carried out with five biosensors prepared in the same manner and tested
the same day), and great stability (no significant differences in terms of S/B ratio values
were observed for amperometric measurements of 0.0 and 1000 pg mL–1 ST2 with immune
platforms prepared from anti-ST2-CAb-MBs immunoconjugates which were stored in
filtered PBS at 4 ◦C for at least 22 days, as seen in Figure 4).

 

Figure 4. Stability of anti-ST2-CAb-MBs immunoconjugates stored in filtered PBS at 4 ◦C after their
preparation. S/B ratio values were obtained for 0.0 and 1000 pg mL–1 ST2 standards with immune
platforms prepared from the stored immunoconjugates each control day. Control limits (blue lines)
were set as ±3 s of the mean value obtained the first day of the study (n = 3).

ASPECT-PLUS ST2 test, a commercially available cassette (Critical Diagnostics), al-
lows the performance of a point-of-care test (POCT) for the determination of sST2 in
human plasma within a concentration range from 12.5 to 250 ng mL–1 [30]. This fast
(less than 35 min), quantitative lateral flow immunoassay makes use of murine mouse
monoclonal antibodies against human ST2, and goat polyclonal antibodies against murine
IgG performing fluorescence detection. Moreover, Dieplinger et al. performed a clini-
cal comparison of the ASPECT-PLUS ST2 test, MBL and PRESAGE ST2 ELISAs. These
authors concluded that, despite ASPECT-PLUS meeting the analytical requirements for
POCT and providing comparable results to those obtained with the PRESAGE ST2 ELISA
kit, there were large variation coefficients, close to 17%, and a considerable high LOD
(about 12 ng mL–1), and thus that ASPECT-PLUS is probably not suitable for risk stratifi-
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cation of healthy and/or population-based cohorts with endogenous sST2 levels below
this concentration [31]. PRESAGE ST2 and MBL ST2 sandwich-based ELISA kits provided
LODs of 1.3 ng mL–1 and 32 pg mL–1, respectively, which are comparable to that achieved
with the developed amperometric immune platform. However, ELISAs have important
comparative limitations in terms of multiplexing ability and portability.

3.3. Selectivity of the ST2 Immune Platform

The responses of the developed immunosensor were checked in the presence of some
potential interfering proteins usually found in serum. Amperometric responses were
measured for 0.0 (B) and 1000 pg mL–1 ST2 (S) in the absence and in the presence of
5 mg mL–1 HSA, 1.0 and 0.1 mg mL–1 human IgG, and 5 mg mL–1 Hb. Figure 5 shows that
1.0 mg mL–1 human IgG and HSA significantly affected the immunosensor response. As it
is well known, the presence of human anti-mouse antibodies (HAMAs) leads to significant
errors in sandwich assay configurations using murine monoclonal antibodies, due to the
possible cross-link between them and as they both capture and label detector antibodies
in the absence of a target analyte [32]. The interference in the presence of HSA was also
observed in an electrochemical aptasensor for the determination of MUC1 [33], as well
as between HSA and monoclonal immunoglobulins [34]. It appears that the degree of
interference of HSA in immunoassays may be conditioned by its degree of purification,
which depends on the presence of IgGs with a wide range of specificities that may perturb
the assay.

Moreover, according to specifications of the DY523B-05 DuoSet® ELISA, IL-1α, IL-1β,
IL-1rα, IL-1RAcP/Fc chimera, IL-1 RI, IL-1 RII and recombinant mouse ST2/Fc chimera
do not exhibit cross-reactivity with the antibodies involved in the immunosensor at a
concentration level of 50 ng mL–1, and the recombinant human IL-33 only interferes at
concentrations above 97.7 pg mL–1.

It is important to note that, as it is shown in the next section, the interferences observed
for high human IgG and HSA did not hinder the reliable determination of sST2 in plasma.

Figure 5. Amperometric measurements carried out with the developed immunosensor in the presence of different serum
proteins: 0.0 (white bars) and 1000 pg mL–1 (green bars) ST2 standards (and the corresponding S/B ratio, blue dots) prepared
in the absence or in the presence of 5.0 mg mL–1 HSA, 1.0 and 0.1 mg mL–1 human IgG (human IgG (1) and (2), respectively)
and 5.0 mg mL–1 Hb.

27



Biosensors 2021, 11, 202

3.4. sST2 determination in Plasma

The determination of sST2 was carried out in plasma from healthy individuals and
patients diagnosed with PDAC. The possible matrix effect was assessed by comparing
the slope values of the calibration plots prepared with ST2 buffered standard solutions
(0.30 ± 0.01 nA mL pg–1) using 10 μg mL–1 anti-ST2-CAb, and by adding ST2 standards
to a 25-times diluted plasma sample from a healthy individual (0.31 ± 0.06 nA mL pg–1)
(Figure 6a). The values calculated using the Student’s t-test (texp = 0.335 < ttab = 2.571)
showed no significant differences between the slope values for both calibration curves,
which means that there were no matrix effects in the diluted sample.

In this regard, the analysis was done by interpolating the amperometric readings
for 25 (healthy individuals) or 50 (PDAC patients) times diluted plasma samples into the
calibration constructed with standards. Different dilutions were applied to the samples due
to the significantly higher concentration of sST2 in those from oncology patients with the
aim of obtaining amperometric signals around the midpoint of the linear calibration plot
constructed with ST2 standards to minimize the error in the concentration quantification
by interpolation. The obtained results are summarized in Table 2, which also includes the
results provided by the ELISA methodology for the same samples according to the protocol
described in Section 2.4.

Figure 6b shows the results obtained with the immune platform by patient pool.
Figure 6c displays representative amperograms from plasma samples of healthy individuals
and PDAC patients. In addition, the correlation plot of the results provided by both
methodologies are shown in Figure 6d.

 

Figure 6. (a) Comparison of the calibration plots constructed with ST2 buffered standard solutions and by adding ST2
standards to a 25-times diluted plasma sample from a healthy individual. (b) Concentration of sST2 (in ng mL–1) obtained
with the developed immune platform in plasma samples grouped into pools. (c) Examples of the real amperometric traces
recorded with the immune platform for diluted plasma samples (25-times for healthy individuals and 50-times for PDAC
patients) for samples 6 (healthy individual) and 9 (PDAC patient) of Table 2. (d) Correlation plot for the sST2 concentration
values provided by the developed immune platform and the ELISA method (individual replicates performed for the
determinations in the 11 plasma samples are included in the plot).
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Table 2. Concentration of sST2 (in ng mL–1) obtained from the measurements carried out with the
immune platform and the ELISA method in plasma samples.

Subjects Sample
Immune Platform ELISA texp ttab

[sST2] 1 RSDn = 3, % [sST2] 1 RSDn = 3, %

Healthy in-
dividuals

1 (5.5 ± 0.8) 6.1 (5 ± 1) 9.3 0.009

2.776

2 (4.7 ± 0.2) 1.3 (4.4 ± 0.7) 6.8 1.519

3 (15 ± 1) 3.6 (15 ± 2) 6.3 0.016

4 (3.1 ± 0.6) 7.7 (2.6 ± 0.5) 7.9 2.518

5 (10.8 ± 0.7) 2.5 (10 ± 2) 6.6 1.752

6 (8 ± 1) 6.0 (8 ± 4) 9.8 0.680

PDAC
patients

7 (168 ± 6) 1.3 (166 ± 28) 3.9 0.468

8 (22 ± 2) 3.6 (20 ± 4) 4.5 2.515

9 (164 ± 18) 4.4 (160 ± 12) 1.7 0.933

10 (83 ± 6) 3.2 (83 ± 15) 4.3 0.098

11 (22 ± 4) 8.1 (25 ± 7) 6.9 1.767
1 (mean value ± t × s/

√
n, n = 3).

As expected, larger average sST2 concentrations were found for PDAC patients.
Remarkably, two patients with larger sST2 concentrations (samples 7 and 10 in Table 2)
suffered from high-grade metastatic tumors (stage 4) and showed worse prognosis (4.06 and
0.63 months, respectively). These results agree well with data reported by Kieler et al. [19],
indicating a significant negative association of sST2 levels in plasma with the median
overall survival rates (mOS).

In addition, the statistical comparison shown in Table 2 (texp < ttab = 2.776) and the
correlation parameters (slope (1.02 ± 0.02); intercept (0 ± 1) ng mL–1; R2 =0.996) confirmed
the absence of significant differences between the results provided by the developed
immune platform and the ELISA method, which is incompatible with decentralized and
multiplexed determinations.

4. Conclusions

This work reports a novel immune platform, involving the use of MBs and disposable
carbon electrodes, for the simple and rapid (45 min) determination of ST2. Sandwich
immunocomplexes labeled with HRP were prepared on the MBs surface and amperometric
transduction was performed, upon MBs magnetic capture on the surface of SPCEs. The
immune platform exhibits a high sensitivity (LOD value in the low pg mL–1 level) and
a selectivity compatible with the clinical application. In fact, the immune platform was
successfully applied to the analysis of plasma samples from patients diagnosed with
PDAC upon a simple dilution and without matrix effect. The obtained results clearly
confirmed the usefulness of the developed immune platform and the good agreement with
those provided by the ELISA method, thus allowing for the minimally invasive diagnosis
of PDAC.

Importantly, considering the reported data on the sST2 expression in several cancers,
it is tempting to speculate that the immune platform can also be useful for the diagnosis of
other tumors where this protein is overexpressed [17]. Large-scale clinical trials are needed
to further evaluate the performance of this method before it can be used for definitive
clinical diagnosis and/or prognosis. Nevertheless, the exhibited attributes in terms of
versatility, affordable cost, and the ability to perform multiplexed determinations in an
endpoint manner at POCT settings, allow envisioning the immune platform translation to
the clinic to assist in the identification and/or follow-up of patients with high-prevalence
and mortal cancer diseases.
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Abstract: This research presents an electrochemical immunosensor for collagen I detection using
a self-assembled monolayer (SAM) of gold nanoparticles (AuNPs) and covalently immobilized
half-reduced monoclonal antibody as a receptor; this allowed for the validation of the collagen I
concentration through two different independent methods: electrochemically by Electrochemical
Impedance Spectroscopy (EIS), and optically by Surface Plasmon Resonance (SPR). The high unique
advantage of the proposed sensor is based on the performance of the stable covalent immobilization
of the AuNPs and enzymatically reduced half-IgG collagen I antibodies, which ensured their appro-
priate orientation onto the sensor’s surface, good stability, and sensitivity properties. The detection
of collagen type I was performed in a concentration range from 1 to 5 pg/mL. Moreover, SPR was
utilized to confirm the immobilization of the monoclonal half-antibodies and sensing of collagen I
versus time. Furthermore, EIS experiments revealed a limit of detection (LOD) of 0.38 pg/mL. The
selectivity of the performed immunosensor was confirmed by negligible responses for BSA. The
performed approach of the immunosensor is a novel, innovative attempt that enables the detection
of collagen I with very high sensitivity in the range of pg/mL, which is significantly lower than the
commonly used enzyme-linked immunosorbent assay (ELISA).

Keywords: collagen type I; 4,4′-thiobisbenzenethiol; nanogold; electrochemical impedance spec-
troscopy; surface plasmon resonance; half antibody; medical diagnostic devices

1. Introduction

Currently, significant medical developments require the use of modern technologies
to continuously monitor a patient’s state. Accordingly, it is highly demanded to construct
and apply wearable sensors or in situ biomarkers, which are capable of detecting targets
through real-time sensing [1–3]. One such crucial biomarker is collagen. This protein is
distributed in different human tissues, such as bone, cartilage, tendons, ligaments and
the cornea, and plays an important role in the regeneration of damaged connective tissue
in tendons and ligaments [4–6]. Moreover, collagen is contained in the composition of
the extracellular matrix (ECM) and ensures the high mechanical properties required for
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connective tissue [7]. Collagen type I triple helix consists of two identical α1(I)-chains and
one α2(I)-chain. Thus, it provides relatively good biomechanical properties, including load-
bearing, tensile strength and torsional stiffness [4,8]. Collagen fibrils are directly responsible
for the mechanism of tendon regeneration [9]. Additionally, the determination of collagen
type I protein has an important function in the case of tendon inflammation [8–10]. Tendons
and ligaments exhibit high tensile strength [11] because they are mostly composed of
connective tissue, proteoglycans, elastin and collagen type I and III fibrils with spindle-
shaped tenocytes. [12,13] Nevertheless, this structure contributes to the low vascularization
of those tissues and reduce their capability for efficient regeneration. [14] To improve and
accelerate the regeneration mechanism, it is demanded to initially very precisely evaluate
the presence of collagen type I [15], which indicates the occurrence of a mechanism for
the synthesis of the collagenous fibrils and thus starting the self-healing process. [10]
This directly determines the appropriate selection of applied therapies [16] or invasive
surgical reconstruction. [15] The currently performed techniques are based on a biopsy
of the damaged tendon or ligament tissue and usually allow to determine the collagen
content with the maximum accuracy of ng/mL. [17] Accordingly, the application of in situ,
direct biomarkers to evaluate the content of the collagen type I [18] with a highly sensitive
level in the picomolar range can significantly improve the diagnosis of the occurrence of
the potential healing process and allow for the appropriate treatment sooner using either
percutaneous injection of collagen and hyaluronic acid or the implementation of invasive
surgery [16]. The presence of even a very small amount of collagen type I, in the picogram
range, can induce and accelerate the selection of the appropriate treatment earlier, to apply,
for example, different doses of hyaluronic acid or collagen type I/III injection, aiming to
avoid the implementation of highly invasive surgery. [10,15,16] To increase the retreatment
process, it is significantly relevant to indicate the concentration of collagen type I that
directly enhances the regeneration of damaged tendon tissue. For this reason, it is required
to implement sensitive systems suitable for detecting collagen type I with an accurate level
of selectivity.

The development of chemical, physical, histochemical and immunochemical methods
allowed for the detection of collagen in the micromolar concentration range at the end of
the last century [19,20]. Afterward, the application of the enzyme-linked immunosorbent
assay (ELISA) based on hydroxyproline allowed for the verification of collagen proteins
in the range of μg/mL [21,22]. Currently, electrochemical sensing platforms [23,24] that
incorporate specific antibodies responsible for selective antigen detection are at the centre
of research interest. These kinds of sensors are highly effective tools to recognise the target
analyte, with significant sensitivity and selectivity [1,2,25,26]. However, a major challenge
is related to the successful immobilization of biomolecules (enzyme/antibodies/DNA) on
the surface of the applied transducer [25–30]. For this purpose, it is fundamental to modify
the surface of the working electrode to enhance the connection with the antibody receptor.
Common methods are based on ‘lock and key’ approaches, such as G and A proteins, which
enable immobilization of the receptor antibody on the surface of the transducer [31–35].
The application of G and A proteins is highly efficient for non-covalently binding anti-
bodies, also providing to orientate them on-tail [36]. Hence, those intermediate proteins
have five and two specific domains, which allow them to appropriately terminate with
the crystallizable region (Fc) and also support the orientation of the on-tail antibodies [37];
this ensures obtaining a uniform arrangement of the receptor of their antigen-binding frag-
ment (Fab) against the complementary antigen, consequently increasing their sensitivity
properties. [38] Nevertheless, the high molecular weights of the intermediate proteins and
their insulating electric properties [39] between the redox marker and transducer substrate
have a negative influence on the electrochemical sensor’s performance, revealing higher
electron transfer resistance through Electrochemical Impedance Spectroscopy (EIS).

Alternative solutions are sensors based on redox-active platforms, which are respon-
sible for the immobilization of antibodies as well as for the transduction of analytical
signals. Their main advantage is the ability to work without applying redox markers in the
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sample [40–43]. Furthermore, there have been different attempts to allow for biosensing
that excluded additional redox species [44], such as label-free, impedance-derived redox
capacitance for Flavivirus dengue detection [45]. Another appropriate approach is related
to the immobilization of antibodies directly on the surface of the transducer through metal
nanoparticles [46–50]. These surface forms have high electrical conductivity and compati-
bility towards protein receptor molecules [51–54]. In addition, the preformed surface with
its noble metal nanoparticles [55] is a capable environment for maintaining the physio-
logical activity of immobilized proteins. Metal nanoparticle monolayers are suitable for
the immobilization of whole molecules of antibodies via electrostatic interactions [52,53],
as well as for covalent immobilization of the Fab part of antibodies via Au–S covalent
bonds [51,54]. The main benefit of using the Fab parts of antibodies is the immobilization
of the stable sensing elements, ensuring their appropriate orientation [52,55,56].

Moreover, the application of the 4,4′-thiobisbenzenethiol (TBBT) AuNPs SAM [56,57]
offers a significant advantage compared to the commonly used 1,6-hexanedithiol (HDT)
AuNPs SAM because of its relatively lower electron transfer resistivity [51,58–60]. Further-
more, the efficiency of the sensitivity properties could be related to the physical features of
the used nanomaterial, which directly depends on the size of the nanoparticles and their
electrical conductivity. Application of the SAM gold nanoparticles reveals high electrical
conductivity and low resistivity (2.44 × 10−6 Ω·cm) [61,62], which consequently improved
the analytical parameters of the immunosensors and sensitivity properties. Application
of system-based, orientated, half-reduced antibodies allows obtaining a highly specific
immunosensor to the target protein. The recognition of the analyte contributes to the
decreasing of the accessibility of the redox-active marker registered through the Electro-
chemical Impedance Spectroscopy (EIS). Analogically, the highly sensitive orientation of a
half-antibody contributes to the efficiency of the interaction with complementary antigens,
inducing the mechanism of plasmonic resonance and allowing to detect the shift SPR angle.
Consequently, it is not required to use any additional amplification mechanism to verify
the changes in the optical or electrochemical signals towards various concentrations of
the analyte.

In this work, we construct a biosensor composed of 4,4′-thiobisbenzenethiol (TBBT)
SAM, enabled to covalently bound gold nanoparticles (AuNPs). It has been applied for
immobilization of half-antibody fragments via metal nanoparticles using disulphide-bridge
covalent bonds. The half IgG was derived by the process of the enzymatic digestion using
tris(2-carboxyethyl) phosphine hydrochloride (TECP) [63]. In this approach, the further
separation process of the reaction mixture was not necessary because the other fractions
of the half-Fc and Fab with half-Fab antibody fragments contribute to the mechanism of
efficiently blocking empty spaces onto the receptor layer. Additionally, the mechanism of
the covalently bonded, reduced IgG half-antibody is stable over the wide range of pH. This
is an important advantage in comparison to the electrostatic immobilization, where the
various pH ranges have an impact on the isoelectric point of the whole IgG antibody, and
it determines the specific value of pH that allows for the stable, controlled attachment of
the receptor onto the transducer substrate.

The main aim of the present research is to fabricate an immunosensor that can ver-
ify the collagen I concentration under conditions of a low limit of detection, and to be
compatible for detection using two different electrochemical and optical methods. This
universal system can allow to quickly verify the collagen I content, with the miniaturized
portable electrochemical device based on an evaluation of the accessibility of the redox
marker to the sensor surface through the EIS measurement of the electron transfer resis-
tance corresponding to the appropriate value of the analyte concentration. Implementation
of Electrochemical Spectroscopy Impedance as a quantifying method enables to record
very precisely the electrochemical signal of the electron transfer resistance with high sen-
sitivity. [64] The adapted parameters of EIS, such as bias potential and frequency, ensure
not having any negative impact on the stability of the receptor layer, in comparison to
cyclic voltammetry (CV), which requires a wide range of applied potential. [65] Impedance
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spectroscopy plays an important role to evaluate the electrochemical condition, stability
of the sensor electrode and to detect the rate of charge transfer, absorption of the pro-
teins, ion exchange and interaction between the antibody–antigen recognition. [66] All of
those factors have as a fundamental aspect the utilization of the EIS technique to obtain
a highly sensitive and specific biosensor, where the determined values of the electron
transfer resistance are correlated with the accessibility of the used redox marker to the
electrode interface, allowing to very accurately verify the concentration of the analyte. [67]
Subsequently, Electrochemical Impedance Spectroscopy was selected as one of the methods
used in the collagen I-sensing platform. Moreover, the same biosensing system using an
independent optical technique was applied, where the interaction between the specific half-
reduced antibody and antigen is generated through excitation of the plasmonic effect shift
of the recorded SPR angle. This duality of the verification of the collagen I content supports
applying it as a multipurpose system and gives the opportunity to translate it into other
biosensing platforms. Furthermore, this extraordinary approach consisted of the applica-
tion of stable covalent immobilization of AuNPs through the thiol groups and half-reduced
monoclonal antibodies. Additionally, the Au layer of the AuNPs ensured an increased
surface area of the working electrode and consequently immobilized more half-reduced
antibody receptors in comparison to the plain surface [68–70]. AuNPs have also been used
for the enhancement of the SPR signal response, which leads to enhance the sensitivity and
specificity for biomolecule detection. AuNPs favour biosensing amplification due to their
plasmonic properties and large dielectric constant. The conducted experiments have value
for the construction of novel immunosensors based on the half-IgG reduced antibody for
collagen I detection, to obtain high stability, sensitivity and selectivity properties.

2. Materials and Methods

2.1. Reagents and Materials

Gold colloidal solution (AuNPs, 0.01% concentration of nanoparticles with a 20 nm
diameter), monoclonal antibody Anti-Collagen Type I (IgG1 isotype) produced in mouse,
bovine collagen solution Type I, tris(2-carboxyethyl) phosphine hydrochloride (TECP),
ferro- and ferricyanides and bovine serum albumin (BSA) was procured from Sigma-
Aldrich (Poland). Methanol, potassium hydroxide, ethanol and sulfuric acid were supplied
by POCh (Poland). Alumina polishing suspensions of 0.30 μm and 0.05 μm were obtained
from Buehler (USA). Milli-Q water with a resistivity of 18.2 MΩ·cm−1 was purchased
from Millipore, Germany. The 4,4′-thiobisbenzenethiol (TBBT) compound was received
from Leuven University [51]. All the utilized chemical reagents and solvents were used
without any further specific purification because they were of analytical quality. All the
experiments of this research were conducted at room temperature.

2.2. Preparation of the Half-Antibody Fragment

In order to obtain a half-antibody fragment, the procedure described by Sharma et al. [63]
(Figure 1) was applied. Initially, a 5 mM TECP solution was prepared in 10 mM PBS buffer.
Then, 2 μL of 5 mM TECP was mixed with 200 μL of 10 μg/mL monoclonal collagen type I
antibody in PBS buffer. Afterward, the solutions of TECP and monoclonal collagen type I
were mixed at room temperature for 1 h. TECP (‘bond breaker’) reduced the disulphide
bridges from both the Fc and Fab parts of the antibody. Consequently, the suspension
contained a mixture of half-antibody chains of the Fc and Fab regions. The separation of
the half-IgG and Fab parts from the reaction mixture was not necessary [63].
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Figure 1. Llustration of the enzymatic reduction of the monoclonal antibody IgG by the disulphide-
bridge-bond-breaker TECP (tris (2-carboxyethyl) phosphine hydrochloride) [63].

2.3. Fabrication of the Immunosensor to Estimate Collagen I

The electrodes were polished using alumina slurries (0.30 μm) for 15 min followed
by gentle washing with methanol and Milli-Q water. Then, this procedure was conducted
again, but using 0.05 μm of alumina slurries, to obtain a smooth gold surface following the
rinsing of the electrodes with methanol and Milli-Q water. Afterwards, electrochemical
cleaning of the Au electrodes was performed by cyclic voltammetry (CV) using an AutoLab
potentiostat/galvanostat. CV cycles (n = 100) were performed by immersing the working
electrode in a 0.5 M KOH solution with an applied potential from 0.4 V to −1.2 V using
a 0.1 V/s scan rate. Thereafter, the Au electrode was again electrochemically cleaned
using a 0.5 M H2SO4 solution. Eventually, the Au surface of the working electrode was
pre-treated by the activation through the application of 10 CV cycles in a 0.5 M KOH
solution. This stage ensured removing any residual impurities absorbed on the gold
electrode surface. Thereafter, the working electrode was cleaned by the rising of the Milli-Q
water and ethanol. Subsequently, the Au electrode was immersed in a solution of 1.0 mM
4,4′-thiobisbenzenethiol (TBBT) in ethanol for 0.5 h. Then, the electrode was rinsed with
ethanol and Milli-Q water.

Once the SAM layer of TBBT was created on the Au/TBBT substrate, the electrode
was flipped to spot the top with 10 μL droplets of the Au colloid solution of AuNPs
(Au/TBBT/AuNPs) for 2 h. In the following step, 10 μL droplets of the 10 μg/mL
half-antibody fragment solution were used, immobilized for 2 h directly on the surface
of Au/TBBT/AuNPs, to obtain the Au/TBBT/AuNPs/half-IgG electrode, and which
was further rinsed with PBS buffer. In total, 10 μL droplets of a 1% solution of bovine
serum albumin (BSA), dissolved in 0.1 M PBS, pH 7.4, were placed on each electrode
(Au/TBBT/AuNPs/half-IgG/BSA) for 0.5 h to block unspecific binding. The overall
scheme of the electrode modification steps is represented in Figure 2. Eventually, the
modified electrodes were rinsed using a solution of 0.1 M PBS.

Once the process of the modification was completed, the electrodes were immersed
in 0.1 M PBS, and after that, they were incubated in a refrigerator at +4 ◦C overnight.
Electrochemical measurements (CV and EIS) were carried out after each stage of the
modification to confirm the successful fabrication of the sensor.

2.4. Collagen I Detection Using Au/TBBT/AuNPs/half-IgG

After fabrication, the electrodes (n = 6) were exposed to various concentrations of
collagen I (range of concentration: 1, 2, 3, 4 and 5 pg/mL). For the interaction of antigen
(collagen I) with half-IgG, 10 μL drops of collagen I, diluted in 0.1 M PBS buffer, were
deposited on the modified electrode surfaces. Then, the electrodes were prevented from air
contamination and evaporation of the solutions by covering them with black Eppendorf
tubes. The incubation time was 30 min at room temperature. After that, the remaining
unbound antigens were removed from the electrode surfaces by rinsing with 1 mL of a
0.1 M PBS buffer (pH 7.4).
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Figure 2. Illustration of the enzymatic reduction of the monoclonal antibody IgG by the disulphide-
bridge-bond-breaker TECP (tris(2-carboxyethyl) phosphine hydrochloride) [63].

2.5. Electrochemical Measurements

The applied electrochemical system was based on the AutoLab potentiostat/galvanostat
(Eco Chemie, Netherlands) with three combined electrodes. The working electrode was rep-
resented by the circular electrode with a 2 mm diameter made from polycrystalline Au, the
Ag/AgCl as the reference electrode and the platinum wire as a counter electrode. Electro-
chemical experiments were performed in the electrolyte composed of 0.1 M PBS (aqueous
salts solution with 2.7 mM KCl, 137 mM NaCl, 1.8 mM Na2HPO4, 10 mM KH2PO4 and
pH 7.4) with the addition of 0.5 mM ferro- and ferricyanides (K3[Fe (CN)6]/K4[Fe (CN)6];
(1:1)) as a redox-active probe. The cyclic voltammetry (CV) measurements were recorded in
the potential range from 0.6 V to −0.2 V at a 0.1 V/s scan rate. Electrochemical Impedance
Spectroscopy (EIS) was conducted to determine the value of the electron transfer resistance
(Ret) in a frequency from 0.01 Hz to 100 kHz at 0.17 V of the bias potential for 10 mV of
the ac amplitude. The concentration of collagen I was determined by EIS measurements.
EIS spectra were fitted using a specific equivalent circuit supported by AutoLab Metrohm
NOVA software to determine the value of the electron transfer resistance (Ri). The response
of the immunosensor toward collagen I is represented as (Ri − R0)/R0 × 100%, where R0
is the electron transfer resistance for the electrodes after all the steps of the modifications
before the detection of any analyte; and Ri is related to the electron transfer resistance of
the completely modified electrodes after the application of a particular concentration of
the analyte.

2.6. Atomic Force Microscopy Analyses

Atomic Force Microscopy (AFM) was performed using a Universal SPM Quesant
(Agoura Hills, CA, USA), on mica plates coated with thin films of Au (111) of 200 nm
thickness. Before the analysis, the Au surfaces were annealed with a hydrogen flame
followed by cleaning in an ozone/UV chamber. The intermittent-contact mode was used
with a NSC16 tip (CW2, Si3N4) as a cantilever. A bare Au surface, TBBT-modified Au
surface and AuNPs attached to the TBBT-modified Au surfaces were analysed immediately
after preparation. The average roughness (Ra) and thickness from each modification stage
were measured. A significant statistical difference (at p < 0.005) was evaluated by one-way
ANOVA with a post-hoc Tukey test.

2.7. Surface Plasmon Resonance Measurements

Surface Plasmon Resonance (SPR) analyses were performed in an Autolab Springle SPR
system (Eco Chemie, Netherlands) coupled with a thermostatic water bath at a wavelength
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of 670 nm and constant temperature of 25 ◦C. The sensing surface (Au/TBBT/AuNPs/half-
IgG/BSA) was placed inside the cuvette, and the sample solution (collagen I) was injected
on the active surface at a flow rate of 20 μL/s. After each measurement, the surface was
washed with phosphate buffer by switching the flow back to the buffer. The total volume of
each sample injection was kept at 100 μL. All the measurements were repeated three times.

3. Results

3.1. Characterization of Nano-Enabled SAM Using Atomic Force Microscopy

AFM analyses were conducted to study the surface topography of the modified
electrodes. These studies were made on bare and modified (with TBBT SAM and TBBT
SAM together with AuNPs) Au substrates. For comparison, a 2 μm × 2 μm area scanning
was performed and is represented in Figure 3. The average roughness parameter from
five different scans was calculated to study the porosity/topography of the obtained
surfaces. Bare Au showed terraces on the surface over the scanned area of 0.1 by 0.1 μm
(Figure S1). The summary comparison with the measured values for the average roughness
(Ra) and thickness are presented in Figure S2, with the marked presence of the statistically
significant differences. The average roughness parameter for the bare Au surface was found
to be 21.3 ± 0.7 nm (Figure 3A). The obtained roughness (19.4 ± 3.6 nm) and thickness
(21.1 ± 6.3 nm) after the immobilization of TBBT on the Au surface (Figure 3B) was not
significantly changed and it was in the same range in relation to the plain gold surface.
After the incorporation of Au nanoparticles, the topography of the TBBT-modified surface
again changed, and the attached particles became visible in the corresponding AFM images.
The roughness of the modified surfaces changed to 22.6 ± 3.8 nm and the measured
thickness significantly increased to 27.6 ± 4.3 nm in comparison to the Au/TBBT sample
for AuNPs (Figure 3C), which correspond to similar research performed by Park et al. [71]
for a SAM AuNP layer. The value of the average roughness was increased in comparison
to the previous stage of the functionalization of the electrode surface using the TBBT
compound. The condition of the bare Au surface and occurrence of the scratches provided
for the relatively high roughness of the base modification substrate. The diameter of the
used gold nanoparticles is commonly determined for a colloid solution by the dynamic
light scattering (DLS) technique [72]. Consequently, the appearance of the surrounded ions
onto the surface of AuNPs led to obtaining a higher hydrodynamic diameter in the range
of approximately 20 nm, although the average dimension of the particles usually has quite
a wide distribution [73]. In our study, the performance of the AFM measurements was
important to validate the mechanism of the formation of the self-assembled monolayer of
AuNPs after modification of the Au substrate by the TBBT compound. The heights of the
particles obtained from the analysis of the AFM images (at lower area) confirm the presence
of nano-sized materials on the modified surfaces. The size of the particles was achieved
from AFM 2D images. The corresponding 2D images of the 3D images in Figure 3C are
given in Figure S3. The average length and breadth of the particles for the AuNP-modified
Au surface were 411.5 ± 35.6 nm and 168.6 ± 38.7 nm, respectively. These results indicate
the formation of a larger aggregated cluster of the combined gold nanoparticles, which are
arranged in a highly packed density on the surface of the electrode.

It was observed that the magnitude of the length and breadth showed the aggregation
of particles on the surface, contributing to the increase in surface roughness and surface
area of the previously plain smooth Au substrate. Therefore, the higher surface area
and roughness of the formed Au self-assembled monolayer had a significant impact by
binding more half-antibody receptors on the transducer surface, consequently amplifying
the received signal and obtaining a much higher sensitivity towards to collagen type I.
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Figure 3. AFM 3D images (2 μm × 2 μm) of (A) the mica substrate coated with a thin film of Au (111), (B) the TBBT
monolayer, and (C) the AuNP-modified Au surface.

3.2. SPR-Assisted Confirmation of Half-Antibody Fragment Collagen I Immobilization

SPR is a direct, label-free, real-time measurement of binding kinetics and affinity. It is
an optical detection method that utilises the conjugation of prisms that permit biomolecular
interactions in real time. The interaction between biomolecules is analysed by determining
the change in the refractive index in real time. This change in refractive index is obtained
from the interaction between the immobilized biomolecule and the analyte. It is the
most convenient tool to study the interfacial interaction between the analyte (antigen)
and the immobilized biomolecules (antibody) in real time [74–77]. Therefore, we have
applied this technique to confirm the immobilization of half-IgG collagen I antibodies on
the transducer surface [78–81]. Upon deposition of the reaction mixture obtained after
antibody digestion using TECP [63], an increase in the SPR angle was observed. Real-time,
label-free biomolecular interactions between half-IgG and collagen I were recorded using
an Auto lab Springle SPR system (Eco Chemie, Netherlands). A 50 nm-thick, gold-coated
glass disc was supplied along with the instrument. It is an open cuvette-based dual channel
system, where channel-1 was used to measure the interactions between half-IgG and
collagen I and channel-2 was used to monitor the signals due to changes in the refractive
index of the buffers, and also acted as a reference. Different reagents, samples and buffers
were injected in the desired amounts into two cuvettes (assembled over the gold disc).
This SPR technique is used to characterize the binding interactions between half-IgG and
collagen I without any labelling requirements.

The SPR angle increased from 10◦ to 155◦ after the immobilization of the antibody on
the surface of Au. After the deposition of AuNPs on the Au surface, the angle shifted from
10◦ to 100◦, and later, after immobilization of the half-IgG antibodies (Au/TBBT/AuNPs/half-
IgG), the angle shifted to 155◦, as shown in Figure S4. After the immobilization of half-IgG,
steady-state conditions were obtained, and the surface was washed using PBS buffer to
remove any unbounded species. The obtained results validated the successful half-IgG
antibody immobilization on the Au/TBBT/AuNPs surface within approximately 1 h and
20 min (Figure S4). The shift in angle at each step is shown in Figure S4A and described in
the Supplementary Materials. In the next step, the time of interfacial interaction between
half-IgG and collagen I was checked using SPR. The golden disc support, modified with
TBBT/AuNPs/half-IgG/BSA, was placed into an SPR chamber filled with 100 μL PBS
buffer. For the specific interaction, the SPR response of the TBBT/AuNPs/half-IgG/BSA
sensing platform at various concentrations of collagen type I was recorded in PBS buffer.
While the Au/TBBT/AuNPs/half-IgG/BSA surface was exposed to various concentrations
of collagen I, the obtained sensogram revealed three phases for each concentration: (i)
baseline (1st phase); (ii) association of collagen I with the Au/TBBT/AuNPs/half-IgG/BSA
surface (2nd phase); and (iii) dissociation of collagen I (3rd phase). With the inoculation
of 1 pg/mL of collagen I, an increase in angle shift is observed from 10◦ to 40◦ during the
association phase. The SPR response signal increases consistently upon the exposure of col-
lagen I up to 5 pg/mL; after that, the response signal decreases, as shown in Figure 4A. The
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decreasing value of the SPR angle shift could be caused by the adherence and interaction
of the target collagen protein with the binding part of the antibody on the receptor layer.
Accordingly, the detection of the analyte in the higher concertation range was impeded.
Figure 4B depicts the calibration curve of the SPR signal attained as a function of the
collagen I concentrations and signifies linearity between 1 pg/mL and 5 pg/mL. After
the association phase, the residual analyte is discarded by using a flushing buffer to clean
the surface. The antigen–antibody interaction was measured by injecting collagen I for
6 to 20–25 min followed by a rinsing period of 10 min with pure running buffer. Each
experiment was repeated thrice.

Figure 4. (A) SPR response, and (B) calibration curve of Au/TBBT/AuNPs/half-IgG/BSA towards collagen I in the
concentration range from 1–5 pg/mL in PBS buffer.

The Au/TBBT/AuNPs/half-IgG/BSA immunosensor shows a linear range between
1 and 5 pg/mL; beyond this, it shows a decrease in the SPR angle shift. This decrease
in angle after 5 pg/mL shows that the device cannot detect collagen I beyond 5 pg/mL.
In our approach, we used the SPR technique to determine the actual dynamic range of
the performed collagen immunosensor and consequently validated it through impedance
spectroscopy. Therefore, we have decided to conduct the experiment with a range of
collagen concentration from 1 to 5 pg/mL. Based on these results, the concentration range
of collagen I from 1 pg/mL to 5 pg/mL was selected for the electrochemical sensing,
with a time of 30 min for the half IgG–collagen I interaction. The lowest concentration
detected by the SPR technique was 1 pg/mL. The same surface was reused several times for
the measurements (Au/TBBT/AuNPs). The fabricated Au/TBBT/AuNPs/half-IgG/BSA
immunosensor is highly sensitive. Most of the extant research report on a full-antibody-
immobilized immunosensor, which leads to random antibody immobilization on the
transducer surface [82–84]. However, in the present work, an Au/TBBT/AuNPs/half-
IgG/BSA immunosensor, thiol (−SH) group of the antibody is conjugated onto the Au
surface. The half-IgG antibody immobilization can precisely bind the Fc part of the antibody
to accomplish an oriented antibody immobilization, as shown in Figure 2. The oriented
intact antibody shows higher sensitivity as compared to full-antibody immobilization.
It is reported that the half antibody shows a 3–8 times higher sensitivity than the full
antibody [85].

3.3. Electrochemical Characterization of the Immunosensor Fabrication

The crucial parts of the immunosensors are the specific antibodies responsible for
selective recognition of the antigens, as well as the transducer layers, which are mainly
responsible for sensor sensitivity. The focus of this work was to verify the optimized
stage of the electrode modification and detection of collagen I. Application of the 4,4′-
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thiobisbenzenethiol (TBBT) compound contained two SH groups that played an important
role in the covalent deposition on the Au substrate, as well as covalent immobilization of
the AuNPs.

The parameters characterizing TBBT SAM are superior when compared to 1,6-hexanedithiol
SAM, widely applied in immunosensor fabrications [51,58–60,62]. It was confirmed that
TBBT SAM has a charged transfer resistance of approximately 500 kΩ. This value is three
times lower than the charged transfer resistance of 1,6-hexanedithiol dithiol [51,52]. Ac-
cordingly, it enables receiving a higher electrical signal, detecting the analyte across a wider
concentration range and reduced the potential negative effect of electrode blocking. In
addition, the foundation of the TBBT SAM on the Au electrode platform is more repro-
ducible and it amplifies the intensity of the recorded signal, because of higher electrical
conductivity in comparison to the 1,6-hexanedithiol dithiol SAM. Therefore, TBBT SAM
was applied in the present research.

Another important point of immunosensors is the stable immobilization of spe-
cific antibodies to maintain their right orientation and physiological activity at the same
time [59,60]. The AuNPs SAM has a minus charge due to the citrate anions used for
nanoparticle stabilization, which creates an environment suitable for the electrostatic immo-
bilization of antibodies. For these approaches, the selection of the pH conditions preserves
the plus charges on the Fc part of the antibodies and allows for the right immobilization of
whole antibodies with Fab parts, which are responsible for antigen recognition, exposed in
the sample solution [53,54,64].

The AuNPs SAM is also very suitable for covalent immobilization of the Fab parts in
which the disulphide groups are incorporated [51,54]. To apply this method, the enzymatic
digestion of whole antibodies is necessary. Here, we applied the procedure published by
Sharma et al. [63], incorporating the tris(2-carboxyethyl) phosphine hydrochloride (TECP)
compound for whole antibodies, cleaving the disulphide bridges. After reducing the
antibodies, the half region of Fc with the half region of Fab (heavy constant CH and variable
VH chains) and the half region of Fab (light constant CL and variable VL chains) were
obtained (Figure 1). In this approach, the separation of products from the reaction mixture
is not required. The immunosensor fabrication consists of the following steps (Figure 2):
(i) TBBT SAM deposition on the Au electrode; (ii) covalent deposition of AuNPs; (iii)
covalent deposition of the half-antibody fragment; and (iv) filling of empty free spaces and
eliminating of unspecific binding by BSA. Each step of the modifications of the working
Au electrode was evaluated by both the performed electrochemical techniques: CV and
EIS in the presence of K3[Fe (CN)6]/K4[Fe (CN)6] (1:1) as a redox marker, with a 0.5 mM
concentration, and using 0.1 M PBS as an electrolyte at a stable pH of 7.4. The CV and EIS
curves recorded after each step of the modification are presented in Figure 5. The potential
separation (ΔEp) between the oxidation and reduction peaks equal to 86 ± 9 mV recorded
for the pure Au electrode confirmed the good reversibility of the redox marker process and
cleanness of the surface. This conclusion was also confirmed by the EIS recorded for the
bare electrode (Figure 5C and Table 1). The straight line is related to the diffusion-controlled
electrochemical process.

However, after the TBBT SAM deposition, the surface of the working electrode was
blocked. This caused a decrease in the accessibility of the ferro- and ferricyanides [Fe
(CN)6]3−/4− redox marker to the interface with the working electrode surface. Conse-
quently, the oxidation and reduction peaks separation increased to 386 ± 44 mV and the
electron transfer resistance (Ret), estimated with EIS, was 560 ± 58 kΩ. Both parameters
confirmed the successful deposition of TBBT SAM. After the immobilization of the AuNPs,
the difference between the oxidation and reduction peak potential decreased to the value
168 ± 18 mV (Figure 5A). Correspondingly, the charge transfer resistance was reduced
to 120 ± 11 kΩ (Figure 5B and Table 1). This result indicated the presence of the quasi-
reversible electron transfer mechanism between the transducer and redox marker [86], and
subsequently enhanced to form a higher electric conductivity interface similar to the bare
gold electrode.
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Figure 5. (A) Cyclic voltammetry (CV) curves, and (B,C) electrochemical impedance
spectra (EIS) recorded after each step of the Au electrode modifications: (a) bare Au
electrode; (b) TBBT SAM deposition; (c) immobilization of the metal nanoparticle colloids
AuNPs; (d) immobilization of half-IgG; (e) deposition of BSA. Measuring conditions of
EIS: applied frequencies from 0.01 Hz —100 kHz with the bias potential at 0.17 V in 10 mV
of ac amplitude. The EIS spectra were fitted to the Nyquist plots for an electrical circuit
model, which included Rs—solution resistance; Ret—electron transfer resistance; and
CPE—constant phase element. Composition of used electrolyte: 0.1 M PBS, pH 7.4 with
0.5 mM K3[Fe (CN)6]/K4[Fe (CN)6] (1:1).

Table 1. Summary of the fitting results from the EIS plots through the Randles electrical circuit.

Samples Ret (Ω) Rs (Ω) CPE (F)

Au/TBBT 560 × 103 13 1.07 × 10−4

Au/TBBT/AuNPs 120 × 103 7.4 2.46 × 10−4

Au/TBBT/AuNPs/half-IgG 256 × 103 9.7 1.28 × 10−4

Au/TBBT/AuNPs/half-IgG/BSA 563 × 103 16 1.71 × 10−4

The immobilization of the half-IgG caused a substantial decrease in electrode re-
versibility. The CV peaks separation increased to 358 ± 76 mV for AuNPs. CV data were
also confirmed by EIS. After immobilization of half-IgG, the charge transfer resistance
increased to 256 ± 35 kΩ in the case of AuNPs. These parameters confirmed the success-
ful deposition of half-IgG on the nanoparticles. The filling of empty space and blocking
unspecific binding with BSA caused the additional reversibility to decrease. The final
value charge transfer resistance of the immunosensor based on AuNPs was 563 ± 76 kΩ.
However, the peaks of the oxidation and reduction process were not clearly distinguishable
(ΔEp = 404 ± 35 mV). This result confirmed the complete modification of the sensing
platform, which, after that, was ready for the detection of the collagen I analyte.

3.4. EIS-Based Collagen Type I Immunosensing

The sensing of collagen I using the prepared immunosensors was carried out with
Electrochemical Impedance Spectroscopy (EIS). The cyclic voltammetry (CV) technique
was not suitable because of its high irreversibility. The measurements of the sensitivity
of the performed immunosensors were conducted with concentrations of 1, 2, 3, 4 and
5 pg/mL of collagen type I in PBS, pH 7.4. The interactions between half-IgG and collagen I
impeded the accessibility of the ferro- and ferricyanides to the surface of the transducer and,
consequently, increased the electron transfer resistance (Ri). These values were obtained by
fitting the EIS spectra using the circuit model presented in Figure 6.
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Figure 6. Electrochemical impedance spectra: (A) Au/TBBT/AuNPs/half-IgG/BSA in
the presence of collagen I, (B) Au/TBBT/AuNPs/half-IgG/BSA in the presence of BSA.
Concentration range of collagen I analyte: (�) 0, (�) 1, (�) 2, (�) 3, (�) 4, (•) 5 pg/mL.
Measuring conditions of the EIS: applied frequencies from 0.01–100 kHz with the bias
potential at 0.17 V in 10 mV of ac amplitude. The EIS spectra were fitted to the Nyquist
plots for an electrical circuit model, which included Rs—solution resistance, Ret—electron
transfer resistance, and CPE—constant phase element. Composition of the used electrolyte:
0.1 M PBS, pH 7.4 with 0.5 mM K3[Fe (CN)6]/K4[Fe (CN)6] (1:1).

To obtain the appropriate calibration curves, the relative changes in electron transfer
resistance (ΔR) were expressed using the following equation [51]:

ΔR =
Ri − R0

R0
× 100% (1)

where R0 represents the value of the electron transfer resistance of the sensing system
recovered in the 0.1 M PBS buffer without application of the analyte. The values of
the relative changes in electron transfer resistance increased proportionally with higher
concentrations of collagen I for the studied system (Figure 7). The slope of the calibration
curve and the range of standard deviations determined the precision sensing of collagen I.

The limit of detection (LOD) was determined by using the following formula [87]:

LOD =
3.3σ

S
(2)

where σ is the value of the standard deviation for the y-intercept and S represents a slope
of the regression line. The determined value of LOD for the collagen immunosensor
was 0.38 pg/mL. A selectivity study was performed using bovine serum albumin (BSA),
with a concentration range from 1 to 5 pg/mL as a control. These compounds revealed
negligible responses towards the presented sensing platform, and the accurate selectivity
properties were also confirmed. According to the obtained results, the performance of the
collagen immunosensor was validated in the dynamic range from 1 to 5 pg/mL, which was
evaluated previously by the SPR measurements. The calculated LOD is only a theoretical
value, indicating the minimum concentration of the collagen type that is possible to detect
using the performed system.

However, the SPR angle shift for the higher concentration above the dynamic range
was not accurate for the further determination of the collagen type I protein. Therefore,
this sensor has an important application in the detection of a very low range of collagen
content, which is required for future samples taken from patients to confirm the presence of
the initial stage of collagen synthesis. The verification of the collagen type I concentration
in the picomolar range has a significant impact on the initial and rapid diagnosis of the
regeneration mechanism of tendons and ligaments [13,15,17,18]. Accordingly, it allows
selecting the appropriate treatment, while also revealing the potential capability of sup-
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porting the healing of patients by injection with collagen type I/III and hyaluronic acid, or
by applying invasive surgery [10,16].

Figure 7. The correlation between (Ri − R0)/R0 (%) and the applied range of collagen I (COL I)
concentrations (pg/mL) and the negative control of bovine serum albumin (BSA), as measured for
the Au/TBBT/AuNPs/half-IgG/BSA immunosensor system. R0 represents the value of the electron
transfer resistance of a completely functionalised working electrode without any addition of the
collagen I analyte (COL I), and Ri is the electron transfer resistance after all steps of the electrode
functionalisation, which were measured in 0.1 M PBS solution for the range of concentrations from
1–5 pg/mL (n = 5) of collagen I (COL I).

4. Discussion

According to the obtained results, the limit of detection demonstrated that the per-
formed immunosensor based on the nano-Au particles had a remarkable high sensitivity
range for collagen I detection, which was caused by many factors, such as the high elec-
trical conductivity of the AuNPs with directly immobilized, complementary half-IgG
antibodies. Additionally, the application of the AuNPs increased the surface area of the
transducer [46–49]. This directly allowed for combining higher amounts of the half-IgG
antibody receptors [51,54], which had a crucial role in the sensitivity of the immunosensor.
Therefore, these kinds of modifications based on covalent bonding from each side between
Au and S can definitely guarantee a better and more stable SAM layer compared to the
other immobilization systems based on the G or A proteins [31–35], which have relatively
higher resistivity and, consequently, lower electrical signals towards the covalent immobi-
lization of receptors through metal nanoparticles. Moreover, there are various methods
for the determination of the collagen content, as summarised in Table 2. One of the most
common techniques is ELISA; however, this enables obtaining a minimum detection limit
in the range of approximately 1 ng/mL. Subsequently, the application of electrochemical
immunosensors based on both techniques, Electrochemical Spectroscopy Impedance, and
Surface Plasmon Resonance, allows for achieving significantly higher sensitivity, in the
range of picograms per millilitre, against the previous commonly used techniques, such
as ELISA.
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Table 2. Comparison of the different techniques for the determination of the collagen content.

Method of
Measurement

Type of
Collagen

Type of Sample Detection Limit Range of Detection References

ELISA collagen I

synthetic C
peptide fragments
of type I collagen

(α−1)

10 ng/mL 10–1000 ng/mL [88]

Fluorescence Assays collagen triple
helix GPO

synthetic collagen
triple helix GPO 30 nM 100–1000 nM [89]

Surface Plasmon
Resonance Imaging

(SPRI)
collagen IV human blood

plasma 2.4 ng/mL 10–1000 ng/mL [90]

ELISA collagen I human serum 0.83 ng/mL 0.83–500 ng/mL [91]

ELISA collagen III human serum 0.6 ng/mL 0.9–200 ng/mL [92]

Localized Surface
Plasmon Resonance

(LSPR)
collagen IV

extracted collagen
IV from human

placenta
10 ng/mL 10–1000 ng/mL [19]

ELISA collagen I human blood
plasma 5.3 pg/mL 40–2500 pg/mL [93]

Electric Field-Induced
Accumulation collagen I

extracted
collagen I from
human placenta
Bornstein and
Traub type I

3.0 pg/mL 3–60 pg/mL [94]

Cyclic Voltammetry
(CV) collagen I solution of

synthetic collagen I 0.5 pg/mL 0.5 pg/mL–0.5 ng/mL [95]

EIS (AuNPs
transducer) collagen I bovine collagen

solution I 0.38 pg/mL 1.0–5.0 pg/mL Present work

Additionally, the fabrication of immunosensors presented in this research is rather
simple. The important advantage of this platform ensures high and strong stability of the
antibody immobilization using covalent bonds against to the weaker electrostatic inter-
actions. Additionally, an independent examination through Surface Plasmon Resonance
confirmed this efficiency in collagen detection in the significantly low pg/mL concen-
tration range by the presented immunosensor. However, the electrochemical sensing
analyser [96,97] costs much less in comparison to spectroscopic devices [94].

Furthermore, relatively low sample consumption at the μL level enhances the attrac-
tiveness of the presented immunosensors. Finally, the portable electrochemical device can
be a potential solution to directly use for the medical diagnostic system without specific
and expensive ELISA kit assays.

5. Conclusions

The results obtained proved the suitability of the 4,4′-thiobisbenzenethiol SAM formed
on the Au electrode for the efficient covalent immobilization of AuNPs. The determined
value of the limit of detection was 0.38 pg/mL, which is a remarkably low value in
comparison to the current collagen sensors. In the presence of the control compound (BSA),
very moderate responses were generated, and this proved the selectivity properties of the
presented immunosensor.

The proposed construction of the immunosensor with a nano-Au SAM layer has
several significant advantages, such as the high stability of the receptor layer, using covalent
bonds through the enzymatically reduced half-IgG antibody, and additionally increasing
the surface area of the electrode, which directly supported to immobilize more antibodies.
Therefore, the presented immunosensors have improved on the currently used methods
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by being able to validate the presence of a low concentration of collagen type I, without
requiring a large volume of the analysed sample. Overall, the presented immunosensors
have the potential to make a great impact on future applications in medical laboratory
diagnosis, based on the pg/mL level of sensitivity, good selectivity, very small sample
consumption and simple fabrication method at a reasonable cost.
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tion of the gold nanoparticles (Au/TBBT/AuNPs). The calculation of the significant differences
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Au/TBBT/AuNPs/half-IgG surface in buffer; and (B) SPR confirmation of half-IgG immobilization
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Abstract: A novel, integrated experimental and modeling framework was applied to an inhibition-
based bi-enzyme (IBE) electrochemical biosensor to detect acetylcholinesterase (AChE) inhibitors
that may trigger neurological diseases. The biosensor was fabricated by co-immobilizing AChE and
tyrosinase (Tyr) on the gold working electrode of a screen-printed electrode (SPE) array. The reaction
chemistry included a redox-recycle amplification mechanism to improve the biosensor’s current
output and sensitivity. A mechanistic mathematical model of the biosensor was used to simulate key
diffusion and reaction steps, including diffusion of AChE’s reactant (phenylacetate) and inhibitor,
the reaction kinetics of the two enzymes, and electrochemical reaction kinetics at the SPE’s working
electrode. The model was validated by showing that it could reproduce a steady-state biosensor
current as a function of the inhibitor (PMSF) concentration and unsteady-state dynamics of the
biosensor current following the addition of a reactant (phenylacetate) and inhibitor phenylmethyl-
sulfonylfluoride). The model’s utility for characterizing and optimizing biosensor performance was
then demonstrated. It was used to calculate the sensitivity of the biosensor’s current output and the
redox-recycle amplification factor as a function of experimental variables. It was used to calculate di-
mensionless Damkohler numbers and current-control coefficients that indicated the degree to which
individual diffusion and reaction steps limited the biosensor’s output current. Finally, the model’s
utility in designing IBE biosensors and operating conditions that achieve specific performance criteria
was discussed.

Keywords: amperometric biosensor; neural esterase; acetylcholinesterase; inhibition; organophos-
phate; design; optimization; mathematical model; flux control; dimensionless

1. Introduction

Electrochemical biosensors are analytical devices that detect analytes by transforming
a biochemical reaction into a quantitative, electrical signal. They integrate the specificity of
biological recognition molecules (e.g., antibodies) with the advantages of electrochemical
detection techniques [1,2]. Electrochemical biosensors benefit from several advantages,
such as low cost, ease of use, portability, and simplicity of construction. These advantages
make electrochemical biosensors great options for the development of analytical devices in
different fields [3,4]. Some of the limitations for electrochemical biosensors are limited shelf
life, narrow or limited temperature range for operation, and sometimes high sensitivity of
detection results in false-positive results [5]. The electrochemical biosensors can be divided
into four major categories based on the electrochemical technique that is used to measure
the electrical signal produced by the biochemical mechanism: amperometric biosensors,
potentiometric biosensors, conductometric biosensors, and impedimetric biosensors [6].
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Amperometric biosensors detect chemicals at a constant electrochemical potential
by measuring the oxidation or reduction current produced by electroactive products of a
biochemical reaction [7]. Their low cost, high sensitivity, fast response time, simplicity of
design, compactness, and potential for miniaturization make amperometric biosensors well
suited for detecting a wide range of chemicals and biochemical agents, including disease
markers [8,9].

Amperometric biosensors that measure analytes indirectly by their inhibition of target
enzymes have been developed for environmental and healthcare applications [10]. Such
inhibition-based biosensors can be very sensitive when the target enzyme is inhibited by a
very low concentration of its inhibitor [11]. For that reason, significant research has been
devoted to developing amperometric biosensors that measure markers of neurological
disease processes that inhibit neural esterases, such as acetylcholinesterase (AChE) [12–17].

Some organophosphate compounds (OPs) are potent inhibitors of neural esterases and,
for that reason, are used as pesticides and as chemical weapons [18]. The well-known neural
esterase acetylcholinesterase (AChE) breaks down the neurotransmitter acetylcholine,
which chemically relays an impulse across the synapse between two neurons [19]. The
inhibition of AChE by OPs prevents acetylcholine hydrolysis, resulting in continuous
nerve firing, which can cause severe, acute health issues, including death [20]. Each
year, approximately 3 million people are poisoned by organophosphates, accounting for
300,000 deaths worldwide [21].

The gold standard analytical method for OPs is gas/liquid chromatography combined
with mass spectroscopy [22]. This method is sensitive, specific, and reliable. However,
it is not well suited for many on-site applications because it requires bulky, expensive
equipment and involves complicated and time-consuming sample processing by trained
technicians [22]. In contrast, inhibition-based amperometric biosensors offer the potential
to measure OPs on-site rapidly, inexpensively, with minimal sample processing using a
miniature electronic device similar to a personal blood-glucose meter [23].

When an enzyme is strongly inhibited by a specific substance, it may be possible to
develop an inhibition-based enzyme biosensor that can specifically detect the presence
of the inhibitor in a complex mixture that may include unknown chemicals or pollutants.
However, for enzymes that are sensitive to multiple inhibitors, this approach cannot discern
which inhibitor(s) is present in the mixture.

Although amperometric biosensors might not offer the same sensitivity and specificity
of detection that gas/liquid chromatography-based techniques offer, the fact that they can
be developed as portable diagnostic devices for quick and cost-effective initial analysis
makes them valuable for initial screening and monitoring. Commercialized miniaturized
potentiostats and screen-printed electrodes (SPEs) can be used to develop portable ampero-
metric biosensor systems. SPEs include one or more printed working electrodes, a reference
electrode, and a counter electrode printed on a solid substrate. The assay chemistry is
performed on the working electrode, and the electrochemical assay is conducted by con-
tacting the SPE with a sample solution. SPEs can replace bulky convention electrochemical
cells with a miniaturized system that can be used for simple and quick electrochemical
measurements. However, because SPEs are designed to minimize the required space and
reagent volume, their measurements are often not as stable and accurate as those conducted
in a conventional electrochemical cell.

Research to rationally design and optimize amperometric biosensors for detecting
inhibitors of AChE or other neural esterases (e.g., butyrylesterase) has been hampered by
the lack of a comprehensive mathematical model able to predict the rates of potentially
rate-limiting mass-transfer and chemical reaction steps that produce the amperometric
signal. Zhang et al. developed a theoretical model for immobilized-enzyme-inhibition
biosensors under the assumption that the inhibition process is diffusion-limited [24]. Choi
et al. developed a mathematical model for a fiber-optic biosensor to detect OPs. This model,
which simulated both AChE inhibition kinetics and diffusion, was able to optimize the
concentrations of AChE and its substrate [25].
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We recently developed a novel, integrated experimental and modeling framework
that includes a steady-state, mechanistic mathematical model that describes the rate of
key mass-transfer and reaction steps and a novel dimensional-analysis approach to assess
the degree to which individual mass-transfer and reaction steps limit the biosensor’s
amplitude and sensitivity [26]. We then demonstrated the framework’s utility using a
novel amperometric electrochemical immunosensor.

In this paper, we apply the framework to an inhibition-based bi-enzyme (IBE) am-
perometric biosensor assembled on a s SPE. The IBE interface contained a neural esterase
(AChE) and an oxidase enzyme (tyrosinase) that generates a redox-reaction loop to amplify
the biosensor’s output [27–29]. We present a novel, unsteady-state model of the IBE biosen-
sor that consists of unsteady-state mass balance equations describing the mass-transfer and
reaction steps that govern the biosensor’s signal. We use experimental results to validate
the model and discuss the utility of dimensionless groups based on the model, including
current-control coefficients, sensitivity coefficients, and Damkohler numbers, to rationally
design and optimize IBE biosensors.

2. Materials and Methods

2.1. Materials

Sodium phosphate (monobasic and dibasic), AChE (C2888, from Electrophorus electri-
cus), tyrosinase (T3824, from mushroom), bovine serum albumin (BSA), glutaric dialdehyde
(50 wt.% solution in water), PMSF, and phenylacetate were obtained from Sigma Aldrich
(St. Louis, MO, USA). Ultrapure water (18.2 MΩ) was produced by a Nanopure-UV four-
stage purifier (Barnstead International, Dubuque, IA, USA); the purifier was equipped
with a UV source and a final 0.2 μm filter. Ultrapure water was used to prepare all aqueous
solutions. Screen-printed electrodes were obtained from Conductive Technologies Inc.
(New York, NY, USA). and Metrohm DropSens (models DRP-250AT, Asturias, Spain).

2.2. Enzyme Electrode Preparation

SPEs were selected as the platform for conducting the experiments for two reasons.
First, SPEs are small, inexpensive, and disposable, making them well-suited for POC appli-
cations. Second, SPEs are often used in the development of commercialized electrochemical
biosensors. SPEs were cleaned by sonication in pure ethanol for 2 min followed by rinsing
with ultrapure water. Different types of SPEs, including carbon (DPR-C110), low tempera-
ture cured gold (DRP-220BT), high temperature cured gold SPEs (DRP-250AT), and carbon
nanotube-modified (DRP-10SWCNT), were tried for the fabrication of the biosensor. The
immobilization technique used in this work was based on the crosslinking of two enzymes
with glutaraldehyde and bovine serum albumin (BSA) [30]. This technique resulted in an
efficient and rapid comobilization of two enzymes. Although this technique worked on
all types of SPEs, DPR-250AT resulted in a better repeatability of data. To optimize the
immobilization method, a variety of BSA concentrations, glutaraldehyde concentrations,
and ratios of AChE to tyrosinase were studied.

To prepare the enzyme solution, 40 μL of 50 mM phosphate buffer pH 7, 20 μL of
20 mg/mL tyrosinase in phosphate buffer, 20 μL of 1 mg/mL AChE in phosphate buffer,
10 μL of 2.7 mg/mL BSA in phosphate buffer, and 10 μL of 4 wt.% glutaraldehyde in
water were mixed together just before starting the preparation procedure. To obtain the
optimized concentration of the two enzymes, BSA, and glutaraldehyde, 3 μL of enzyme
solution (in the case of DropSens SPEs) or 1 μL of enzyme solution (in the case of CTI SPEs)
were deposited on the working electrode, and the SPEs were left at 4 ◦C to dry overnight.
The next day, the prepared bi-enzyme-modified SPEs were rinsed with ultrapure water
and then stored in phosphate buffer at 4 ◦C.
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2.3. PMSF Detection and Electrochemical Measurements

PMSF is used as a model AChE inhibitor because it is less toxic to humans than many
OPs. Its reaction mechanism is similar to that of OPs, but its sulfonamide bond with
serine’s hydroxyl group in the AChE active site is more stable than a typical OP linkage.

To conduct the electrochemical measurements, the desired electrochemical potential
was applied on the SPE’s working electrode relative to the SPE’s printed pseudo-Ag/AgCl
reference electrode. The SPE’s counter electrode served as the anode, so the biosensor’s
current would not flow through the reference electrode and change its potential. In experi-
ments to detect AChE inhibition by PMSF, 30 μL of 50 mM phosphate buffer (pH 7) was
added to the IBE SPE biosensors. A potential of −200 mV relative to an Ag/AgCl reference
electrode was maintained on the working electrode using a potentiometer (CHI 660, C.H.
Instruments, Austin, TX, USA). An aliquot of phenylacetate solution was added to initiate
the IBE’s amperometric signal. Then, after a stable electrochemical signal was obtained,
a known amount of PMSF was added while continuously recording the electrochemical
current as a function of time. The experiments were repeated in triplicate, and steady-state
current values were reported as the mean ± standard deviation of three replicates.

2.4. Mechanistic Mathematical Model of the IBE Biosensor Interface

The biosensor’s conceptual model (Figure 1) includes a working electrode onto which
an enzyme-containing layer of thickness L is bound, a diffusion layer having thickness δ,
and the bulk solution. AChE (E1) hydrolyzes the reactant phenylacetate (S1) to give phenol
(S2) (Figure 2), which is then oxidized twice by tyrosinase (E2)–first to catechol (S4) and
then to o-quinone (S3). The S4 can then be reduced back to S3 at the electrode, generating
the biosensor’s output current. This current is amplified by a redox-recycle loop in which
each molecule of S4 produced by the combined actions of E1 and E2 may be sequentially
oxidized by E2 and then reduced at the electrode many times, with additional current being
produced in each cycle.

Figure 1. Schematic representation of reactions in the IBE biosensor interface. S1, S2, S3, and
S4 denote phenylacetate, phenol, catechol, and o-quinone, respectively. E1, E2, and E3 denote
acetylcholinesterase, tyrosinase’s phenolase activity, and tyrosinase’s catecholase activity, respectively.
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Figure 2. Hydrolysis of phenylacetate with AChE.

The concentration of PMSF (I, Figure 3) in a sample was determined from the drop in
the biosensor’s current following addition and exposure to PMSF.

 

Figure 3. Molecular structure of PMSF.

The biosensor’s mathematical model consists of a set of coupled, unsteady-state,
differential mass-balance equations that take into account: (1) the rate of mass transfer
of phenylacetate, phenol, catechol, O-quinone, and PMSF in the x-direction through the
diffusion layer (L < x < L + δ) and the enzyme-containing layer (0 < x < L); (2) the ki-
netics of the enzyme-catalyzed chemical reactions by AChE and tyrosinase within the
enzyme-containing layer; and (3) the kinetics of electrochemical reduction of o-quinone
at the gold electrode. The enzymes’ concentrations are assumed to be uniform across the
enzyme-containing layer [31,32]. The bulk solution is assumed to be well-mixed, with the
concentrations of all chemical species remaining constant at their initial values [33]. The
PMSF bulk concentration is assumed to be zero before the addition time (t = T0).

2.4.1. AChE Inactivation and Enzyme Kinetics

PMSF inhibits AChE’s reaction rate (E1) by binding at AChE’s active site [34]. The
sulfonyl group of PMSF (Figure 3) mimics the carbonyl group of phenylacetate’s transition
state. As a result, the hydroxyl group of the serine residue in AChE’s active site nucleophili-
cally attacks the sulfonyl group, which can lead to irreversible, covalent sulfonylation of
AChE [35]. In this model, we assumed that the rate of PMSF (I) consumption is equal to
the rate of AChE inactivation.

The general scheme for inactivation of AChE with PMSF (I) in the presence of the
substrate (S1) is shown in Figure 4.
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Figure 4. Inhibition mechanism of AChE (E) with PMSF (I) in the presence of substrate (S1).

Studies have shown that AChE inhibition with PMSF follows pseudo-first-order
kinetics [35] (Equation (1)):

ln
V′

max,1

Vmax,1
= −k′t′ (1)

where Vmax,1 and V′
max,1 are the maximum reaction rates for AChE in the absence of

the inhibitor and when incubated with inhibitor for a time of t′, respectively. k′ is the
pseudo-first-order rate constant for the inactivation of AChE by PMSF (Equation (2)):

k′ = k2[I]
1

(1−γ)
kI + [I]

(2)

The affinity of PMSF for AChE is given by the Michaelis–Menten type constant, kI [35]:

kI =
k−1 + k2

k+1
(3)

where k+1 and k−1 are the forward and backward rate constants for the formation of
the Michaelis–Menten type complex, and k2 is the sulfonylation rate constant (Figure 4).
The value of γ is given by Equation (4), where Km,1 is the Michaelis–Menten constant for
phenylacetate hydrolysis.

γ =
[S1]

[S1] + Km,1
(4)

PMSF competes with phenylacetate for the active site of AChE, thereby changing Km,1
to an the apparent value K′

m,1 (Equation (5)) [25].

K′
m,1 = Km,1

(
1 +

[I]
kI

)
(5)

Equations (6)–(8) describe the enzymatic kinetics of AChE in the presence of PMSF,
where kcat,1 is the turnover number of AChE for phenylacetate. By assuming that the rate
of PMSF (I) consumption equals the rate of enzyme inactivation, Equation (9) was derived
to describe the rate of PMSF (I) consumption.

v1 =
V′

max,1[S1]

K′
m,1 + [S1]

(6)

V′
max,1 = Vmax,1e−k′t (7)

Vmax,1 = kcat,1E1 (8)

dI
dt

= −k′E1e−k′t (9)
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2.4.2. Tyrosinase Enzyme Kinetics

Tyrosinase exhibits two enzymatic activities: monophenolase activity, which catalyzes
the hydroxylation of phenol to produce o-diphenol (catechol) and catecholase activity,
which catalyzes the oxidation of catechol to o-quinone. Figure 5 shows the scheme for the
two-step oxidation of phenol with tyrosinase.

Figure 5. Scheme of phenol oxidation with tyrosinase to produce o-quinone.

Studies have shown that the hydroxylation step (monophenolase activity) is much
slower than the oxidation step (catecholase activity), and therefore limits the o-quinone
production rate [36]. Therefore, we assumed that the rate (v2) of o-quinone (S4) production
from phenol (S2) can be obtained from Equations (11)–(12), where E2 corresponds to
phenolase activity of tyrosinase. The rate (v3) of conversion of catechol (S3) to o-quinone
(S4) can be given by Equations (12) and (13), where E3 denotes the catecholase activity of
tyrosinase [29]

v2 =
Vmax,2[S2]

Km,2 + [S2]
(10)

Vmax,2 = kcat,2 E2 (11)

v3 =
Vmax,3[S3]

Km,3 + [S3]
(12)

Vmax,3 = kcat,3 E3 (13)

The molecules of o-quinone produced by tyrosinase are assumed to be reduced back
to catechol at the working electrode at a rate described by the Butler–Volmer equation
(Equation (14)):

J = nFDL

[
∂Q
∂x

]
x=0

= nFK0[Q]x=0 e
(
−αnF(E−Eh)

RT

)
− nFK0[C]x=0 e

(
(1−α)nF(E−Eh)

RT

)
(14)

where J is the electric current density, n is the number of electrons transferred (e.g., n = 2
for the electrochemical reduction of Q), α is the charge transfer coefficient (assumed to
be 0.4), F is the Faraday constant (96,485 C mol−1), K0 is the apparent electron transfer
rate constant for Q, R is the universal gas constant (8.314 J K−1 mol−1), T is the absolute
temperature (298 K), and Eh is the redox potential for electrochemical reduction of Q to C
under the experimental conditions. An Eh value of 0.15 V was determined as the midpoint
between the cathodic peak and anodic peak of cyclic voltammogram obtained under the
same conditions.
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2.4.3. Mass Balance Equations

The mass balance equations including diffusion and enzymatic reaction for S1, S2, S3,
S4, and I across the enzyme-containing layer (0 < x < L) can be derived (Equations (15)–(19)).

∂S1

∂t
= DL

∂2S1

∂x2 − V′
max,1[S1]

K′
m,1 + [S1]

(15)

∂S2

∂t
= DL

∂2S2

∂x2 − Vmax,2E2[S2]

Km,2 + [S2]
+

V′
max[S1]

K′
m,1 + [S1]

(16)

∂S3

∂t
= DL

∂2S3

∂x2 − Vmax,3E3[S3]

Km,3 + [S3]
(17)

∂S4

∂t
= DL

∂2S4

∂x2 +
Vmax,3[S3]

Km,3 + [S3]
(18)

∂I
∂t

= DL
∂2I
∂x2 + k′E1e−k′t (19)

2.4.4. Boundary Conditions

Because Q reduction at the electrode generates C in equimolar amounts, the fluxes of Q
and C at x = 0 were assumed to be equal in magnitude but opposite in sign (Equation (20)).

DL[
∂S4

∂x
]x=0 = −DL[

∂S3

∂x
]x=0 (20)

At x = 0, S1, S2, S3, and I are assumed not to be consumed or produced at the electrode
(Equation (21)):

[
∂S1

∂x
]x=0 = 0, [

∂S2

∂x
]x=0 = 0, [

∂S3

∂x
]x=0 = 0, [

∂I
∂x

]x=0 = 0 (21)

Partitioning kinetics of all reactants were assumed to be rapid enough that the interfa-
cial concentrations at the boundaries of the diffusion layer and enzyme-containing layer
remained at equilibrium. Identical partition coefficients (kp = 1) were assumed for all
reactants (Equations (22)–(26)).

[S1]L+ = kp[S1]L+ (22)

[S2]L+ = kp[S2]L+ (23)

[S3]L+ = kp[S3]L+ (24)

[S4]L+ = kp[S4]L+ (25)

[I]L+ = kp[S4]L+ (26)

The bulk solution (where x = ∞) contained S1 at a concentration of S1(∞) but negligible
concentrations of S2, S3, and S4 (Equations (27)–(31)).

[S1]x=∞ = C(∞) (27)

[S2]x=∞ = 0 (28)

[S3]x=∞ = 0 (29)

[S4]x=∞ = 0 (30)

[I]x=∞, t<T0 = 0, [I]x=∞, T0 < t = I(∞) (31)
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Because no reaction is assumed to occur in the diffusion layer, the flux of species
entering this layer was assumed to equal that exiting it (Equations (32)–(36)).

DL[
∂S1

∂x
]x=L− =

Dδ

kp δ

{
kp S1(∞)− [S1]x=L−

}
(32)

DL[
∂S2

∂x
]x=L− = −Dδ

δ
{[S2]x=L+ − 0} = − Dδ

kp δ
[S2]x=L− (33)

DL[
∂S3

∂x
]x=L− = −Dδ

δ
{[S3]x=L+ − 0} = − Dδ

kp δ
[S3]x=L− (34)

DL[
∂S4

∂x
]x=L− = −Dδ

δ
{[S4]x=L+ − 0} = − Dδ

kp δ
[S4]x=L− (35)

DL[
∂I
∂x

]x=L− =
Dδ

kp δ

{
kp I(∞)− [I]x=L−

}
(36)

2.4.5. Initial Conditions

Initial conditions of phenylacetate at injection time (t = 0) are given in Equation (37):

[Si] i=2:4,0�x�L = 0, [S1]0�x<L = 0, [S1]x=L = S1(∞) (37)

The inhibitor concentration (I) was assumed to be zero before it was injected at (T0)
and was assumed to be constant throughout the enzyme-containing layer and solution
afterward (Equation (38)):

[I]0<t<T0, = 0, [I]T0<t = I(∞) (38)

A splitting-finite-difference algorithm was programmed in MATLAB and used to
solve the mass balance equations (Equations (15)–(19)) numerically using the parameters
given in Table 1 and the boundary and initial conditions given in Equations (20)–(38).

Table 1. Parameters and variables used in the numerical simulation.

Parameter/Variable
Dimensional

Parameter
Variation Range

Value Used to Fit
Experimental Data

Time t, s 0–300 –

Distance from electrode surface x, cm 3.0 × 10−4–3.0 × 10−2 3.0 × 10−3

Phenylacetate concentration (S1), mM 0–1.5 0.9

PMSF concentration (I), mM 0–0.5 –

Acetylcholinesterase concentration (E1), μM 0–100 30

Tyrosinase Concentration (phenolase activity) (E2), mM 0–5 1.45

Tyrosinase Concentration (catecholase activity) (E3), mM 0–5 1.65

Michaelis–Menten constant of phenylacetate Km,1, μM 0–100 50.5

Michaelis–Menten constant of phenol Km,2, μM 0–10 0.25

Michaelis–Menten constant of catechol Km,3, μM 0–10 0.22

Acetylcholinesterase turnover number
for phenylacetate kcat,1, s−1 2.0 × 102–2.0 × 105 2.3 ×104

Tyrosinase turnover number for phenol kcat,2, s−1 2.0–2.0 × 103 20

Tyrosinase turnover number for catechol kcat,3, s−1 2.0–2.0 × 103 760

Dissociation constant of PMSF kI, mM 0.02–2.0 0.25
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Table 1. Cont.

Parameter/Variable
Dimensional

Parameter
Variation Range

Value Used to Fit
Experimental Data

Reaction constant of deactivation of
acetylcholinesterase with PMSF k2, s−1 0.001–0.1 0.005

Enzyme-containing layer thickness L, nm 10–100 25

Diffusion layer thickness δ, μm 10–200 30

Diffusion coefficient in diffusion layer Dδ, cm2 s−1 1 × 10−6–9 × 10−5 2.2 × 10−5

Diffusion coefficient in enzyme-containing layer DL, cm2 s−1 1 × 10−8–9 × 10−6 2.28 × 10−8

Standard redox electrochemical potential
of O-quinone E0, V 0.15 0.15

Heterogeneous electron transfer rate constant K0, cm s−1 1 × 10−7–1 × 10−4 1 × 10−5

3. Results and Discussion

3.1. Biosensor’s Response to PMSF

Figure 6 shows a typical amperometry experiment to detect PMSF. Phenylacetate was
added at about 35 s, and PMSF was added at about 190 s. As soon as a buffer sample
containing PMSF was added, the biosensor’s current rapidly declined and then returned
to a relatively stable value whose magnitude varied with the PMSF concentration in the
sample. A first-order time constant for the IBE biosensors’ response to PMSF (defined as
63% toward the relatively stable current value) was typically about 20 s.

Figure 6. Current vs. time response of the bi-enzyme biosensor to the addition of phenylacetate (S1)
to obtain a final phenylacetate (S1) concentration of 0.9 mM followed by the addition of inhibitor
PMSF to obtain a final PMSF concentration of 0.17 mM.

Control experiments were conducted to characterize the IBE biosensor’s response to
blank samples with the addition of a bolus of the buffer without PMSF (Figure 7). As soon
as a buffer sample without PMSF was added, the biosensor’s signal rapidly declined and
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then returned to a relatively stable current very close to that before the blank sample was
added.

Figure 7. Control experiment to study the effect of phosphate buffer addition on the bi-enzyme
biosensor’s signal.

The PMSF-challenge experiments described above were repeated for samples con-
taining a variety of PMSF concentrations. Figure 8 shows the current to which the signal
returned after the initial decline as a function of the PMSF concentration in the sample. The
calibration curve had a sensitivity (slope) of 18.4 μA cm−2 (mM PMSF)−1 and an R2 value
for a linear fit of 0.995.

Figure 8. Current vs. PMSF concentration. Error bars indicate the mean ± standard deviation of
three replicates. Phenylacetate: 0.9 mM. y = −18.366x + 18.869, R2 = 0.9952.
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3.2. Validation of the Mathematical Model and Simulation of the Biosensor’s Response

The numerical model successfully simulated the biosensor’s behavior shown in
Figures 6–8. To explain the initial, rapid signal decline triggered by sample addition,
we hypothesized that the increase in convective mass transfer while the sample was being
pipetted into the solution on the SPE altered the pseudo-steady-state concentration gradi-
ents of the reacting chemical intermediates (S2, S3, and S4) in the enzyme-containing layer.
To simulate this effect in the model, we decreased the concentrations of these intermediates
in the enzyme-containing layer by some fraction (e.g., 20%) at t = T0 (Equations (39)–(41)):

[S2]0<x<L, t=T+
0
= 0.8 [S2]0<x<L, t=T−

0
(39)

[S3]0<x<L, t=T+
0
= 0.8 [S3]0<x<L, t=T−

0
(40)

[S4]0<x<L, t=T+
0
= 0.8 [S4]0<x<L, t=T−

0
(41)

This change enabled the model to predict the biosensors observed dynamics following
sample addition, including the sudden drop in the biosensor’s signal, followed by a return
to a stable current (Figure 9A), providing support for the hypothesis.

Figure 9. (A): Simulated the bi-enzyme biosensor’s signal vs. time. (B): Simulated current density vs.
PMSF concentration (I). Error bars indicate the mean ± standard deviation of three replicates.
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The model was also able to accurately predict the relatively stable current that resulted
after the initial biosensor-response dynamics as a function of the PMSF concentration in
the sample (Figure 9B).

Figures 6, 7 and 9B show that after phenylacetate was added, the biosensor’s current
increased rapidly, went through a maximum, and then exhibited a gradual decay. The
mechanism responsible for the decay is unknown, but it may result from the formation
of byproducts of o-quinone reduction at the electrode that are not re-oxidized as rapidly
by tyrosinase as catechol. The result of such a reaction would be a gradual increase in the
byproduct concentration, and decrease in the catechol and o-quinone concentrations, and,
consequently, a gradual decrease in the biosensor’s current.

Signal Amplification by Redox-Recycle Loop

The degree of biosensor signal amplification due to the redox-recycle loop involving
catechol and O-quinone (Figure 5) activity can be quantified using an amplification factor
(AF), which is defined as the ratio of the biosensor’s current density (J) in the presence of
catecholase activity to that in the absence of the catecholase activity (Equation (42)) [29]:

AF =
J|E3 �=0

J|E3=0
(42)

After validating the biosensor model (Figure 9A,B), we used it to explore the extent of
signal amplification under a variety of operating conditions. Figure 10A shows the model-
predicted output current both in the presence and absence of the amplification system. To
predict the absence of amplification system zero, catecholase activity of tyrosinase was set
to zero in the model. The predicted AF of about three across the range of [I] simulated
indicates that redox amplification increases the biosensor’s current roughly three-fold
under the experimental conditions.

The effect of catecholase concentration (E3) on the predicted AF was also explored
with the model (Figure 10B). This result shows an increasing tyrosinase concentration
would increase the biosensor’s output by increasing the redox amplification.

3.3. Biosensor Sensitivity

Biosensor sensitivity (S) with respect to PMSF concentration [I] is defined in Equation (43):

S =
dJ

d[I]
(43)

To calculate S for a given set of experimental conditions, the incremental change
in J (ΔJ) resulting from an incremental change in [I] (Δ[I]) was calculated by the model.
Then the asymptotic value of the ratio ΔJ/Δ[I] as Δ[I] approached zero was determined
and used as the S value for those conditions. The resulting S values were plotted as
function of a dimensionless phenylacetate concentration ([S1]/Km,1,app) for several [I]
values (Figure 11A).

All the sensitivity curves exhibited a maximum value for the following reasons. At
low [S1]/Km,1,app values, the S1 hydrolysis rate, and thus the J value, is so low that the
maximum possible drop in J due to an increase on PMSF concentration is also small. At
large [S1]/Km,1,app values, almost all AChE active sites are occupied with S1 values, and
are unavailable to bind to PMSF molecules; thus the addition of PMSF has little effect on J.

For all [S1]/Km,1,app values shown, sensitivity values increased as the PMSF concen-
tration decreased. The lower the PMSF concentration, the higher the S1 hydrolysis rate, the
J value, and the maximum possible drop in J as the PMSF concentration is increased.
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Figure 10. (A): Simulated current density with and without (E3 = 0) the amplification system in the
bi-enzyme biosensor. (B): Signal amplification in bi-enzyme biosensor due to S3 recycling caused by
catecholase activity (E3).

The calculated S values were also plotted as a function of dimensionless AChE con-
centration for several dimensionless tyrosinase concentrations (Figure 11B).

For all tyrosinase concentrations, plots of sensitivity vs. (AChE)/(AChE*) exhibited
a maximum. At low [AChE]/[AChE*] values, they are equal to the S1 hydrolysis rate,
and thus the J value is so low that the [AChE]/[AChE*] values are different from the S1
hydrolysis limits, J; therefore, the inhibition of AChE by PMSF addition has little effect on J.

For all of the [AChE]/[AChE*] values shown, sensitivity values increased as the
tyrosinase concentration increased. This effect is attributed to the catecholase activity,
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and thus greater amplification and J values that occur at higher tyrosinase concentrations
(Figure 11B).

Figure 11. (A): Sensitivity vs. phenylacetate concentration (S1). S1 has been normalized with Km,1,app.
(B): Sensitivity vs. [AChE] at different tyrosinase concentrations. [AChE] has been normalized with
[AChE*] = 3 μM. [I] = 0.3 mM.

3.4. Identification of Rate Limiting Step

In a recent publication, we described the use of dimensionless groups to assess the
rate-limiting step(s) in amperometric biosensors. The biosensor’s current results from the
interplay of multiple mass transfer and reaction steps, each of which has the potential to
be rate-limiting (i.e., control the biosensor current output) to some extent. Because the
mechanistic model predicts the rate of each step, it enables the extent to which each step is
rate-limiting to be calculated.
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We used Equation (44) and parameter values from Table 1 to calculate the Damkohler
number (σ), defined as the square root of the dimensionless ratio of the relative rates of
enzymatic reaction ( Vmax

KM
) and diffusional mass transfer ( DL

L2 ) within the enzyme-containing
layer [37].

σ2 =
VmaxL2

DLKM
(44)

The σ values for AChE and tyrosinase were in the order of 10−5, indicating that the
diffusion steps are many orders of magnitude faster than the reaction steps [32,38].

Flux-control analysis has been used to determine the extent to which the rates of
individual enzymatic reactions limit the overall mass flux through a metabolic pathway [39].
We extended this approach to assess to what extent both individual enzymatic reactions
and electrochemical reactions limited current production by the biosensor. We defined a
current-control coefficient (CJ

Vi) for a given reaction step (Vi) as the ratio of the percent
change in the biosensor’s output current (J) to the percent change in a given Vi while
holding all other independent variables constant (Equation (45)). We used the validated
model to calculate CJ

Vi values for each of the three reaction rates involved in generating that
current: the AChE reaction rate (V1), the tyrosinase reaction rate (V2), or the electrochemical
reaction rate (V3). The mechanistic model allowed the enzymatic reaction rates (V1 and V2)
to be varied by adjusting the assumed AChE and tyrosinase concentrations, respectively,
and the electrochemical reaction rate (V3) to be varied by adjusting the assumed working-
electrode overpotential (E-Eh). Figure 12A–C show calculated CJ

V1 values as a function of
the AChE concentration, CJ

V2 values as a function of the tyrosinase concentration, and CJ
V3

values as a function of overpotential (E–Eh), respectively.
Figure 12A shows the effect of normalized AChE concentration CJ

V1 values. The
curve declines monotonically from a value of 1 as the AChE concentration increases. For
the AChE concentration used in the validated biosensor mathematical model (3 μM), a
current-control coefficient of 0.52 is predicted.

dJ
J /dVi

Vi
= CJ

Vi (45)

Figure 12B shows the effect of tyrosinase concentration (normalized by a constant
[AChE] value of 3 μM) on CJ

V2 values. The curve exhibits a maximum at very low tyrosinase
concentrations and then declines monotonically at the tyrosinase concentration increases.
Similar curve shapes were predicted for three applied working-electrode overpotentials,
with CJ

Vi values increasing as the overpotential increases in magnitude (i.e., the working
electrode becomes more negative).

Figure 12C shows the effect of applied overpotential on CJ
V3 values appear to decrease

monotonically from a maximum value as overpotential values increase in magnitude (i.e.,
the working electrode becomes more negative). Similar curve shapes were predicted for
the three tyrosinase concentrations studied, with CJ

V3 values increasing as the tyrosinase
concentration increases.

Once validated, the IBE model’s predictive power has utility for guiding future
biosensor design and optimization efforts. For example, Figure 8 indicates that the IBE
biosensor has a sensitivity for detecting PMSF of 18.4 μA cm−2 (mM PMSF)−1. To increase
that sensitivity, researchers might consider whether it would be possible to increase the
percent change in biosensor output per percent change in AChE activity due to PMSF
inhibition (i.e., increase CJ

V1). Figure 12A predicts that the CJ
V1 value under the experimental

conditions was 0.52, and that the CJ
V1 value could be increased by about a factor of two

by decreasing the AChE concentration. The potential utility of other strategies to increase
the sensitivity could be evaluated quickly and inexpensively in silico using the model.
For example, the effects of changing the thickness of the enzyme-containing layer, the

68



Biosensors 2021, 11, 459

concentrations and ratios of the two enzymes, the working electrode’s overpotential on the
sensitivity could be rapidly assessed using the model.

Figure 12. (A): Current-control coefficient vs. [AChE]/[AChE*]. (B): Current-control coefficient for
tyrosinase. Tyrosinase concentration was normalized using [AChE*] = 3 μM. (C): Current-control
coefficient based on the electrochemical reaction vs. working-electrode overpotential (E–Eh).
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4. Conclusions

This study demonstrated the utility of a novel experimental and modeling frame-
work to characterize and optimize IBE electrochemical biosensors to detect markers of
neurological diseases (e.g., inhibitors of neural esterases). The experimental system was
an amperometric biosensor with an oxidase (tyrosinase) and a neural esterase (AChE)
co-immobilized on the working electrode of a commercially available SPE array to detect
markers of neurological disease. The mechanistic model included a system of coupled,
partial-differential, mass-balance equations that described the simultaneous reaction and
diffusion of reactants and products between the bulk solution, the enzyme-containing
layer, and the working electrode. These equations, together with their boundary and
initial conditions, were solved numerically using a splitting-finite-difference algorithm.
The model was able to reproduce several trends in the experimental results, including a
steady-state biosensor current as a function of the inhibitor (PMSF) concentration, as well
as unsteady-state dynamics of the biosensor current following the addition of a reactant
(phenylacetate) and an ACE inhibitor (PMSF).

The successful application of our integrated experimental and modeling framework
in this paper for IBE biosensors and in a previous paper for a novel amperometric electro-
chemical immunosensor [26] has demonstrated that the approach is generic and has wide
utility for mechanistic modeling of the key mass-transfer and reaction steps that determine
the biosensor’s amplitude and sensitivity. Moreover, the novel dimensional-analysis ap-
proach (e.g., current-control coefficients, sensitivity coefficients, and Damkohler numbers)
has been shown to be capable of determining the degree to which various steps limit
the biosensor’s signal magnitude and sensitivity to the target analyte. These capabilities
enable the framework to be used for in silico design of biosensors having performance
properties that are customized for the target application, whether that might be the max-
imum sensitivity at low analyte concentrations or a linear response over a very wide
analyte range. The framework can also predict which independent variable(s) (e.g., the
thickness of the enzyme-containing layer, the concentrations and ratios of the two enzymes,
the working electrode’s overpotential) would be most effective in obtaining the desired
dependent performance variable(s) (e.g., signal magnitude, analyte sensitivity). Finally,
this paper’s extension of the modeling capability to predict unsteady-state IBE biosensor
responses provides a novel capability to design biosensors having desired dynamic proper-
ties, thereby providing the capability for a new dimension of experimental characterization
using electrochemical biosensors.
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Abstract: Cancer is the second most fatal disease in the world and an early diagnosis is important
for a successful treatment. Thus, it is necessary to develop fast, sensitive, simple, and inexpensive
analytical tools for cancer biomarker detection. MicroRNA (miRNA) is an RNA cancer biomarker
where the expression level in body fluid is strongly correlated to cancer. Various biosensors
involving the detection of miRNA for cancer diagnosis were developed. The present review offers
a comprehensive overview of the recent developments in electrochemical biosensor for miRNA
cancer marker detection from 2015 to 2020. The review focuses on the approaches to direct miRNA
detection based on the electrochemical signal. It includes a RedOx-labeled probe with different
designs, RedOx DNA-intercalating agents, various kinds of RedOx catalysts used to produce a signal
response, and finally a free RedOx indicator. Furthermore, the advantages and drawbacks of these
approaches are highlighted.

Keywords: microRNA; electrochemical biosensor; catalysts; RedOx indicator; cancer biomarker

1. Introduction

Cancer has been the focus of intense scientific research in recent decades because it includes more
than 14 million new cancer cases as well as 8.2 million deaths annually, which makes it one of the most
fatal diseases in the world. It is a complex disease characterized by abnormally large cell proliferation,
or malignant tumor, formed from the transformation by mutation or genetic instability of an initially
normal cell [1]. Attacking some tumor cells that are the source of the disease requires early diagnosis
to control and treat them.

The detection of cancer in the early stage of its evolution greatly increases the chances of the
treatment success [2]. Indeed, it is based on screening, and on educating patients about early diagnosis.
There are many methods of detecting cancer, but the challenge is whether these tests are used to help
identify cancer and give an appropriate treatment at an early stage. Among these methods, the most
effective ones include imaging exams [3,4] including, radiography, echography, computed tomography
scan, magnetic resonance imaging, and positron emission tomography. However, biochemical methods
based on the detection and quantification of biomarkers could give an early diagnosis. Biomarkers are
defined as substances found naturally in the cells, tissues, or fluids of the human body and present in
abnormal amounts in people with cancer or a precancerous condition [5]. Cancer biomarkers could
be specific to a single type of cancer or associated with more than one type of cancer [6]. Various
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cancer biomarkers are known and some of the associated ones with cancer diagnosis are summarized
in Table 1.

Table 1. Biomarkers associated with the diagnosis and prognosis of cancer.

Cancer Biomarkers Reference

Breast

BRCA1, BRCA2, MUC1, CEA, CA 15-3, CA 27, CA29, EGFR,
EpCAM, HER2;

miRNA-21, miRNA-373, miRNA-182, miRNA-1246 and
miRNA-105

[7–10]

Prostate
PSA, Sarcosine;

TEMPRSS2;
miRNA-21, miRNA-141, miRNA-375

[11–13]

Brain MDM2; [14]

Pancreas CA 19-9, PAM4;
miRNA-21, miRNA-155, miRNA-196 [15,16]

Gastric/Stomach
CA72-4, CA19-9, CEA, IL-6;

PVT1;
miRNA-21, miRNA-331, miRNA-421

[17,18]

Liver AFP, DCP, GP73;
miRNA-21, miRNA-122, miRNA-16 [19]

Ovarian CA 125 (MUC-16), CEA, Claudin-4; [20,21]

Lung

ANXA2, CEA, Chromogranin A, CA 19-9, CYFRA 21-1
(CA-19 fragment), NSE, SCC, SAA1, HER1;

P53, P16, Ras genes, Telomere length and telomere-related
genes, EGFR gene (c-ErbB-1 and c-ErbB-2);

miRNA-21 (in sputum)

[22–26]

Neck MGMT gene [27]

Abbreviations: BRCA1, breast cancer 1 gene; BRCA2, breast cancer 2 gene; MUC1, mucin1; CEA, carcinoembryonic
antigen; CA, cancer antigen; EGFR, epidermal growth factor receptor; EpCAM, epithelial cell adhesion molecule; HER,
human epidermal growth factor receptor; miR, micro-RNA; PSA, prostate-specific antigen; PAP, prostatic acidic
phosphatase; MDM2, murine double minute 2; AFP, α-1-fetoprotein; DCP, des-γ-carboxyprothrombin; GP73,
golgi protein 73; ANXA2, annexin A2; NSE, neuron-specific enolase; SCC, squamous cell carcinoma antigen; SAA1,
serum amyloid A1; P53, protein suppressor gene; MGMT, o6-methylguanine DNA methyltransferase.

In recent decades, researchers have focused on microRNA (miRNA) as a cancer biomarker.
According to Scopus, and over the years, miRNAs have generated a high amount of interest in the
cancer research area, as described in Scheme 1. The number of papers related to miRNA detection as a
cancer biomarker was about 650 in 2019, showing the high interest in miRNA analysis.

The interest in targeting miRNAs as cancer biomarkers is related to their biochemical
properties and their large amount in biological fluids; they allow easy detection avoiding sample
treatment complications.

MiRNAs are small non-coding single-stranded sequences constituted of 18–25 nucleotides [28].
The expression level of the miRNAs is strongly correlated with the onset and development of diseases,
including cancer, diabetes, and heart disease [29,30].

The conventional methods used for the quantification and identification of miRNAs are real-time
quantitative polymerase chain reaction (RT-qPCR), DNA microarray, Northern blot techniques, and deep
sequencing [31]. In general, they have good sensitivity and high specificity, but the methods are complex
and need a high level of technology that requires costly equipment and materials, qualified personnel
for the assay, and is time consuming [32].
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Scheme 1. Number of publications in the field of micro-RNAs and cancer in the period between
2010 and 2020 (www.scopus.com, analyzed by years) (consulted 25 October 2020) (Keywords:
micro-RNAs, cancer).

For this reason, the development of other more efficient and less expensive emerging techniques
is important and vital for cancer diagnosis and therapy. A variety of methods providing high
sensitivity and specificity, and that are easy to handle have been recently developed based on
various direct detection methods such as photoelectrochemical, localized surface plasmon resonance,
and electrochemical biosensors [33].

Electrochemical biosensors present interest because they can be easily miniaturized, and allow
mass-production at a low cost. They could be modified with various recognition elements and are
greatly used as versatile devices for nucleic acids-based biosensors development (E-DNA). In addition,
such biosensors have demonstrated convincing results with versatile approaches based on newly
developed materials and nanomaterials, natural organic and bioorganic polymers, electroactive
molecules, catalysts, and biocatalysis, etc. [34–36].

In recent years, reviews of electrochemical miRNA biosensors at various viewpoints have
been published. Therefore, various strategies based on multi-functional nanomaterials in miRNA
biosensors were reported [37,38]. For example, Chen et al. [31] discussed the use of nanomaterials
and oligonucleotides as amplification strategies for miRNA detection. Besides, Michael et al. [39]
focused more on electrochemical biosensors based on using various combinations of oligonucleotide
strategies. Furthermore, Mohammadi et al. [40] reviewed the various amplification strategies
based on nanomaterials, oligonucleotides, and enzymes for miRNA analysis and their different
possible combinations.

In this review, we provide a compressive overview of various detection approaches of miRNA
detection in the literature from 2015 to 2020 following their prevalence. The review focuses on direct
miRNA electrochemical biosensing systems based on the RedOx marker. These approaches are
based on the RNA biosensors with (i) an electroactive labeled DNA probe sequence, (ii) the use of a
catalyst that generates RedOx specie, (iii) the system with DNA RedOx intercalating agent, (iv) the
employment of free RedOx indicator and finally, other methods of detection free of the RedOx marker.
Various detection approaches are discussed in terms of analytical performances, particularly sensitivity
and limit of detection (LOD). We highlight the advantages and drawbacks of these detection approaches.
The challenges and successes of these assays are discussed.
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2. Electrochemical Biosensor Based on Electroactive Labeled Probe Sequence

Electroactive species-labeled DNA probe sequence strategies are widely used for miRNA
detection. They provide direct RedOx current response related to the signal variation after the
miRNA hybridization. These electroactive species can be inorganic molecules as well as organic
ones. For example, metals such as gold nanoparticles [41], silver nanoparticles [42], cadmium [43],
and plomb [44] were employed as an inorganic RedOx probe. Organic molecules including, thionine
(Thi) [45], ferrocene (Fc) [46], and methylene blue (MB) [47] were mostly used. Indeed, the RedOx
molecule could be labeled to the probe sequence directly or with the help of a linker. These methods of
labeling will be detailed in this section.

2.1. Direct Labeling

Biosensors with direct current response readout are based on short strand DNA probes
complementary to the target sequence (miRNA) labeled with molecules of RedOx activity. These labeled
probes are firstly immobilized at the surface of the electrode through surface chemistry. The recognition
of the miRNA target sequence generates a variation in signal response of the RedOx molecule, which is
proportional to miRNA concentration. The literature data show that the labeled DNA probes could
be presented with different types of architecture (Figure 1) providing a decrease (ON-OFF signal) or
increase (OFF-ON signal) in current response after the hybridization step, starting with a basic design
(Figure 1A) and progressing to other more advanced designs based on the elimination of the labeled
probe sequence (Figure 1B), the use of a secondary probe labeled with RedOx molecule (Figure 1C)
and finally, the use of a two-probe labeled sequence (Figure 1D).

Figure 1. Different architecture of electrochemical biosensors based on labeled probe with RedOx
molecules before and after hybridization. (A) Basic design; (B) elimination of labeled probe sequence;
(C) the use of secondary probe labeled with RedOx molecule; (D) the use of two-probe labeled sequence,
(a) before and (b) after hybridization.

2.1.1. Basic Design

This method is based on the use of a labeled capture DNA probe, which is immobilized at the
electrode surface and labeled with a RedOx molecule at the other extremity. However, as shown in
Figure 1A, the presence of target miRNA after a hybridization reaction leads to a variation of the
distance from the RedOx molecule to the electrode surface, which hampers electron transfer and
leads to a decrease in current response (ON-OFF systems). Following this approach, Jou et al. [48],
immobilized hairpin DNA probes on a screen-printed carbon electrode (SPCE) modified with AuNPs.
The hairpin was labeled at the 5’ end position with MB as a RedOx signal reporter. Before hybridization,
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the MB is near the electrode surface and thus the electron transfer between the MB and the electrode is
possible, so the oxidation response of MB is very high. However, in the presence of the miRNA target,
and after displacement amplification reaction and duplex-specific nuclease (DSN), the hairpin was
opened indicating the presence of the target, which generates a distance between the RedOx molecule
and the surface resulting in a decrease in MB oxidation signal. This method showed an LOD of 3.57 fM
for miRNA-155 as a blood cancer biomarker. To improve the sensitivity of detection, Miao et al. [49]
used a DNA hairpin immobilized directly on a gold surface electrode and marked with MB at the
5’ end. They introduced the tris (2-carboxyethyl) phosphine hydrochloride reducer (TCEP) providing
an enhanced electrochemical signal of MB. The oxidation signal enhancement is based on the activation
of MB by reducing its oxidized form in the presence of TCEP. This method allows an improvement of
the LOD where 3.2 aM is demonstrated. Yammouri et al. [47] demonstrated a biosensor for miRNA
cancer markers with LOD of 1 fM using a basic design where MB-labeled DNA probe sequences and
well adapted surface chemistry based on pencil carbon were used. This allows a signal of readout
after DNA hybridization without using TCEP as a mediator. The aforementioned methods based on
ON-OFF systems lead to an increase in the error of the measurement at low miRNA concentrations.
To overcome this problem, a specific architecture of DNA such as loop DNA or DNA stream could
be used and the hybridization, in this case, brings the RedOx marker closer to the surface leading to
an increase in current response (OFF-ON systems). Wang et al. [50] relied on the “OFF-ON” systems
offering a femtomolar detection limit of miRNA-122. In this case, a triple-stem DNA-labeled MB was
used. This structure locks MB away from the electrode, and thus blocks electron transfer pathways.
Indeed, the signal is turned on only upon the recognition with the target miRNA, which leads to a
significant signal response of MB after the hybridization reaction.

2.1.2. Response Based on the Elimination of the Labeled Probe

In this strategy, the labeled probes are released after their hybridization with miRNA targets as
shown in Figure 1B. Various methods were employed to achieve this approach. The more popular
method is the use of a cleaving agent such as endonucleases [51], duplex-specific nuclease [52],
or calcium ions [53] to remove the hybridized duplexes and eliminate the labeled probe from the
electrode surface.

The removal could also be obtained by desorption of dsDNA bearing the labeled probe after
the hybridization reaction of miRNA due to lower affinity of dsDNA–RNA to the surface (Figure 2).
In this case, biosensors based on carbon nanomaterials were demonstrated such as graphene oxide [42]
or SWCNTs [46] where the adsorbed ssDNA probe has more affinity to the nanomaterial than
dsDNA–RNA does.

Another method uses the competition of miRNA target with two DNA probes in which one
is non-labeled and could be hybridized with an MB-labeled duplex reporter. When miRNA target
is present, its hybridization reaction with a non-labeled attached probe takes place leading to the
displacement of the labeled reporter from the surface [54].

A 2D DNA nanoprobe (DNP) and enzyme-free-target-recycling amplification method based on
toehold-mediated strand displacement reactions (TSDRs) was also used to achieve the release of
Fc-labeled DNA strands in the case of miRNA-21 detection. The method is based on the displacement
of the Fc-labeled DNA strands from the glassy carbone electrode (GCE)/gold nanoparticles (AuNPs)
surface after TSDRs, resulting in a decrease in the electrochemical signal. The proposed biosensor has
an LOD of 0.31 fM and can be regenerated four times [55].
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Figure 2. Architecture of electrochemical biosensor based on destroying the adsorption of the labeled
probe after hybridization step on the electrode surface (a) before and (b) after hybridization.

The previous methods described are simple in the design of the biosensors but lead to a decrease
in current signal upon miRNA hybridization with “On-OFF systems”. The detection with increasing
response signals based on “OFF-ON Signal” was also demonstrated in the case of the release of the
labeled DNA probe. Thus, Fu et al. [56] developed a biosensor based on a homogenous system of
detection without immobilization of the ssDNA probe, permitting the reduction in the preparation time
of the biosensor. Indeed, the biosensor is based on the negatively charged probes marked with MB at
the 3’ end and a negatively charged indium tinoxide (ITO) electrode surface where DNA cannot diffuse
easily to the surface due to electrostatic repulsion and the low electrochemical signal of MB is detected.
After hybridization, the duplex DNA probe-miRNA was cleaved by DSN hybridization and miRNA
continue the second cycle of hybridization cleavage; in the end, this released many short fragments
of MB-labeled oligonucleotides with less negative charges, which easily allowed the diffusion on the
electrode surface, resulting in a high electrochemical signal.

2.1.3. The Use of Secondary Probe Labeled with RedOx Molecule

This strategy is based on the use of two DNA sequences, the first one is a DNA probe immobilized
on the electrode surface, which is targeting a part of miRNA, and the second one is a DNA probe
labeled with RedOx molecule targeting the other part of miRNA. After hybridization, the secondary
probe labeled with the RedOx molecule leads to a positive signal readout. The principal of this strategy
is presented in Figure 1C. This approach was demonstrated by Miao et al. [57] with a biosensor in which
an miRNA opened a hairpin capture probe that was immobilized on a gold electrode, while a second
probe labeled with silver nanoparticles (AgNPs) was hybridized with the capture probe. A Klenow
fragment initiates polymerization of the labeled probe and leads to a release of miRNA. The obtained
biosensor provides intense electrochemical signals reaching an LOD of 0.4 fM. Other groups used the
same method and amplified the signal readout by the use of rolling circle amplification (RCA) and
several probes labeled AgNPs. This leads to an increase in the number of AgNPs on the electrode
surface reducing the LOD to 50 aM [58]. Otherwise, with the same principle of detection, other
nanoparticles could be used such as CdTe quantum dots (CdTe QDs) instead of AgNPs. With CdTe,
a biosensor of miRNA with a very low LOD of 33 aM was demonstrated [59].

An interesting approach was demonstrated for the simultaneous detection of miRNAs using the
tetrahedron DNA (TDN) nanostructure (Figure 3A) [60]. This biosensor involved an advanced DNA
structure such as TDN which is immobilized on the surface and hybridized with DNA circle as a
capture probe presenting many target recognition domains. In the presence of two target miRNAs,
and with the assistance of two DNA probes, the mimetic proximity ligation assay (mPLA) can be
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triggered. The last step is the capturing of two labeled DNA probes labeled with Fc and MB which
generate two electrical signal responses. The LOD obtained is in an attomolar range for miRNA-21
and miRNA-155 of 18.9 aM and 39.6 aM, respectively.

 

 
Figure 3. Example of the biosensor with an electrochemical response based on “signal ON”, (A) detection
approach using DNA circle for simultaneous detection of miRNA (reproduced with permission from
the publisher [60]; (B) scheme of the biosensor design using (a) stand displacement reaction to generates
protector output (b) catalytic hairpin assembly to generates H1/H2 duplex output and (c) electrochemical
signal generation procedure (reproduced with permission of Royal Society of Chemistry) [61].

Another design of an miRNA biosensor was demonstrated by exploiting the small size of the
RedOx molecule, which allows them to be closer to the electrode surface, resulting in an intense RedOx
signal. This was obtained by sophisticated design strategies based on coupling the strand displacement
reaction and catalytic hairpin assembly recycling (see Figure 3B) [61] or by using an isothermal target
recycling amplification strategy [62].

2.1.4. Response Based on Two Labeled Probes

This strategy is based on two probes labeled with different RedOx molecules, in which one is
placed near the surface electrode and the second is far from the surface. The signal obtained after RNA
hybridization leads to a response where one of the RedOx molecules increases because it becomes
closer to the surface and the second one decreases according to the concentration of the hybridized
DNA. The final response is a ratio between the two responses (Figure 1D). Various biosensors for
miRNA detection were developed following this method in addition to the amplification strategy [63]
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(see Figure 4A). Most of the developed biosensors used ratiometric electrochemical sensors to obtain a
reliable experimental result, which is less sensitive to electrode surface conditions, the probe packing
density, the environment, and artificial factors [64–67].

 

Figure 4. Example of biosensor obtained with two DNA label with two RedOx markers; (A) standard
design reproduced from [68] with permission of publisher, (B) same approach using amplification
strategy reproduced with permission of the publisher from [63].

Amplification strategy using exonuclease-assisted target recycling [63] (Figure 4B) or mismatched
catalytic hairpin assembly (CHA) [65] can improve the signal-to-background ratio of the sensor.
Using this type of ratiometric design, Zhang et al. [64] developed a more original biosensor based on
bipedal DNA walkers for the detection of exosomal miRNA-21. Fc and MB RedOx probes produce a
final ratiometric signal, allowing them to obtain an LOD up to 67 aM of miRNA-21. The biosensor
developed was applied in a real sample and compared with other methods as RT-qPCR and was
regenerated five times without signal decrease.

2.2. RedOx Molecules Linker to Nanocarriers

This strategy is based on the use of a RedOx molecule labeled to the probe through a linker such,
nanomaterial, polymer, and streptavidin and leads to RedOx signal amplification leading to signal ON.
This allows the immobilization of a large number of RedOx molecules after a hybridization reaction
leading to the high sensitivity of the biosensor (Figure 5).
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Figure 5. Architecture of electrochemical biosensor based on a RedOx molecule labeled probe via a
linker molecule (a) before and (b) after hybridization.

Nanomaterials can be used as carriers of the RedOx molecule [44]. AuNPs are usually used in this
case as they allow easy attachment through the thiol link. For example, AuNPs have demonstrated an
amplification transducer signal conjugated to RedOx molecules such as doxorubicin [69] or cadmium
sulfide nanoparticles [66], through sulfur interaction. Another example of a biosensor for miRNA-141
was demonstrated by Yuan et al. [70] where AuNPs were conjugated to Thi- and Fc-labeled hairpin
capture probes immobilized on the electrode surface. In the presence of miRNA-141, an increase in the
Thi signal is observed, causing a decrease in the Fc signal. The AuNPs-conjugated RedOx molecule
could be linked to the capture probe sequence via streptavidin (SA). In this regard, Fc-AuNPs-SA
can be used as a labeling nanocarrier for a sandwich biosensor structure. In this system, the capture
DNA probes are immobilized on GCE modified with graphene oxide-AuNPs through thiol chemistry.
After miRNA hybridization, a second biotinylated capture probe is hybridized. The probe bearing
a nanohybrid was added for the quantization of hybridized miRNA-21. This biosensor gives a
femtomolar LOD and presents good stability (63 days) [71].

Magnetic nanoparticles such as Fe3O4 were also employed as a reporter for RNA detection. As an
example, a biosensor was developed with the objective of simultaneous detection of miRNA-141 and
miRNA-21. In this case, two RedOx molecules, Thi and Fc are attached to the magnetic nanoparticle
and the captured probe leading to a large number of RedOx molecules attached. In the presence of
miRNAs, the hybridization chain reaction was performed, and then the DNA1/Fe3O4NPs/Thi and
DNA2/Fe3O4NPs/Fc were captured by the formed dsDNA, which generate a large number of magnetic
nanoprobes attached to the surface. A magnified response of currents is obtained with good stability
for 4 weeks and was applied for the diagnosis of miRNA in human breast cancer cells [72].

Protein such as streptavidin could be also used as carriers of RedOx molecules. Indeed, AuNPs as
RedOx molecules were conjugated to a probe sequence through streptavidin for miRNA-106a detection
in the case of gastric cancer diagnosis, causing a lower LOD [41].

Most electrochemical biosensors based on electroactive species-labeled probe sequences for
miRNA detection of cancer markers published from 2015 to 2020 are reviewed in Table 2 and their
various analytical performances are highlighted.
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Direct probe labeling is an approach in which the capture probe is ready to use, therefore it
facilitates biosensor’s construction and reduces the required time. The linker molecule labeled probe
approach permitts amplification of the signal, but needs an additional step, resulting in an increase in
the time and the cost of analysis.

In general, the electrochemical biosensor based on an electroactive species-labeled probe sequence
is a commonly used method by researchers, due to the high stability and sensitivity. Indeed,
these biosensors enable an LOD in femtomolar to attomolar range and are able to detect miRNA
in a complex sample. However, most of the work on biosensors support include an additional
amplification procedure or use a sophisticated electrode interface to reach high sensitivity. Additionally,
this method is considered as a versatile one, permitting the development of various kinds of biosensor
design with new properties. For example, it allows ratiometric dual-current signal responses that
provide self-calibration. Consequently, this method can reduce the experimentally and environmental
dependent factors/interferences and is effective for miRNA detection in a complex matrix. Moreover,
the small size of some RedOx molecules and rational design allow them to be near the electrode
surface, which could amplify the signal and detect a small amount of the biomarker. The simultaneous
detection was also demonstrated with a simple approach where various biomarkers could be detected
at the same time. The direct oxidation/reduction of these molecules without the need of adding
other reagents or specific temperature conditions allows them to act as a point of care test. Despite,
the above-mentioned advantages, there are a risk of contamination with these molecules and the use of
toxic molecules such as cadmium as labeling probe sequence should be avoided for environmental
pollution. Concerning the stability of the biosensor with such a design, few works describe these
aspects and the stability time is demonstrated between 7 and 30 days depending on the design. Thus,
more studies should be highlighted to demonstrate the long-term stability and conditions of storing to
allow their actual application.

3. Electrochemical Biosensor Based on Catalysts

The catalysts including, enzymes, chemical catalysts, and DNAzyme have been used for miRNA
detection (Figure 6). Enzymes are biomacromolecules with highly selective catalytic activities.
More than 5000 biological processes have been established to be catalyzed by enzymes. Additionally,
they can accelerate chemical reactions with tremendously high efficiency and selectivity, typically with
1010–1015-fold rate enhancements over uncatalyzed chemical reactions.

Nanomaterials as chemical catalysts can also mimic enzyme catalysis by their ability to act in
catalytic processes and are potentially viable alternatives for enzymes. Thus, they attract a great
deal of interest and have been actively researched over decades. Indeed, nanomaterials have
unique physico-chemical properties, including a size comparable with natural enzymes, a high
surface/volume ratio, a large number of catalytically active sites on their surface, as well as the
availability of multifunctional reactive groups for subsequent modification and functionalization.
The high surface/volume ratio and a large number of active sites should result in a high catalytic
efficiency [91].

DNAzymes are ssDNA molecules that also exhibit a catalytic activity and are exploited
in biology, medicine, and material sciences. Development in this field is related to the many
advantages of DNAzymes over conventional protein enzymes, like simpler preparation and thermal
stability [92]. In this section, electrochemical biosensors for miRNA detection based on the enzymes,
chemical catalysts, and DNAzyme will be discussed.
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Figure 6. Principle of electrochemical biosensor based on different types of catalysts before (a) and
after hybridization (b) with micro-RNA, (A) enzyme, (B) chemical catalyst, (C) DNAzyme.

3.1. Enzyme

The use of an enzyme in amplification strategies is widely used for miRNA detection. It includes
various enzymes that lead to obtaining electroactive species which could be electrochemically detected.
The most employed enzymes are alkaline phosphatase (ALP) and horseradish peroxidase (HRP).
The binding strategy of the enzymes to the biosensors is the key to biosensors’ success because it could
affect the accessibility of the active site or lead to denaturation. In this regard, different works have
been reported based on the different types of binding approach on the biosensor that will be discussed
in this part. Some examples of enzyme binding approaches are presented in Figure 6A.

3.1.1. Enzyme–Steptavidin Binding

The binding of an enzyme on the biosensor via the interaction between biotin-modified probe
sequence and streptavidin-modified enzyme is a habitually used method in the literature of enzyme
binding employed for miRNA detection [93–96]. Using this type of interaction between a biotinylated
capture probe and streptavidin-conjugated alkaline phosphatase (SA-ALP), Xia et al. [97] described
an electrochemical–chemical–chemical (ECC) RedOx cycling system for miRNAs detection with Fc
methanol, which acts as the RedOx mediator using TCEP as a reducing agent and L-ascorbic acid
2-phosphate as a subtract of ALP enzyme. With this system, one ALP enzyme captured by one target
miRNA molecule favored the production of thousands of ascorbic acid (AA) enzymatic products,
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which allowed a sensitive detection with an LOD of 40 fM. This biosensor could be generated 10 times,
which permits an increase in the sample throughput and reduces the sample analysis time. In another
work based also on the ECC system, a sandwich biosensor was employed using a biotinylated
DNA-linked GO-AuNPs hybrid as a signal probe, which was interacted with SA-ALP. A capture
probe was immobilized on GCE/AuNPs/Magnesium oxide (MgO) for more sensitive miRNA detection
of 50 aM [98]. Mandli et al. [99] developed an electrochemical miRNA biosensor based also on a
sandwich system with the use of AuNPs as a biosensor platform that incorporates SA-ALP enzyme
linked to a biotin-modified signaling probe, catalyzing α-naphthyl phosphate as a substrate to produce
electroactive α-naphthol. The differential pulse voltammetry (DPV) technique was used for the
measurement of α-naphthol oxidation.

A competitive RNA/RNA hybridization assay-based biosensor was developed by incorporation
of SA-HRP linked to biotinylated capture probes for amperometric detection of miRNA using H2O2

as enzyme-substrate and hydroquinone (HQ) as RedOx mediator. Indeed, different platforms—one
based on the screen-printed electrode (SPE)/AuNPS [100] and the other one based on GCE/tungsten
diselenide/AuNPs [101]—were employed. A lower LOD of 0.06 fM was obtained using tungsten
diselenide/AuNPs because tungsten diselenide displayed a large effective surface area. This allowed
increased loading of AuNPs on its surface to act as an excellent sensing substrate, which therefore can
immobilize more capture probe DNA to the electrode and in turn leads to a low LOD.

Using a new way for probe capture immobilization, Torrente-Rodríguez et al. [102] employed
magnetic-beads (MBs) modified with a special DNA–RNA antibody as capture probe bioreceptor.
The antibody recognized the hybridized microRNA and biotinylated capture probe linked to SA-HRP.
Indeed, amperometric detection implying the H2O2/HQ system at disposable SPCE was performed.
This methodology has been evaluated for the quantification of miRNA-205 and miRNA-21 in total
RNA obtained from human breast tissues.

In another work, simultaneous detection of four miRNAs using DNA tetrahedral
nanostructure-based sandwich-type assay and Poly-HRP40 was performed in a serum sample of
pancreatic cancer patients. A biotinylated capture signaling probe linked to HRP-SA was hybridized
with the immobilized DNA tetrahedral on the gold electrode surface. Indeed, the HRP enzyme
catalyzed the reduction in H2O2 in the presence of microRNAs, with TMB employed as an electron
mediator, and thus generated a quantitative amperometric signal in the presence of TMB substrate [103].
Despite, the advantages of simultaneous detection with the presented method, it is still unable to
give a specific LOD of each analyzed miRNA because of the interaction of the enzyme with all of the
biotinylated signal probe complementary sequences of each miRNA.

Enzyme reaction-based electrochemical biosensor-integrated hybridization chain reaction (HCR)
amplification was used to enhance the sensitivity of detection. Using this method, a large amount of
streptavidine enzyme binds to biotin labeled on the long-range HCR product, which could remarkably
amplify electrochemical signals. Different electrochemical biosensor based HCR techniques and
the interaction between biotin-modified probe sequence and streptavidin-modified enzyme were
developed [104,105]. Indeed, Zhai et al. [104] developed an electrochemical biosensor based on HCR
and ALP by measuring the oxidation of α-naphthol as the enzymatic product, which is proportional to
the miRNA concentration, an LOD of 0.56 fM was obtained. This biosensor has a good stability of
2 weeks.

Otherwise, in other work, DSN was employed; indeed, biotinylated ssDNA capture probes were
immobilized on gold electrodes allowing SA-ALP to be attached to the capture probe, facilitating
the production of an electrochemically active p-aminophenol (p-AP) from p-aminophenyl phosphate
(p-APP) substrate. The resulting p-AP was cycled by TCEP after its electro-oxidization, enabling an
increase in the anodic current of p-AP, which is proportional to miRNA concentration. Due to the
cleavage of the double-strand DNA (dsDNA) by DSN, a decrease in p-AP response was observed after
hybridization indicating the presence of miRNA [106]. More sensitive biosensors were developed also
using DSN and the introduction of nanomaterials as a biosensor platform. However, the detection of
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miRNA was performed by the evaluation of AA using ALP and ECC RedOx cycling, using different
platforms such as GCE/molybdenum disulfide (MoS2)/AuNPs and GCE/MWCNTs@graphene oxide
nanoribbons (GONRs)/AuNPs [107,108].

Other works for miRNA detection based on enzymatic reaction reported the use of CHA, which is
initiated by the presence of target miRNA [109–112]. CHA allows the infinite recycling of miRNA
to create a mass of streptavidin-enzyme modified signal probes, leading to an enhancement of
electrochemical response. Additionally, to further enhance the sensitivity for miRNA detection,
nanomaterials linked to enzymes were used. In this regard, Chen et al. [109] proposed a sandwich
system integrating CHA and carbon sphere-MoS2 (CS-MoS2)/AuNPs for the immobilization of capture
DNA (see Figure 7). AuNP-modified biotinylated signaling probes were employed as carriers of
Avidin-HRP, which catalyze the H2O2 + HQ system to produce a strong electrochemical response,
used for sensitive miRNA detection, to achieve a lower LOD of 0.16 fM.

 
Figure 7. A sandwich-type electrochemical biosensing platform for microRNA-21 detection using carbon
sphere-MoS2 and catalyzed hairpin assembly for signal amplification (reproduced with permission
from the publisher) [109].

Zhang et al. [113] used DSN for miRNA-21 detection coupled with a capture probe labeled
with biotin and SA-coated AuNPs, which were immobilized on the electrode surface due to the
SA/biotin interaction. The numerous SA-coated AuNPs can subsequently immobilize a large number of
biotin-labeled HRP molecules. Indeed, AuNPs were used as nanocarriers for HRP, helping to maintain
their enzymatic activity. HRP was used to catalyze the reduction in H2O2 and in the presence of TMB,
electrochemical current signals can be generated, which considerably enhances the electrochemical
signal for miRNA-21 detection. The proposed biosensor permits an LOD of miRNA-21 down to
43.3 aM. The proposed biosensor allows an analysis of miRNA-21 in the human lung cancer cell line
(A549 cells).

3.1.2. Enzyme–Protein Binding

The immobilization of enzymes is also possible by a protein. In this regard, Fang et al. [114]
reported an electrochemical biosensor based on the immobilization of enzyme HRPs through zinc finger
protein, which binds preferably to the DNA−RNA hybrid formed between an ssDNA capture probe and
a target miRNA-21. For sensitive detection, ECC was used as an amplifier system based on the induction
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of a series of oxide-reduction reactions in the presence of HRP including Ru(NH3)6
3+/Ru(NH3)6

2+,
BQ/HQ, and TCEP. The LOD for miRNA-21 in the buffer and diluted human serum were 2 and
30 fM, respectively.

Enzyme-conjugated protein was also employed for labeling an antibody that specifically recognizes
DNA–RNA duplex [115]. In this view, Vargas et al. [116] involved the use of direct hybridization
of miRNA-21 with a specific biotinylated DNA probe immobilized on streptavidin-modified MBs.
A specific antibody labeled with a bacterial protein A conjugated with Poly-HRP40 recognized the
capture probe/miRNA-21 duplex. Amperometric detection of miRNA-21 was performed upon the
magnetic capture of the modified MBs onto the SPCEs using the H2O2/HQ system.

Zouari et al. [117] developed an electrochemical AuNP-based biosensor platform that was
used for miRNA detection. Indeed, RNA/miRNA homoduplexes were recognized with the viral
protein p19, labeled with a HRP-conjugated anti-maltose binding protein monoclonal antibody
(see Figure 8). The bioplatforms present at least 2 months of storage stability. Additionally, the analysis
of miRNA in total RNA extracted from healthy and cancerous breast cells was performed using the
proposed biosensor.

 
Figure 8. Schematic display of the amperometric integrated sensor developed for miRNA determination
using a specific thiolated RNA probe, a direct RNA/miRNA hybridization assay and p19 viral protein
as detector bioreceptor further labeled with anti-MBP-HRP (reproduced with permission from the
publisher) [117].

3.1.3. Other Types of Enzyme Binding

There is another way for enzyme immobilization at the electrode surface for miRNA detection.
Indeed, graphene quantum dots (GQDs) have a large surface-to-volume ratio, excellent compatibility
of GQDs were used as a new platform for a large amount of HRP immobilization through the
non-covalent assembly (see Figure 9). In this work, a sandwich system was employed for miRNA-155
detection integrating capture probe and signaling probe modified with NH2 conjugated with QDs-HRP.
The proposed biosensor is permitted to reach an LOD of 0.14 fM in a linear range from 1 fM to
100 pM [118]. Otherwise, an electrochemical biosensor for miRNA-221 detection using CHA and also a
sandwich system based on the use of HRP directly labeled to signal probe was reported. HRP was
used to catalyze the reaction of TMB/H2O2 for amperometric detection of miRNA-221 [119].
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Figure 9. Principle of the enzyme catalytic amplification of miRNA-155 detection with graphene
quantum dot-based electrochemical biosensor (reproduced with permission from the publisher) [118].

3.2. Chemical Catalysts

Different kinds of nanomaterials as chemical catalysts, including copper-based metal–organic
framework (Cu-MOF), copper nanoclusters (CuNCs), Fe3O4NPs, platinum/tunable tin-doped indium
oxide nanoparticles (Pt/Sn-In2O3) were utilized for miRNA detection and will be discussed in this part.
An example of an electrochemical biosensor for miRNA detection based on the chemical catalyst is
presented in Figure 6B.

Wang et al. [120] proposed a paper modified AuNP as a biosensor platform for miRNA-155
detection using a capture probe-AuNPs@Cu-MOF (see Figure 10). In the presence of glucose, Cu-MOFs
and AuNPs as chemical catalysts cooperatively catalyzed the glucose oxidation, resulting in the wide
linear detection range from 1.0 fM to 10 nM and the LOD of 0.35 fM for miRNA-155. The present
biosensor showed stability of 30 days.

In other work, CuNCs as catalyst-based biosensor were employed for miRNA detection.
CuNCs were synthesized at the electrode surface by taking DNA–RNA heteroduplexes as templates
with the help of AA and Cu2+. Besides, the formed CuNCs possessed the capability of catalyzing
H2O2 reduction, resulting in steady and amplified electrochemical signals, which were used in
miRNA analysis, reaching an LOD of 8.2 fM [121]. As other types of nanomaterial as a chemical
catalyst, SA/Pt/Sn-In2O3 hybrids were employed for miRNA-21 biosensor development. Indeed,
a SA/Pt/Sn-In2O3 was attached to a biotinylated hairpin capture probe by the presence of miRNA-21,
producing an electrochemical signal of oxygen reduction for detection in O2-saturated solution.
SA/Pt/Sn-In2O3 as the amplifier led to an LOD of 1.92 fM [122].

Otherwise, a mixing of enzyme and nanomaterial as enzyme–nanomaterials composite was
reported to enhance the sensitivity for miRNA detection [123–126]. This is obtained by the synergetic
effect of the catalyst and nanomaterials that improve the electrochemical response. However, the LOD
of miRNAs obtained with this composite could be also obtained using just one type of catalyst;
consequently, the use of enzyme and nanomaterials as catalysts together increases the cost and the
time of biosensor construction without significant signal amplification.
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Figure 10. Schematic illustration of the fabrication of the biosensor: (A) preparation procedure of
S1-AuNPs@Cu-MOFs; (B) the detection principle for glucose and the strategy of signal amplification;
(C) structure of H1, target, and H2 (reproduced with permission from the publisher) [120].

3.3. DNAzyme

Recently, DNAzymes with peroxidase-like activity has aroused a high interest. To achieve
such catalytic activity, the DNA probe requires a G-quadruplex structure, which is able to bind
to hemin molecules. Such a system promotes a RedOx reaction between the target molecule and
hydrogen peroxide, leading to the formation of an oxidized product. Indeed, hemin-G-quadruplex
was employed for miRNA detection [127,128]. The principle of an electrochemical biosensor based on
hemin-G-quadruplex as a DNAzyme is presented in Figure 6C. In this context, hemin-G-quadruplex was
employed to catalyze H2O2 reduction, with coupling with HCR to fabricate long hemin-G-quadruplex
DNAzyme nanowires (see Figure 11) [129]. In other work, hemin-G-quadruplex was also used for
miRNA analysis by catalyzing the oxidation of TMB in the presence of H2O2 [130].
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Figure 11. (A) DNA-functionalized AuNP based hybridization chain reaction, (B) Schematic illustration
of miRNA biosensor using layered nanostructure of oxidized single-walled carbon nanotubes and
nanodiamonds by hybridization chain reaction (reproduced with permission from the publisher) [129].

Electrochemical biosensors based on catalysts with the focus on their various analytical
performances are summarized in Table 3.

Compared to DNAzyme and nanomaterials, enzymes generally display superior performance
in terms of catalytic efficiency and specificity, as well as excellent activity in aqueous media under
ambient conditions, thanks to their high turnover and high selectivity. On the other hand, the enzyme
is influenced by the external environment, requires a specific reaction condition, the reaction time
dependent on enzyme activity and finally we always need an additional molecule (substrate) for
the detection of the enzymatic product. Otherwise, nanomaterials and DNAzyme present desired
advantages including their high stability, a tunable structure, catalytic efficiencies, purely synthetic
routes to their preparation, lower cost, and excellent tolerance to experimental conditions. Despite the
above-mentioned advantages, there is a risk of contamination with these molecules.
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4. Electrochemical Biosensor Based on RedOx Intercalating Agent

In chemistry, intercalation is the insertion of a molecule (or a group of molecules) between two
other molecules (or groups). In the present approach, a RedOx molecule or a complex of RedOx
molecules are employed for DNA strand binding via intercalation. The binding to ssDNA and dsDNA
is obtained with different affinity regarding the nature of the intercalator. Different types of molecules
were used as RedOx intercalating agents for miRNA analysis. This includes organic molecules
such as the commonly used MB [136] as well as oracet blue (OB) [137] and toluidine blue [138].
Various other molecules and macromolecules could also be intercalated as an organometallic complex
including Ru(NH3)6

3+ [139], cobalt phenanthroline, or metal intercalating agents such as palladium
nanoparticles [140] and biomolecules as hemin [141]. The principle of the approaches is presented
in Figure 12. The interlacing process on the biosensor could be direct to the target DNA strands
(Figure 12A) [138] or indirect by the design of specific sites in the DNA probe called a template [142]
(Figure 12B).

Figure 12. Principal of electrochemical biosensor based on RedOx intercalating agent before (a) and
after hybridization (b) with micro-RNA, (A) direct intercalation, and (B) intercalation via the template.

4.1. Direct Intercalation

The direct intercalating of RedOx molecules between the DNA strands is based on an interaction
of electroactive species on the formed double-strand DNA–DNA or DNA–RNA upon hybridization
reaction (Figure 12A). Indeed, various kinds of RedOx molecules could be used in the case of
electrochemical biosensors for miRNA that will be discussed in this part and they are divided into
three kinds, electroactive molecules, and electroactive complex.

4.1.1. Electroactive Molecule

The MB is the popular electroactive indicator used as an intercalating DNA agent since MB
interacts both with ss and ds DNA where the binding mode differs from each macromolecule. Thus MB
and dsDNA interact by three binding modes: (i) intercalation between successive base pairs with the
face-to-face binding of the bases and MB; (ii) insertion into the minor groove; and (iii) insertion into the
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major groove of the double helix. The interaction ssDNA with MB is obtained by face-to-face binding
of the bases and MB. Thus, the affinity of MB regarding ssDNA and dsDNA is largely discussed.
Regarding the literature, depending on the biosensors design, MB shows a higher affinity for ssDNA
or dsDNA. In the case of miRNA detection, most biosensors published show less affinity of MB to
DNA–RNA complex. Thus, it has been reported by Li et al. [143] that MB reacts easily with guanine
present in ssDNA with high affinity due to the good accessibility of MB to the guanine of ssDNA.
In this work, a transducer formed with GCE/MWCNTs/PAMAM modified with a DNA probe was used
as a biosensors platform for miRNA-24 detection. The detection was followed through measuring the
electroactivity of MB before and after hybridization. A decrease in the signal response is observed after
the hybridization of miRNA-24 where LOD reached 0.5 fM. Furthermore, this biosensor was stable for
7 days and could be regenerated four times.

Nevertheless, a more complex biosensor design was performed using RedOx intercalator and
amplification strategy in order to enhance the sensitivity of the detection. For example, a biosensor
was developed for miRNA-155 detection, where HCR was used to amplify the number of intercalated
MB molecules on the DNA strands, by creating a longer dsDNA and using a GCE modified with
polypyrrole/reduced graphene oxide/AuNPs (Ppy/rGO/AuNPs) [144]. The amplification of MB
response can also be performed by using a 3D DNA nanonet structure which is hybridized with the
immobilized capture probe on a gold electrode by a sandwich system. In this case, a femtomolar
detection of miRNA-21, was obtained [145]. Both presented biosensors were stable for 2 weeks and the
analysis of miRNA was performed in spiked human serum.

Another approach involving nanomaterials as nanocatalysts which assisted the signal amplification
strategy has been used to enhance the RedOx signal of MB intercalator. For example, the association of
various kinds of nanomaterials as a catalyst was developed to improve the MB response. Thus,
the synergetic effect of Fe3O4 and cerium dioxide (CeO2) decorated with gold nanoparticles
(Fe3O4/CeO2@AuNPs) was demonstrated to improve the RedOx response of MB intercalator
(Figure 13A). A labeled probe decorated with the nanocatalysts was employed in a sandwich system
for the amplification of intercalated MB response by a direct catalyzation of MB reduction leading to
LOD of 0.33fM [146]. Other nanomaterials such as carboxylate-reduced graphene oxide (COOH-rGO)
have been reported as an amplification strategy. The nanomaterial can intercalate on the ssDNA,
leading to an accumulation of electroactive MB (Figure 13B). In the presence of miRNA, a DSN cleave
captures probe/miRNA duplex is obtained resulting in a decrease in MB response. A lower LOD of
0.01 fM was obtained [147].

Other approaches involving various innovative amplification strategies have also been published.
For example, Guo et al. [148] reported an attomolar biosensor for the detection of miRNA-196a.
The mechanism consists of after hybridization of miRNA and formation of a terminal deoxynucleotidyl,
transferase will trigger a DNA extension reaction producing long ssDNA rich in guanine, in which
MB is attached. The biosensor presents a very low sensitivity compared to other ones, used with
other strategies due to obtained long ssDNA which can specifically adsorb positively charged MB via
guanine bases, resulting in the attachment of a large amount of MB. However, this biosensor needs
many steps after miRNA hybridization which can limit their application.
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Figure 13. Example of biosensors using amplification strategy with nanomaterials as a non-nanocatalyst;
(A) the nanomaterials are formed with Fe3O4 and cerium dioxide (CeO2) decorated with gold
nanoparticles (Fe3O4/CeO2@AuNPs) reproduced from. (a) Preparation procedure of Fe3O4/CeO2

@Au-S1, (b) signal amplification strategy and the detection principle for microRNA [146] with
permission of the publisher; (B) biosensors using graphene oxide and DSN as amplification method
from [147] reproduced with permission of the publisher.
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4.1.2. Electroactive Metals Complex

In the case of electroactive metal complex intercalator, hexaammineruthenium III chloride (RuHex)
is used frequently as electroactive complex employed for miRNA detection. The RuHex is positively
charged and could intercalate with DNA strand via the binding with the anionic phosphate of DNA
through electrostatic interaction. Few studies have been published with this complex and the associated
amplification strategies. For example, hierarchical flower-like gold nanostructures (HFGN) were
developed as a biosensor platform and used for selective detection of miRNA-21 in the buffer and
real sample; RuHex was employed as RedOx intercalator [149]. In other works and to increase
the amount of intercalated RuHex, Yu et al. [150] and Chen et al. [151] used DNA nanostructures
as probes immobilized on the gold electrode surface for enhancing the binding ability of RuHex.
Thus, in the presence of miRNAs targets, these nanostructures provided an enhancement of RuHex
intercalants. The analysis of miRNA in total RNA-extracted cancerous breast cells was performed
using the proposed biosensors.

4.2. Intercalation via Template

The intercalation via template consists of the use of other molecules, which need to create
recognition sites in DNA strands for their intercalation. The principal of this type of intercalation is
presented in Figure 12B. Generally, the nanostructure of DNA is necessary to perform this method.

Starting with hemin that needs abundant guanines to form hemin/G-quadruplexes [152],
an electrochemical biosensor was described by Wang et al. [153] for the quantification of miRNA-21 at
fM level. The catching of hemin was enhanced by the integration of a sandwich system in which a
signal probe is labeled with N-doped graphene/Au nanoparticles (NG-AuNPs) and works as a support
for several strands of guanine-rich DNA.

Otherwise, Zhang et al. [140] described a label-free and attomolar electrochemical miRNA-21
biosensor based on a template for palladium nanoparticles witch lead to integration with the nitrogen
of guanine. RCA amplification was used to produce a massive G-rich long ssDNA resulting in an
enhanced electrochemical signal.

4.3. Other Type of Intercalation

Some other RedOx molecules able to intercalate poorly or that do not intercalate at all with the
DNA strands have also been studied. However, their intercalation could be realized via a linker.
In this regard, Asadzadeh et al. [154] used AgNPs as a RedOx molecule, which was intercalated to the
ssDNA via single-walled carbon nanotube (SWCNT). The binding of the AgNPs/SWCNT nanohybrid
to ssDNA was performed via interactions π–π between the nanohybrid and the nitrogenous bases of
ssDNA. The proposed method was used for miRNA-25 detection as a lung cancer biomarker.

Wang et al. [155] used GO as support of Prussian blue (PB), which is the RedOx intercalant agent.
The GO was adsorbed on the 3′ end of capture probe though π–π interaction. Then, the PB was
attached to GO. In the presence of miRNA-122, the GO with the assembled PB was separated from the
electrode surface due to the low affinity of the GO with the DNA/RNA hybrid, resulting in a decrease
in electrochemical response of PB.

MiRNAs are characterized by cis-diol at the 3′-terminal, this propriety is employed by Liu et al. [156]
for an attomolar detection of miRNA-21 using AgNP as a RedOx intercalate agent. Indeed, with the
presence of miRNA-21, a 4-mercaptophenylboronic acid (MPBA) was attached in the 3′-terminal
of miRNAs through the boronate ester bond formation and then captured AgNP via the Ag–Thiol
interaction. Meanwhile, free MPBA molecules in solution induced the in situ assemblies of AgNPs
on the electrode surface via the covalent interactions between α-hydroxycarboxylate of citrate and
boronate of MPBA and the formation of Ag–Thiol bonds.

Electrochemical biosensors based on RedOx intercalating agents highlighting their various
analytical performances are presented in Table 4.
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A comparison between different methods of intercalation used for miRNA detection shows
that intercalation via a template presents some advantages such as good biocompatibility, good
electrochemical properties facilitating a very low LOD of miRNA detection. Nevertheless, it still
presents some limitations related to the complicated process of fabrication, which is considered
time-consuming; and also, the need for an additional amplification step to obtain high sensitivity
which is required for miRNA detection. Otherwise, direct intercalation of the RedOx molecules
method is considered as an easy and fast method of intercalation since the used RedOx molecules
could bind directly and specifically to DNA without the need of complicated preparation. Indeed,
the LOD obtained using this method is slightly higher than the ones obtained with intercalation via the
template method.

Overall, the intercalation strategy is easy to use on-site, but it does not allow simultaneous
detection, because the interaction of the RedOx molecule is not specific and can intercalate on all
DNA strands present at the surface of the electrode. Furthermore, the use of intercalation based on
electrostatic interaction leads to a non-specific interaction and high background noise, especially using
real samples.

5. Electrochemical Label-Free Biosensing

Label-free biosensor include the use of ferri–ferrocyanide complex or hexaammineruthenium
(II)/(III) as RedOx-free indicators. The response is based on electrostatic repulsion or interaction
depending on the marker. The ferri–ferrocyanide complex is negatively charged, thus after the
hybridization of miRNA target, a repulsion effect is produced by the negatively charged phosphate
leading to the variation of response. In the case of hexaammineruthenium (II)/(III) complex, it is
positively charged and could undergo interaction with hybridized DNA. Another factor that could
lead to the variation of the RedOx marker is its accessibility to the surface after DNA–RNA complex
formation of a duplex preventing electron transfer to the surface. Various electrochemical methods
could be used to follow such responses including electrochemical impedance spectroscopy (EIS),
cyclic voltammetry (CV), DPV, and square wave voltammetry (SWV). The principle of electrochemical
biosensors based on the free RedOx indicator is presented in Figure 14. In this section, electrochemical
biosensors for miRNA detection based on the free RedOx indicator will be discussed.

5.1. Ferri/Ferrocyanide as Free RedOx Indicator

Ferri–ferrocyanide as a free RedOx indicator was widely employed for miRNA detection. The
detection is based on the electrostatic repellence of two negatively charged DNA and Fe(CN)6

3−/4−
molecules leading to the decrease in electrochemical reaction on the surface upon hybridization and
decrease in current response or increase in impedance (Figure 14). In this regard, EIS as the detection
method has been used extensively for miRNA monitoring in combination with various materials
and nanomaterials as transducers [163–166]. In most research, the nature of materials attached to the
surface plays an important role in the electrochemical response. In this respect, Yammouri et al. [167]
used this approach in the association of transducer formed with a pencil graphite electrode (PGE)
modified with a carbon black-bearing DNA probe. The miRNA-125a detection was monitored by EIS in
the presence of this RedOx marker. The synergetic effect of negatively charged carbon black combined
with the high surface ratio of PGE allows the detection with lower LOD and good determination in
serum samples. In another work, the polythiophene film-modified screen-printed gold electrode was
employed as a biosensor platform for miRNA-221detection from total RNA extracted from human lung
and breast cancer cell lines. The proposed biosensor demonstrated the benefic effect of the conductive
surface [168]. Mandli et al. [169] employed PGE modified with Ppy for microRNA-34a detection by EIS.
Indeed, the immobilization of the probe was performed during Ppy electropolymerization on PGE and
the hybridization was performed by the specific recognition sequence of miRNA-34a. This biosensor
was functional for the analysis of miRNA-34a in human breast cancer cells samples.
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Figure 14. (A) Pricipale of electrochemical biosensors based on free RedOx indicator (a’) before and
(b’) after hybridizition. (B) EIS and DPV response of the electrochemical biosensor based on free RedOx
indicator (a’) before and (b’) after hybridization.

Association of this method with system amplification such as HCR was also performed. Indeed,
Meng et al. [170] developed an electrochemical biosensor combining efficient HCR for signal
amplification of oligonucleotides with negatively charged repelling [Fe(CN) 6]3−/4− ions inducing
a spatial blockage to the electron transfer. In this biosensor, many linear DNA concatamers lead
to a great increase in interfacial charge-transfer resistance (Rct), which is positively correlated with
miRNA-21 concentrations with an LOD of 4.63 fM with the stability of the biosensor lasting for 21 days.
This strategy allowed the analysis of miRNA-21 in different cancer cells including breast, cervical,
and non-small cell lung cancers.

Zhang et al. [171] employed a magnetic bead-modified glassy carbon electrode combined with a
DSN amplification strategy for impedimetric miRNA-21 detection (see Figure 15). Due to the cleavage
of the capture probe–miRNA-21 heteroduplex, after the hybridization steps the negatively charged
layer could not be formed, resulting in a small Rct in the presence of ferriferrocyanide, which was used
for miRNA-21 detection, permitting an LOD of 60 aM.

Otherwise, DPV based on ferriferrocyanide was also employed for miRNA detection [172–174].
In this case, advanced surface modification was performed to obtain an efficient electron transfer.
Indeed, a biosensor formed with fluorine-doped tin oxide electrode modified with nanomaterials
composed with nitrogen-doped functionalized graphene associated with (AgNPs and polyaniline
(PANI) nanocomposite modified, was developed for miRNA detection. The employed nanocomposite
allowed more biomolecules to be immobilized at the surface of the electrode, which shortened the
distance for electron transfer and ion diffusion paths from the capture probe to the nanomaterials.
The nano-biosensor showed a wide dynamic detection range of 10 fM–10 μM and a low LOD of
0.2 fM [175].
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Ferriferrocyanide as a free RedOx indicator was used for other strategies of detection based on the
direct adsorption of miRNAs on the electrode surface. This strategy needs a preliminary step of target
isolation mostly with capture probe-modified magnetic beads, then, a denaturation of the DNA–RNA
hybrid is achieved by heating at 95 ◦C. Thereafter, researchers try different ways for adsorbing isolated
miRNAs. For instance, a picomolar biosensor was reported by Boriachek’s group based on gold
electrode–miRNA affinity interaction [176]. Wan’s group used a screen-printed graphene electrode,
for miRNAs detection isolated and directly adsorbed on the surface of the graphene electrode via
graphene–miRNA affinity interaction. This method showed an LOD of 10 fM [177]. According to the
present two works, we can conclude that graphene–miRNA affinity is higher than the gold–miRNA
affinity. Koo et al. [178] magnified the adsorption of miRNAs using a polyadenine extension, which
has a high affinity with the gold surface. However, the miRNA was subjected to poly (A) extension on
3′ ends using poly(A) polymerase enzyme.

 
Figure 15. Experimental principle of the biosensor (reproduced with permission from the
publisher) [171].

5.2. Hexaammineruthenium (II)/(III) Chloride as Free RedOx Indicator

Hexaammineruthenium (II)/(III) was also employed for miRNA detection. In this regard,
nickel phosphate nanostructures (NiPNs) were used as a biosensor platform for the immobilization of
the capture probe by coordination bonding between Ni and probe DNA especially phosphate groups.
The constructed NiPNs-p-DNA surface acted as the amplified platform enabling efficient access to
many target miRNA-21 sequences. The probe-DNA immobilization and the miRNA hybridization
steps were supervised by EIS measurements in [Ru(NH3)6]3+/2+. The proposed biosensor allowed
reaching an LOD of 0.034 pM, and the analysis of miRNA-21 levels in human lung cancer cells [179].

Association of the two RedOx indicators ferricyanide and hexaammineruthenium (II)/(III)
for miRNA detection was also explored. In this view, a ratiometric electrochemical miRNA
biosensing platform based on the target-triggered ruthenium release and RedOx recycling was
reported (see Figure 16). In this research, [Ru(NH3)6]3+ was entrapped into the pores of mesoporous
silica nanoparticles modified by an indium tin oxide electrode and was subsequently capped by a
capture probe. Once the target miRNA was captured and hybridized into dsDNA/RNA, [Ru(NH3)6]3+

was released and electroreduced into [Ru(NH3)6]2+, which was then chemically oxidized back to
[Ru(NH3)6]2+ by [Fe(CN)6]3−. The consumed [Fe(CN)6]3− and liberated [Ru(NH3)6]3+ produced a
significant ratiometric signal. Using this innovative approach, an LOD that decreased down to 33 aM
was obtained. Additionally, the developed biosensor showed good stability over 20 days and permitted
the analysis of miRNA-21 in different cancer cells including breast, cervical, and non-small cell lung
cancers [180].
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Electrochemical biosensors based on free RedOx indicator with the focus on their various analytical
performances are exposed in Table 5.

The discussed methods in this section present some advantages including, higher sensitivity,
easier signal quantification, direct conversion of the biological event into an electrical signal, and finally
requiring fewer steps of fabrication since there is no need to use RedOx markers that interact with DNA
strands. On the other hand, the inconvenience is that these methods suffer from some drawbacks such
as the potential of non-specific adsorption of other biomolecules on the electrode surface, which may
cause false-positive interference. Additionally, the results of this method were always easily disturbed
by surface contamination and adsorption.
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Figure 16. Scheme presenting the use of two free RedOx indicators reprinted from [180] with permission
from (Anal. Chem.2017, 89, 12293–11298). Copyright (2017) American Chemical Society.

6. Other Methods of MicroRNA Electrochemical Detection

Other methods were employed in the electrochemical biosensor area for the detection of miRNAs
as biomarkers of cancer, including the guanine oxidation method, RedOx current of the electrode
surface, and labeled miRNA.

6.1. Oxidation of Guanine

The guanine is a purine nucleobase present in miRNAs strands, which have RedOx active groups
employed in the construction of the electrochemical biosensors. The approach of following the
oxidation of guanine presents the first approach used in the case of a DNA biosensor and could be
used also for miRNA detection. Akbarnia et al. [187] proposed enzymatic digestion biosensors for
femtomolar detection of miRNA-541as lung cancer biomarkers. Indeed, the probe is immobilized
on the pencil graphite electrode modified graphene quantum dots (GQDs/PGE). Meanwhile, in the
presence of miRNA-541, Hinf1 as a restriction enzyme cleaved the formed capture probe–miRNA-541
duplex. The oxidation of guanine was measured in the presence and absence of miRNA-541.
After hybridization, a decrease in guanine’s electrochemical signal was observed, because the DNA
strands containing guanine were removed by the enzyme. In another use of the guanine oxidation
method, Azab et al. [188] described a very sensitive biosensor at a zeptomolar level for miRNA
let7-a detection using complementary sequence capture probe free-guanine bases. The capture
probe was immobilized on the carbon paste electrode/carbon nanotubes/chrysine/gold nanoparticles
(CPE/CNT/C/AuNPs) platform. The CNT/C film increases the surface area of the biosensor platform,
increasing the conductivity, and thus is responsible for signal amplification.

The current method is very simple but has some limitations, especially considering that the
oxidation of guanine bases as a free molecule is easier than in DNA strands and so could generate
an unreliable result. As a matter of fact, the integration of a probe sequence without guanine, and its
replacement with inosine that does not have the same potential for oxidation of guanine, is necessary
in order to obtain only guanine oxidation response after the hybridization step (OFF-ON signal).
Therefore, because the binding between cytosine and guanine is stronger than the binding of guanine
with inosine, the use of such sequence does not provide a higher level of binding between the probe
and miRNA compared to the sequence of the guanine-continuing DNA probe. Moreover, this method
does not allow the regeneration of the biosensor because the oxidation of guanine is irreversible.
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6.2. RedOx Current from Electrode Surface

Electrochemical biosensors designed for the detection of miRNAs based on RedOx current from
the electrode surface were dismantled as a detection method. This method consists of modifying the
electrode surface with an electroactive molecule before immobilizing the capture. The detection of
miRNAs is done by electrochemical monitoring of the response of the redox molecule deposited on
the electrode surface before and after the hybridization probe [189–191]. For this purpose, a simple
model has recently been described by Zouari et al. [192] for the quantification of miRNA-21 at fM
level, using screen-printed carbon electrode/pyrene carboxylic acid/rGO/AuNPs as biosensor platform.
A 6-ferrocenylhexanethiol (Fc-SH) as a RedOx molecule was immobilized on the electrode surface.

6.3. Labeled MicroRNA

This method needs a labeled miRNA, which provides a hard step for the biosensor application
in real samples. A labeled miRNA biosensor was recently described by Sabahi et al. [193] for the
quantification of miRNA-21 at fM level. This was obtained by the use of cadmium ions (Cd2+) which
is linked to a phosphate group of miRNA via an electrostatic reaction. Then, the labeled miRNA
hybridize with a capture probe immobilized on a fluorine-doped tin oxide electrode/SWCNTs/dendritic
gold nanostructures through to Au–thiol interaction.

7. Conclusions and Future Perspectives

This work reviewed the progress in the development of electrochemical miRNAs biosensors
using different approaches based on an electroactive species-labeled probe sequence, catalyst, RedOx
intercalating agent, RedOx system, among others. In view of the various published papers, all miRNA
strategies of detection based on electrochemical biosensors discussed in this review are presented
according to their percentage of use (Figure 17). This distribution indicated clearly that the RedOx
indicator as labeled, intercalant, or free RedOx indicator is widely used for miRNA detection with a
percentage of 69% compared to catalytic detection, which presents 26%. In general, all approaches
discussed in this review have almost equal use for miRNA detection, except the categories of other
methods, which are still not developed yet compared to their employment in DNA biosensors. This is
due probably to the lack of the association of these methods with the amplification approach generally
used in the case of miRNA detection.

Figure 17. Distribution percentage of different microRNA strategies detection based on
electrochemical biosensors.

106



Biosensors 2020, 10, 186

The synthesis study clearly showed that electrochemical biosensors are efficient and practical
approaches towards the analysis of miRNAs in the clinical field with high sensitivity. Nevertheless,
the problem of miRNA analysis in the real sample cannot be neglected regarding the intercalating
agent RedOx and the free RedOx indicator. These approaches have certain limitations, including the
likely occurrence in the real sample of interferences, which could affect the results obtained. Otherwise,
approaches based on electroactive species labeled with a probe sequence and a catalyst enable an
accurate and precise analysis of miRNAs in a real sample. In addition, simultaneously detecting
two miRNAs is more favorable with the RedOx-labeled probe sequence strategy, compared to the
other strategies discussed. Although the LODs of the discussed biosensors are very low, most of the
biosensors have not been tested and validated with a large number of samples from cancer patients
and control groups. On the other hand, given the fact that, in general, known miRNAs are not specific
to a single pathology, particular attention must also be paid to the development of electrochemical
biosensors dedicated to the simultaneous quantification of a group of miRNAs to facilitate cancer
diagnosis with improved reliability.

Although electrochemistry stands out due to its inherent miniaturization, mass production,
and low cost, there are still significant challenges to meet before portable, robust, user-friendly
point-of-care biosensors for cancer diagnosis through the detection of circulating miRNA expression
profiles become a reality. Furthermore, because of these challenges, to date, to the best of our knowledge,
no commercial electrochemical biosensor for circulating miRNA analysis is available; consequently,
further effort should be devoted to validation, clinical assays, and the commercialization in the
near future.
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Abstract: Peptides represent a promising class of biorecognition elements that can be coupled to
electrochemical transducers. The benefits lie mainly in their stability and selectivity toward a target
analyte. Furthermore, they can be synthesized rather easily and modified with specific functional
groups, thus making them suitable for the development of novel architectures for biosensing plat-
forms, as well as alternative labelling tools. Peptides have also been proposed as antibiofouling
agents. Indeed, biofouling caused by the accumulation of biomolecules on electrode surfaces is one
of the major issues and challenges to be addressed in the practical application of electrochemical
biosensors. In this review, we summarise trends from the last three years in the design and develop-
ment of electrochemical biosensors using synthetic peptides. The different roles of peptides in the
design of electrochemical biosensors are described. The main procedures of selection and synthesis
are discussed. Selected applications in clinical diagnostics are also described.

Keywords: peptide; electrochemical biosensor; antifouling; protease; biomarker; bioreceptor

1. Introduction

Peptides are sequences of amino acids of varying length and weight. Only 20 of the
hundreds of known amino acids account for the vast majority of residues that make up
human proteins [1]. The chemical structure of amino acids that occur in protein varies
only in the R-group at the carbon in alpha position, Cα, and are referred to as α-amino
acids [2]. Not all biologic amino acids are α-amino acids; β-amino acids (e.g., β-taurine), as
well as γ-amino acids (e.g., γ-aminobutyric acid), also play important biochemical roles. α-
amino acids are chiral, with the exception of glycine, and mainly occur in the L-form, even
though small quantities of D-amino acids occur in biological fluids but without specific
function. D-serine is an exception and serves as a neurotransmitter in cerebrospinal fluid.
Isoleucine and threonine have a second asymmetric carbon that gives rise to stereoisomers.
Furthermore, a number of rare amino acids are recovered from protein hydrolysates, in
addition to the 20 protein-forming amino acids.

The chemical behaviour of the R group dictates the chemical behaviour of each α-
amino acid, which can be categorized as charged, hydrophilic, or hydrophobic. The
hydrophobic amino acids with aliphatic residues are alanine (A), isoleucine (I), leucine (L),
methionine (M), and valine (V). Amino acids with aromatic residues such as phenylalanine
(F), tryptophan (W), and tyrosine (Y) are also hydrophobic [3]. The aliphatic residues gen-
erally provide a hydrophobic environment whereas aromatic residues are usually involved
in π–π stacking. The hydrophilic, polar residues participate in hydrogen bonding either via
OH (serine (S) and threonine (T)) or CONH2 groups (asparagine (N) and glutamine (Q)).
The ionisable residues can be positively charged, (histidine (H), lysine (K), and arginine
(R)) or negatively charged, such as in aspartic acid (D) and glutamic acid (E). Other natural
amino acids are cysteine (C), glycine (G), and proline (P). Proline exhibits hydrophobic
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behaviour, whereas cysteine, with its thiol side chain, is an important source of sulfur in
human metabolism.

Peptides adopt specific conformations depending on the position of each R-group
in the amino acid sequence. The secondary structure of peptides (α- helices, β-sheets,
and β-hairpins) is driven by noncovalent intermolecular interactions, such as hydrogen
bonding, van der Waals forces, π-stacking, and hydrophobic and electrostatic interactions.
The secondary structure of peptides can be modulated by introducing modifications in the
amino acids, thus favouring interactions with other peptides or proteins. Amino acids can
be considered as natural molecular building blocks that spontaneously arrange themselves
to form highly organized structures with well-defined functional properties [2].

Recently, peptides have been proposed to be interesting and versatile tools for the
design and development of biosensors [3–6]. Peptides can be easily obtained by chemical
synthesis methods, avoiding the need for in-vivo, laborious procedures, as in the case of
antibodies. Moreover, they are also biocompatible. Notably, research activity concerning
peptide-based biosensors and bioassays is increasing, and, at the time of writing, around
3000 matches are found when searching for the keywords “peptide” AND “biosensor” in
commonly employed search engines (SciFinder, CAS).

Electrochemical biosensors are powerful tools that allow for cost-effective, easy, and
fast detection and/or monitoring of analytes in clinical diagnostics [7–12], and are often
employed in the framework of point-of-care testing (PoCT). Peptides represent a promising
class of affinity biorecognition elements that can be coupled to electrochemical transducers.
The benefits lie mainly in their stability and selectivity toward a target analyte. Furthermore,
they can be synthesized rather easily and modified with specific functional groups, thus
making them suitable for the development of novel architectures for biosensing platforms,
as well as alternative labelling tools. Also, peptides have been proposed as antibiofouling
agents. Indeed, biofouling caused by the accumulation of biomolecules on electrode
surfaces is one of the major issues and challenges to be addressed in the practical application
of electrochemical biosensors.

Herein, we summarise trends from the last three years in the design and development
of electrochemical biosensors using synthetic peptides. In comparison with other recent
review papers mainly focused on protein detection [13] or on electrochemical methods in
peptide-based assays [3], the different roles of peptides in the design of electrochemical
biosensors are described here—from their use as antifouling agents to their role in the
development of catalytic, as well as affinity, electrochemical biosensors. Moreover, the
main procedures of selection and synthesis are discussed. Figure 1 shows a schematic sum-
mary of the various applications of peptides described throughout the review. Regarding
detection, both label and label-free approaches are possible and different electrochemical
detection methods are achievable using three main quantities: current (amperometric
and voltammetric biosensors), potential, and impedance. Nonelectroactive peptides can
be successfully combined with impedance/voltammetric transducers [14,15]. Further-
more, peptides can be easily labelled with redox-active probes, such as ferrocene (Fc) or
methylene blue [16–18] for signal-on/signal-off detection. Selected applications in clinical
diagnostics, in which these kinds of detection strategies are exploited, are discussed in the
following sections.
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Figure 1. Schematic summary of the different roles of synthetic peptides in biosensors, as discussed in this review. Proteases
can cause the cleavage of specific peptide sequences; kinases phosphorylate the hydroxyl groups in the peptide sequence;
furthermore, peptides can form self-assembled monolayers and work as antifouling agents and biorecognition elements.
The output can be an increase (signal-on) or a decrease (signal-off) of the electrochemical readout. Both label and label-free
approaches are possible in biosensing. Picture not to scale.

2. Peptide Selection, Synthesis, and Characterisation

The design of successful peptide-based sensing platforms requires accurate selection,
synthesis, and characterisation of the bioreceptor to optimize the surface coverage, while
assuring and maximizing interaction with the target, and, to guarantee high-affinity, se-
lective and reproducible recognition [19]. Ligand peptide selection can be challenging
if one considers the commercial availability of hundreds of amino acid building blocks
(naturally occurring and not) and the different folding of the final sequence (linear, cyclic,
and bicyclic). Despite this high variability, the chemical synthesis of peptides can be easily
implemented with great rapidity and high production rates. This aspect is of particular
interest, as the availability of well-grounded and straightforward synthetic protocols al-
lows several sequences to be tested in a short time, thus making these biomolecules highly
competitive in pharmaceutical, as well as sensing, applications [20]. Therefore, genetically
encoded peptide ligands with tailored properties can be generated by screening large
combinatorial libraries using in-vitro display techniques [21]. Phage display was the first
combinatorial technique used for the direct evolution of peptides, as described by Smith
in 1985 [22]. The identification of high-affinity sequences is achieved by screening a wide
library of random peptides that are displayed on the surface of the phage against the target
of interest, such as a small molecule, a protein, etc. The displayed peptides, representing
the phenotype, have a physical linkage with their encoding DNA or RNA sequences, the

121



Biosensors 2021, 11, 246

genotypes. After exposure to the target, only the binding peptides are sequenced via
mass spectrometry-based methods to obtain the amino acid sequences [23]. To enhance
binding affinity and to avoid nonspecific binding and blocking side-phenomena, phage
display was further implemented in recent decades [24]. A similar selection mechanism
also characterised other well-known combinatorial techniques described in the 1990s: from
mRNA display [25] to ribosome display [26], bacteria display [27], and yeast display [28,29].
These experimental approaches can be integrated by computational ones from in-silico
evolution and structural bioinformatics to atomistic simulations, as recently discussed
by D’Annessa et al. [30]. Xiao et al. described the successful selection of peptides for
biosensing applications using solely in-silico evolution [31]. This example underlines the
wide variety of paths available for peptide selection. Regardless of the approach chosen
for the selection, prior to proceeding with large-scale synthesis of the selected sequences,
an in-depth characterisation of the peptide–target complex is required. The study of the
binding kinetics and thermodynamics, along with the structural features of the peptide–
target complex, is instrumental in evaluating the applicability of the selected peptide as a
bioreceptor and, eventually, the identification of the most suitable design for the sensing
platform. The design of the peptide–target characterisation protocol should take into
account the final application of the peptide sequence (i.e., the biosensing platform) as the
binding performance can vary depending on the physical and chemical properties of the
surrounding environment, as recently discussed for other biorecognition elements [32].
Characterisation of the peptide–target complex is therefore fundamental to the evaluation
of the peptide’s applicability, the discrimination of a restricted pool of selected sequences,
and, eventually, the consideration to improve biorecognition elements, for instance, by us-
ing peptides in conjugation with other biomolecules [33,34]. Once the peptide bioreceptor
is characterised, it is possible to proceed with its synthesis following different approaches,
such as solution-based [35] or solid-phase peptide synthesis (SPPS) [36], compatible with
batch and continuous-flow reactors [37]. The possibility of carrying out peptide synthesis
within partially or fully automated systems guarantees the ease and rapidity of synthe-
sis and large-scale applicability of these biomolecules. The synthesis is coupled with a
final purification step, usually performed via reversed-phase high-performance liquid
chromatography (RP-HPLC) before checking the molecular mass by mass spectrometry.

3. Peptides as Self-Assembled Layers

Peptides can be immobilized at noble metal surfaces by spontaneous chemisorp-
tion processes forming ordered two-dimensional supermolecular systems known as self-
assembled monolayers (SAMs). Covalent anchoring on gold surfaces is achieved mainly
via gold–sulfur interaction using nonpeptide synthetic thiols or the natural thiol-containing
amino acid cysteine [38–40]. Self-assembling peptides (SAPs) are tuneable building blocks
compatible with numerous sensing strategies and nanosized biomaterials, as highlighted by
the examples reported in the following sections. Heterogeneous SAMs can also be formed
by mixing different biomolecules, in particular peptides and aptamers, allowing for the
design of highly sensitive platforms [41]. An interface composed of a redox-tagged peptide,
integrated with receptive aptamers, was developed to target C-reactive protein (CRP), a
biomarker of systemic inflammation [42]. The study was further extended by designing
peptides that could attach to antibodies instead of aptamers and achieve good sensitivity
for clinically relevant levels of CRP [16]. By means of SPPS, both works produced and
employed the Fc-tagged peptide sequence EAAC-NH2, in which the cysteine residue was
used to obtain covalent anchoring onto a Au electrode. The resulting SAM shows high
surface density and a well-ordered structure.

Other known immobilization procedures can be used to develop peptide-based biosen-
sors, namely physical adsorption (based on the noncovalent interaction between peptides
and the transducer surface), the entrapment into a three-dimensional network of gel or poly-
mers, as well as covalent chemical binding via functional moieties and selected reagents
such as carbodiimide and hydroxysuccinimide derivatives [43].
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4. Peptides as Antifouling Agents

Modification of the electrode surface may occur during electrochemical measurement
in clinical specimens due to nonspecific binding and an accumulation of the products
derived from electrochemical reactions or the components of the complex matrix. The
nonspecific adsorption of proteins, cells, or micro-organisms on electrode surfaces is a major
concern in biomedical applications, as well as the electrochemical oxidation of phenolic
compounds that form radicals and therefore polymeric structures, which are insoluble and
precipitate from the solution onto the electrode surface.

The layer of these modifiers impedes the direct contact of any electroactive com-
pound with the electrode surface, thus hampering electron transfer and diminishing the
electrochemical signal. This phenomenon is known as the fouling process [44,45] and it sig-
nificantly affects the sensitivity and reproducibility of electrochemical biosensors. Several
physicochemical causes are involved in the fouling process, which depend on the chemi-
cal/biochemical species involved and the nature of the electrode surface. These include
electrostatic interactions and hydrophobic and intermolecular forces. Proteins, for instance,
generally tend to adsorb onto hydrophobic interfaces rather than onto hydrophilic ones.

Antifouling procedures and treatments are therefore required to improve the reliability,
stability, and performance of electrochemical biosensors, especially when clinical specimens
are analysed. To date, approaches to enhance antifouling resistance can be classified
as physical treatments, which alter the surface morphology, and chemical treatments,
which immobilise selected reagent monolayers on the electrode surface. Whitesides and
coworkers proposed four molecular-level characteristics for the evaluation of protein-
resistant monolayers: (1) the presence of polar functional groups, i.e., hydrophilicity, (2) the
presence of hydrogen bond acceptor groups, (3) the absence of hydrogen bond donor
groups, and (4) the absence of net charge [46].

Thus, several bio-inert molecules have been developed or employed that effectively
decrease the adsorption of protein or other biomolecules on electrode surfaces, including
poly(ethyleneglycol)s, polyglycerols, zwitterionic polymers, and polysaccharides [47].
Among these molecules, the antifouling property of hydrophilic, nonionic molecules is due
to hydrogen bonding-induced surface hydration. Furthermore, strongly ionic solvation
can also generate surface hydration and thus form a tightly bound water layer, which
provides a physical and energetic barrier to prevent protein adsorption and cell adhesion
to surfaces [48]. Peptides are claimed to be interesting antifouling materials because,
apart from their easy and cost-effective synthesis, they are composed of natural amino
acids which are biocompatible zwitterionic molecules and possess high hydrogen bond-
donor/acceptor abilities due to the carbonyl, amine, and hydroxyl groups in the peptide
backbone and side chains.

A zwitterionic peptide composed of alternating negatively charged glutamic acid
(E) and positively charged lysine (K) residues which exhibits antifouling abilities and a
well-defined secondary structure for closer packing of the monolayer due to a proline (P)
linker peptide (PPPP) was designed by Nowinski et al. [49]. These peptide sequences have
been proposed in many different SAPs, obtaining hierarchical assemblies characterized by:
an interfacial region that operates as a biomolecular recognition layer or as an enhancer
of the target signal [50], an antifouling region that stabilises the SAM via intermolecular
interactions, and a surface anchoring portion [49], mainly using a cysteine (C) residue.

An inverted Y-shaped peptide was recently used for COVID-19 nucleic acid electro-
chemical detection in complex biological media [51]. The peptide consists of one antifouling
main chain (KEPPPPKEKEKEKEK-biotin) in the upper part, in which the four proline
residues (PPPP) assist in the formation of a stable secondary structure, and two anchor-
antifouling side chains (CKEKEKEKE) in the lower part. Two (C) residues at the ends of
the two side chains were used as the surface anchor to immobilise the peptides onto the
electrode surface. Hierarchical peptide brushes composed of the zwitterionic antifouling
peptides (CPPPPEKEKEKEK) and short-chain peptides (CPPPPEKEKEK), with the pos-
sibility of tethering more water molecules than other structures, have been proposed for
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the electrochemical determination of alpha-fetoprotein in serum by using an aptamer as a
selective bioreceptor [52].

Many examples of multifunctional all-in-one SAPs combining anchoring, antifoul-
ing, and recognizing functions are reported in the literature [3,41,53–58]. For instance, a
Y-shaped peptide (CPPPPEK (HWRGWVA)EKEKE) with both recognizing and antifouling
branches was designed and attached to the electrode surface via a gold–sulfur bond to
construct a biosensor for IgG determination in human serum. One of the two zwitteri-
onic branches of this Y-shaped peptide was designed with a (EKEKEKE) sequence for
antifouling, and the other one with a (HWEGWVA) sequence for recognizing the IgG [59].

Other peptide sequences with antifouling properties have recently been designed and
used in the development of electrochemical sensors [60–63].

5. Peptides as Substrate and Signal Development Agents in Catalytic Biosensors

Enzymes represent valid biomarkers to assess the status or the progression of a variety
of diseases and health conditions. Indeed, the catalytic activity of an enzyme can be
used for its detection when a specific substrate is present. In peptide-based biosensors,
such enzymatic substrate can be a (synthetic) peptide sequence; instead of capturing the
target analyte, the peptide is used to transform the catalytic activity of the enzyme into a
detectable electrochemical signal. The most important enzymes that are currently detected
using peptide-based biosensors are proteases and kinases.

Proteases have potential diagnostic relevance due to their ability to hydrolyse specific
peptide bonds, causing proteolysis. The proteolytic activity of proteases induces the
cleavage of the peptide sequence used as substrate; in order to convert this event into
a measurable signal, such peptides are usually conjugated with a signal reporter, such
as a redox probe [64]. The cleavage of this labelled sequence portion provides either an
increase (signal-on mechanism) or a decrease (signal-off mechanism) of the electrochemical
output. In this respect, it has been shown that signal-on sensors are less susceptible to
false positives [65,66]. The redox reporter can be located at the N-terminus or at the C-
terminus of the amino acid sequence. In general, the choice of its location is determined
by the synthetic process used (SPPS, etc.), the structural characteristics of the sequence,
and the design of the sensing platform. The most common redox labels are Fc, horseradish
peroxidase (HRP), and methylene blue, together with signal-enhancing nanocomposites
based on reduced graphene oxide (rGO) or (noble) metals such as gold, silver, and copper.
Moreover, the insertion of a flexible spacer (i.e., polyethylene glycol (PEG)) within the
redox reporter seems to enhance the redox signal, promote enzyme accessibility, and confer
flexibility to the probe. In this regard, Bradley and coworkers presented a systematic study
evaluating the effect of different PEG-based spacers on the performances of peptide-based
biosensors, highlighting their pivotal role [67].

Label-free approaches, in which a change of the system’s impedance is correlated to
the concentration of the analyte, are also employed, although less frequently.

One of the most investigated proteases is a family of endopeptidases, namely matrix
metalloproteinases (MMPs), which have an important clinical application (when upreg-
ulated) in the identification of various pathological and physiological conditions such as
neurodegenerative and cardiovascular disorders, diabetes, sepsis, arthritis, angiogenesis,
and others. Moreover, as matrix-degrading enzymes, MMPs can attack and degrade vari-
ous extracellular protein components of cell membranes and the extracellular matrix, and
hence play a significant role in the progression, invasion, and metastasis of tumours [68].
The expression of MMPs is thus considered a good parameter to monitor the occurrence
and prognosis of neoplasia. Cleavage-based electrochemical biosensors that use peptides
as substrate for the proteolytic activity of MMPs constitute a booming research field due to
their advantages: low cost, high selectivity, and applicability in PoCT.

Among MMPs, MMP-2 is one of the most investigated using the abovementioned
biosensors, usually employing the peptide sequence PLGVR as the proteolytic target
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operated by MMP-2. However, other MMPs, such as MMP-7 [69] and MMP-14 [70], are
also attractive clinical-related biomarkers.

Often, the current intensity measured by these protease-based platforms is quite low.
One of the main challenges of modern biosensor technology is to achieve ultrasensitivity
so as to detect analytes present at extremely low concentrations. Therefore, some form of
signal amplification is highly desirable. Nanomaterials are widely used to enhance the
performances of biosensors; for instance, by increasing the electrochemically active surface
area and improving mass transport while leading to better electrocatalytic activity and fast
heterogeneous electron transfer kinetics [71]. An interesting example is the modification of
the electrode surface with carbon nanotubes (CNTs) and electrochemically synthesized Au
nanoparticles (AuNPs), which led to the sensitive monitoring of the activity of MMP-7 in a
label-free approach [72]. The electrode surface was further functionalized with a peptide
(JR2EC) that presented two binding sites for MMP-7. Its MMP-mediated hydrolysis was
monitored by means of differential pulse voltammetry (DPV), achieving a limit of detection
(LOD) of 6 pg/mL. The sensor was successfully tested in human serum and synthetic urine.

Nanozymes also represent an attractive alternative for the attainment of remarkable
signal amplification along with stability, easy development at low cost, and resistance
to acids and alkalis [73,74]. Inspired by these characteristics, Xi et al. [75] fabricated an
H2O2-free peptide-based biosensor for the detection of MMP-2 using a Au@Pt bimetallic
nanozyme as a signal amplification label. A peptide including the sequence PLGVR
allowed detection of the protease. DPV measurement showed good linear correlation of
the current intensity against MMP-2 concentration, achieving a LOD of 0.18 ng/mL.

Other signal amplification strategies have been used to enhance the biosensor’s perfor-
mance and to detect MMP-2. An appealing case is the anodic stripping of silver nanoparti-
cles (AgNPs) on the electrode surface. In particular, a first peptide presenting a proteolytic
motif sequence for the specific cleavage by MMP-2 was immobilised onto the surface
of a Au electrode through a Au–S chemical bond, thus forming a SAM [76]. A complex
composed of a second peptide and AgNPs was then captured by the peptides in the SAM
by means of host–guest interactions. In the absence of MMP-2, AgNPs produce a drastic
output in square wave voltammetry (SWV). On the other hand, when MMP-2 is present,
the first peptide in the SAM is cleaved, releasing the second peptide functionalized with
AgNPs from the electrode surface, resulting in a weaker current response (Figure 2a). A
LOD of 0.12 pg/mL has been estimated.

Aside from methods that use nanomaterials, various forms of amplified biodetection
signals are obtainable. Radical polymerizations reactions, such as reversible addition-
fragmentation chain-transfer (RAFT) polymerization and atom transfer radical polymer-
ization (ATRP), are interesting implementations in biosensing platforms. Kim and Sikes
recently wrote an exhaustive review that presents the principles of these reactions, compar-
ing them in terms of performance and ease of application [77].

Hu and coworkers [65] managed to immobilise a recognition peptide via a Au–S bond
on Au electrodes (Figure 2b). This peptide acted as proteolytic substrate to assess the
MMP-2′s activity in a signal-on strategy. The grafting of ferrocenyl (Fc) polymers through
electrochemically mediated RAFT (eRAFT) polymerization was responsible for the efficient
accumulation of a vast quantity of Fc redox reporters on the electrode surface, lowering the
LOD to 0.27 pg/mL under optimal conditions. Good performance was also demonstrated in
complex serum samples and in the presence of interferents for the evaluation of selectivity.
The authors also presented a similar method based on RAFT polymerization for the signal-
amplified determination of thrombin activity, a serine protease routinely checked for in the
diagnosis of coagulation disorders [78].

Working again with MMP-2 as analyte, Wang et al. instead used the electrochemi-
cally mediated ATRP (eATRP) reaction in a signal amplification strategy with ferrocenyl-
methyl methacrylate monomers to obtain a chain-growth polymer of Fc as an electroactive
probe [79]. A specific peptide used as a recognition substrate is cleaved in the presence
of MMP-2, hence lowering the peak current of Fc measured with SWV. A LOD of 0.53 fM
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was obtained under optimal conditions. A potential application in human serum was also
verified by running experiments with spiked human serum, which were diluted 1000-fold,
with recoveries ranging from 97% to 112%.

Applying a very similar eATRP-based approach, Hu et al. targeted a different protease,
namely the prostate-specific antigen (PSA), down to femtomolar concentrations [80]. As
one of the most studied biomarkers for prostate carcinoma, PSA, a glycoprotein with
endopeptidase activity, is always widely discussed in clinical research [81]. A quick view
at the number of cases and victims of prostate cancer per year enlightens the importance
of early diagnosis, given that the vast majority of patients rarely show symptoms before
the latest stages of the disease [82]. In recent years, several peptide-based biosensors for
the highly sensitive detection of PSA have been developed, harnessing different detection
and amplification techniques, and exploiting the cleavage activity of the protease. As for
MMPs, nanocomposites are widely used materials to enhance the sensitivity of the PSA
detection mechanism. Meng et al., for instance, proposed the combination of graphene
oxide and AgNPs on a Au electrode (Figure 2c) [83]. The use of DNAzymes (i.e., G-
quadruplets/hemin, which possesses peroxidase-like activity) may also provide a dramatic
boost to the sensor’s sensitivity. A few interesting applications of hemin/G-quadruplex
DNAzymes coupled to peptides as recognition substrates for PSA detection have been
reported in the recent literature [66,84].

 

Figure 2. Schematic illustrations of different protease-based catalytic biosensors: (a) signal-amplified detection of MMP-2
through anodic stripping of AgNPs, using CB [8] as macrocyclic receptor to bind two aromatic amino acid residues via
host–guest interactions, reprinted with permission from [76]; (b) signal-on MMP’s activity detection using a carboxyl group-
free recognition peptide as proteolytic substrate, immobilised via Au–S self-assembly. Grafting of Fc polymers through
eRAFT polymerization of ferrocenylmethyl methacrylate (FcMMA), reprinted with permission from [65]; (c) GO/AgNPs
nanocomposite for the determination of PSA on Au electrode by means of linear sweep voltammetry (LSV), reprinted with
permission from [83].

Proteases represent markers for a variety of other applications. For instance, pro-
teases produced from bacteria can be used to identify the presence of bacteria. Indeed,
specific (synthetic) peptide sequences may find application as recognition receptors in the
quantitative/qualitative detection and monitoring of different bacteria. Thus, peptide-
based biosensors may constitute a cost-effective and rapid system for protection against
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pathogenic bacteria. With this in mind, Eissa and Zourob [85] worked on the multiplexed
detection of Listeria monocytogenes (LOD of 9 CFU/mL) and Staphylococcus aureus (LOD of
3 CFU/mL) by exploiting the proteolytic activities of proteases produced from these two
bacteria to hydrolyse a synthetic peptide sequence used as substrate. Magnetic nanoparti-
cles were used to immobilise the peptide, harnessing the streptavidin–biotin interaction.
An increased reduction in the peak current of [Fe(CN)6]3-/4- was found in SWV when, due
to the cleavage of the peptide sequence operated by the specific enzyme for each bacteria,
the peptide/magnetic nanobeads were pulled away from the surface of AuNPs-modified
screen-printed carbon electrodes (SPCEs). Selectivity experiments were also carried out.

Often, magnetic beads (MBs) offer a simple and practical solution for sample treatment
and management. MBs are usually made of a thin polymer shell coupled to a dispersion
of magnetic materials, presenting superparamagnetic properties. In the presence of a
magnetic field, they exhibit magnetic properties; this effect ceases totally when the mag-
netic field is removed. These characteristics make MBs very useful for many different
applications [86], including purification processes in bioanalytics; instead of centrifugation,
filtration, or precipitation procedures, a simple magnet is sufficient. MB-assisted electro-
chemical biosensors pave the way for fast and handy protocols by decreasing electrode
biofouling [87,88]. The immobilisation of peptide sequences on MBs merges the advantages
of the abovementioned biosensors with peptide-based platforms. The attachment of a
short peptide sequence labelled with biotin and fluorescein isothiocyanate (FITC) onto
neutravidin-modified MBs recently allowed for the detection of an important protease in
human cell lysates that finds clinical applications: trypsin, which is considered a biomarker
for multiple forms of cancer when upregulated [89]. Together with other serine proteases,
it activates other proteases (i.e., the abovementioned MMPs), thus inducing a proteolytic
cascade, resulting in a decisive phase of tumour progression. Upon peptide digestion by
trypsin, the modified MBs were enzymatically labelled with Fab fragments from anti-FITC
antibodies conjugated with horseradish peroxidase (HRP). After being magnetically cap-
tured on the surface of unmodified SPCE, amperometric detection was conducted, which
relies on the hydroquinone (HQ)/HRP/H2O2 system. Trypsin was successfully detected
in cell lysates from pancreatic cancer, cervix carcinoma, and kidney cells, discriminating
between pancreatic and nonpancreatic cancer cells.

An alternative to nanostructured macroscopic electrodes could be microelectrodes [90].
Pt-based microelectrodes of 25 μm diameter were recently applied by Mount’s group for
the detection of trypsin in a peptide-based biosensor, demonstrating their applicability for
the determination of clinically relevant concentrations of proteases [17].

As mentioned in the introduction of this paragraph, kinases are the second most
important group of enzymes analysed with these catalytic peptide-based biosensors. In the
case of kinase activity, detection is based on the determination of the phosphorylation pro-
cess of the peptide used as substrate. In particular, kinases use adenosine 5′-triphosphate
(ATP) as a phosphate group donor to catalyse the (reversible) phosphorylation of the
hydroxyl groups of specific amino acid residues (i.e., serine, tyrosine, and threonine) in
the peptide/protein sequence. This event is usually followed by conjugation with a signal
reporter. Indeed, this kind of approach requires a more complex design compared with that
of cleavage-based sensors for proteases. Likely due to this reason, and to the best of our
knowledge, very few papers have been published in recent years on the detection of kinase
activity. Cyclic adenosine monophosphate (cAMP)-dependent protein kinase and, more
commonly, protein kinase A (PKA) indicate, when oversecreted, several pathological condi-
tions including Alzheimer’s disease, cancer, diabetes, cardiovascular diseases, and others.
A noteworthy example of its detection is the use of the aforementioned RAFT polymeriza-
tion process to augment sensitivity, employing the peptide sequence LRRASLGGGGC as
the recognition substrate [91,92].

Table 1 summarises various characteristics of the biosensors reported in the prior
section, including remarks, performance, and whether or not an analysis on real samples
was performed.
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6. Peptides as Bioreceptors in Affinity Biosensors

Cancer diagnosis is a vast clinical field, constantly enriched with novel biomarkers
enabling discrimination between healthy and ill subjects, as well as between precancer-
ous conditions and early stages of the disease. Many of these biomarkers are specific to
certain types of tumours [93], while others may help to individuate the onset of different
cancer-related processes and carcinogenesis. The anterior gradient proteins (AGR), for
instance, are a family of proteins overexpressed in various human cancers. Ostatná et al.
studied extensively the anterior gradient-2 (AGR2) oncoprotein with label-free current
chronopotentiometry stripping (CPS) analysis, which allowed for the discrimination be-
tween specific and nonspecific interactions of AGR2 with a peptide aptamer [94]. Another
promising tumour-related biomarker is poly(ADP-ribose) polymerase-1 (PARP-1). Wang
et al. proposed an interesting method of labelling the peptide probe that was not based
on unspecific electrostatic interactions [95]. In particular, they used peptide-templated
copper nanoparticles (CuNPs) as a probe and harnessed specific covalent-like interactions
between the guanidine groups of the probe and the acidic phosphate groups of PARP-1
(Figure 3a). This method allowed them to avoid unspecific interactions and achieve a low
LOD of 0.004 U. Other interesting uses of metal nanoparticles such as AgNPs as labels can
be found in the recent cancer-related literature [96].

Globally, colorectal cancer is the third most common type of cancer with an incidence
of 10% of all cases [97]. Early diagnosis can truly constitute a life-saving step with this
tumour. However, the gold standard technique for early detection, colonoscopy, is often
despised by the vast majority of patients. That is why other less-invasive approaches
are highly desirable and have already been utilized. Attractive analyses, for instance,
are the determination of carcinoembryonic antigen (CEA) levels [98] and cytosensing of
circulating tumour cells [99]. However, some of these methods often cannot discriminate
between precancerous adenomas and carcinomas. An interesting exception was recently
published concerning the development of an electrochemical affinity biosensor that uses
synthetic peptides, designed using in silico modelling [100]. Such peptides were covalently
immobilised on a Au electrode using benzoquinone through a surface chemistry approach.
The detection of the leucine-rich α-2-glycoprotein-1 (LRG1) biomarker made possible the
identification of the adenoma to carcinoma transition in 100-fold diluted human serum.

Interactions between proteins and metallic ions play a pivotal role and are very
frequent at the biological and biochemical levels, defining structures and functions of
proteins in the organism. Therefore, it is easy to imagine that peptides may share this kind
of interaction with metallic ions, thus representing good recognition elements in peptide-
based metallic ion sensing platforms [101]. With this in mind, Zhang and coworkers
recently studied colorectal cancer-related oxidative stress under inflammatory conditions
by investigating protein function and detecting proteins and their metal ion cofactors using
peptide probes [102]. The cellular response to oxidative stress, indeed, is highly linked
to the translocation of proteins and metal ions, as well as oxidative modifications of their
functions and interactions.

Besides cancer, neurodegenerative disorders are among the most serious and debilitat-
ing diseases, responsible for heavy social and economic burdens. The two most prevalent
are Alzheimer’s disease (AD) and Parkinson’s disease [103]. AD is strongly related to
the aggregation of amyloid-β (Aβ) in the form of insoluble plaques in the brain, causing
memory loss and dementia. The determination of Aβ in biological fluids such as blood,
plasma, serum, and (above all) cerebrospinal fluid can give vital information for the (early)
diagnosis of AD. For this reason, several peptide-based methods that aim at the detection
of this biomarker have emerged over the years, for instance, by analysing Aβ using nanos-
tructured platforms [104] or collecting platelets via peripheral blood sampling [105]. In a
recent publication, this was accomplished by capturing the Aβ oligomer in a sandwich
formed of two peptides, one as the capture probe, immobilised on a Au electrode, and
the other, functionalized with Fc, as the label [106]. This latter peptide, after binding to
the biomarker, was able to self-assemble on the surface of the electrode, generating an
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interesting form of signal amplification due to the large number of Fc moieties accumulated
(Figure 3b).

Peptide-based biosensors have also been employed in the detection of biomarkers for
other conditions and pathophysiological processes [107], including rheumatoid [108,109]
and juvenile idiopathic [15] arthritis and acute kidney injury [110]. Furthermore, some
peptide sequences for the affinity recognition of proteases have been selected. An effi-
cient strategy to convert the binding event into a measurable electrochemical output is
the conjugation of the peptide with a redox probe. For example, concerning the MMPs
previously introduced, an uncommon approach was followed by Ma et al. for the detection
of MMP-14: comparing a label-based method to a label-free one in an affinity biosensor
instead of employing the previously mentioned catalytic approach [111]. In particular, a
specific peptide that recognises the hemopexin domain PEX-14 of the protease, namely
peptide ISC, was used either unlabelled or tagged with a Fc redox reporter. Both versions
were immobilised on Au electrodes. However, the label-free architecture exhibited a signal-
on trend, in which the EIS semicircle radius increased together with the concentration of
MMP-14, whereas the Fc-labelled architecture showed a signal-off behaviour in DPV. The
latter architecture performed slightly better, achieving a LOD of 0.3 pg/mL, compared
with the LOD of 0.03 ng/mL obtained by the former one. Subsequently, a similar example
was published by the same group using different peptides [112].

Apart from direct self-assembly, peptides demonstrate great compatibility with alka-
nethiol SAM, allowing for the design of peptide-based platforms on gold by covalent
immobilisation of the recognition layer. This is the case for the sensing platform reported
by Kim et al. [113] for the determination of nonstructural 1 protein, a biomarker of dengue
virus. This simple architecture allows for the detection of the analyte via SWV and ESI in the
presence of a redox probe with a LOD of 1.49 μg/mL. A similar sensing platform was de-
signed for monitoring human norovirus in various food samples [114]. Here, eight different
peptides were screened and compared after immobilisation at portable gold screen-printed
electrodes via thiol SAM. The resulting portable impedimetric sensor allowed for discrimi-
nation among the sequences and selection of the one with better performance in terms of
LOD. This was further applied as a bioreceptor in another electrochemical sensor based on
tungsten disulfide nanoflowers decorated with gold nanoparticles [115]. The nanohybrid
material functionalized with the peptide was incubated with oyster samples spiked with
the analyte (Figure 3c). After sizing the norovirus, the biohybrid composite was separated
from the sample solution, rinsed, and immobilised at carbon screen-printed electrodes with
the help of Nafion ionomer. This strategy prevents the adsorption of interfering agents and
is suggested when working with complex matrices, such as oyster samples.

Matsubara et al. [116] developed a tunable peptide-based biosensing platform for the
determination of the antiviral nucleoprotein antibodies of Avian influenza, anti-
hemagglutinin (HA), and several virus variants (from H1N1 and H3N2 to H5N3, H7N1,
and H9N2), as illustrated in Figure 3d. The success of this double-analyte sensing relies
on its biorecognition layer made of dendrimers bearing pentapeptides sequences able
to recognize the receptor-binding site of all HA variants. In this example, the low steric
hindrance of the peptide branches is instrumental to the recognition of both analytes,
while the possibility to directly immobilise the dendrimers at boron-doped diamond (BDD)
electrode surfaces assures high control and reproducibility of the modification itself. After
characterisation with voltammetric techniques, the analytical protocol was defined using
EIS as the detection technique. Apart from viruses, peptide-based sensors were also de-
signed to monitor bacteria and toxins such as Escherichia coli (E. coli), Staphylococcus aureus
(S. aureus), and Salmonella typhimurium (S. typhi) [117] or endotoxin [118].
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Figure 3. Schematic representation of some examples of peptide-based affinity platforms: (a) peptide-templated CuNPs as a
probe for the detection of PARP-1, recognising and labelling PAR (PARP-1 catalysed form) by covalent-like interactions
between guanidine groups and phosphate groups of PAR; quantitative determination via trace-level stripping voltammetry,
reprinted with permission from [95]; (b) signal amplification strategy based on in situ peptide self-assembly for the detection,
through SWV, of Aβ oligomer by designing a sandwich with a prion protein residue (PrP) that worked as a capture and
Fc-conjugated signalling probe, reprinted with permission from [106]; (c) design of the label-free detection scheme based on
peptide-functionalised WS2NF/AuNPs for norovirus through EIS analysis, reprinted with permission from [115] (d) HA
and avian influenza virus immobilisation at BDD electrodes in a Fc-labelled approach, reprinted with permission from [116]
Copyright (2020) American Chemical Society.
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7. Conclusions and Outlook

The synthetic nature, stability, and high yield of production of peptides are all very
interesting properties for their use in different fields of science, especially in clinical diag-
nostics. An additional advantage is that different detection schemes are possible by using
peptides; they can be used as substrates of proteases and kinases, which are enzymes con-
sidered to be important biomarkers of many different diseases. Furthermore, on the basis
of their secondary structures, peptides can be used as affinity molecules for the specific
binding of different analytes. Due to their physicochemical properties, peptides have also
been proposed as antifouling molecules. Many examples of all-in-one multifunctional
molecules with antifouling and biorecognition properties on the same peptide have also
been proposed and reviewed in this manuscript. Despite these interesting properties,
several issues remain—mainly, the total number of peptide sequences enabling recognition
discovered until now is still significantly lower than that of antibodies.

In addition, peptides have been proposed as structural materials [2] and many ex-
amples are reported in the literature. Due to their tunable physicochemical properties,
peptides are able to fold in compact structural motifs, shaping nanosized architectures
in fibres, micelles, tubes, monolayers, bilayers, and strips that can have many different
applications, including in vivo diagnostics.

The advantages of peptides versus antibodies in biosensing are evident in terms of
their cost efficiency, high yield, and easier chemical synthesis. By contrast, it is hard to
compare nucleic acids, including nucleic acid aptamers, and peptides. Peptides possess a
variety of functional groups not present in nucleic acids (including nucleic acid aptamers)
that can both enhance interactions, and thus affinity, with the target analyte and explain
their functional and structural properties. Moreover, peptides have a different acid-base
behaviour than nucleic acids. Thus, a comparison of these classes of interesting molecules
in biosensing is not a trivial matter. Different considerations have to be kept in mind
when making this comparison, such as selection or production procedures, which can
lead to different evaluations. Therefore, it is not easy to predict which molecule is the
best for a particular application. However, from the perspective of a researcher, it is
important to have many different structural and functional molecules in order to better
solve different bioanalytical issues and to increase the selectivity or multiplexing properties
of the developed biosensors.
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Abstract: The recent global events of COVID-19 in 2020 have alerted the world to the risk of viruses
and their impacts on human health, including their impacts in the social and economic sectors.
Rapid tests are urgently required to enable antigen detection and thus to facilitate rapid and simple
evaluations of contagious individuals, with the overriding goal to delimitate spread of the virus
among the population. Many efforts have been achieved in recent months through the realization
of novel diagnostic tools for rapid, affordable, and accurate analysis, thereby enabling prompt
responses to the pandemic infection. This review reports the latest results on electrochemical and
optical biosensors realized for the specific detection of SARS-CoV-2 antigens, thus providing an
overview of the available diagnostics tested and marketed for SARS-CoV-2 antigens as well as their
pros and cons.

Keywords: SARS-CoV-2 detection; nasopharyngeal swab; saliva; serum; droplets

1. Introduction

Since the early 1900s, diverse pathogenic viruses have been identified to cause severe
diseases worldwide, including Rift Valley fever (1931), Crimean Congo hemorrhagic fever
(1944), Zika virus (1947), Chikungunya (1952), Marburg (1967), Lassa fever (1969), Ebola
virus (1976), human immunodeficiency virus (1980), Nipah (1998), severe acute respiratory
syndrome (SARS, 2003), influenza A virus (2009), and Middle East respiratory syndrome
coronavirus (MERS, 2012), among others (Figure 1A) [1]. In 2020, severe acute respiratory
syndrome-coronavirus (SARS-CoV-2) caused an outbreak of the respiratory disease named
COVID-19, which has had a significant impact on human health and in all economic
sectors [2], leading to the most serious socioeconomic crisis since World War II [3].

Initially, the diagnosis of COVID-19 was usually carried out in the hospital by medical
imaging through high-cost instrumentation and skilled personnel, including the use of
computed tomography, radiograph X-rays, ultrasound, echocardiograms, and magnetic
resonance imaging (Figure 1B) [4]. However, considering the wide spread of COVID-19,
the availability of a cost-effective and laboratory-free detection method would help to
prevent outbreaks of the virus and lessen its associated mortality.
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In general, SARS-CoV-2 detection systems are divided into three general categories: (i)
RNA-based diagnostics, (ii) antigen-based diagnostics, and (iii) antibody-based diagnostics
(Figure 1C) [5].

To establish a unique approach in the application of the available diagnostics, the
European Commission (EU) released “Guidelines on COVID-19 for in vitro diagnostic tests
and their performance (2020/C 122 I/01)”. The aim of this publication was to outline the
regulatory context of the in vitro diagnostic devices used in EU countries and provide an
overview of the different procedures and purposes of these tests. In detail, the tests available
today for COVID-19 fall broadly into two categories: (i) tests based on evaluating the
contagiousness of SARS-CoV-2 through the detection of viral genetic material (Polymerase
Chain Reaction) and viral components, such as proteins on the virus surface (antigen
tests); and (ii) tests that estimate exposure to the virus based on the immune response
of the human body to the infection. However, the EU also highlighted that diagnostics
for immune response have been not able to provide “a definite answer on the presence
or absence of the SARS-CoV-2 virus and thus they are not suitable to assess if the tested
individual may be contagious for others. Nevertheless, antibody tests could prove essential
for performing large-scale sero-epidemiological population surveys for assessing, e.g., the
immune status of workers and as one of the elements for guiding de-escalation strategies
when the pandemic is under control” [6].

For this reason, rapid tests are urgently required for antigen detection to easily and
quickly evaluate contagious individuals and thus delimitate spread of the virus among the
population. To this end, on 30 January 2020, the EC promptly launched a Call for Projects
entitled “SC1-PHECORONAVIRUS-2020: Advancing knowledge for the clinical and public
health response to the [COVID-19] epidemic”, featuring 18 Projects with a budget of EUR
48.5 million and involving 151 research groups across Europe and beyond, for research
activities devoted to counteracting the COVID-19 emergency [7]. Four main pillars have
been proposed based on: (i) infection monitoring systems, (ii) point-of-care diagnostic
tests, (iii) new treatments, and (iv) the development of new vaccines. Among them, the
requirement for novel rapid diagnostics “will concentrate on enabling front-line health
workers to make the diagnosis more quickly and more accurately, which will, in turn,
reduce the risk of further spread of the virus”, according to the EC.

The following projects have been awarded support for the development of novel
diagnostics:

- CoNVat: Combating 2019-nCoV: Advanced Nanobiosensing platforms for POC global
diagnostics and surveillance to develop a point-of-care device using optical biosensor
technology for rapid diagnosis and monitoring of the new coronavirus directly in the
patient’s sample (four partners: ES(2), FR, and IT) [8].

- CORONADX: Three rapid diagnostic tests (point-of-care) for COVID-19 Coronavirus,
improving epidemic preparedness, public health, and socioeconomic benefits to
deliver three complementary diagnostic tools, including one point-of-care diagnostic
that can be used with minimal training (eight partners: AT, CN(2), DK(2), IT(2), and
SE) [9].

- HG nCoV19 test: Development and validation of a rapid molecular diagnostic test
for nCoV19 to develop and validate a novel rapid molecular diagnostic test for coron-
avirus (four partners: CN, IE, IT, and UK) [10].

It is evident that the high potential of diagnostics could help improve knowledge on
virus diffusion, as well as diminish the danger of further spread, considering the continuous
emergence and re-emergence of viral infections, as highlighted by Cheng et al. [11]. As
the authors asserted, “The findings that horseshoe bats are the natural reservoir for SARS-
CoV-like virus and that civet are the amplification host highlight the importance of wildlife
and biosecurity in farms and wet markets, which can serve as the source and amplification
centers for emerging infections”.

Therefore, early-stage detection of viral infection could help to circumvent further
infection from highly contagious viruses and prevent viral disease morbidity and premature
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death among the worldwide population. To highlight the relevance of biosensors as
smart analytical tools, several authors reviewed the advantages and disadvantages of
the many biosensing configurations realized for the detection of viruses [12–14]. Eden
Morales-Narváez and Can Dincer discussed the potential of using biosensing tools beyond
PCR-based systems, reporting that “researchers around the world are pushing hard to
develop different methods and devices, allowing an easy, rapid, affordable and highly
sensitive and selective quantification of nucleic acids in low resource settings (such as
doctors’ practices, or directly at home)” [15]. This review, to our knowledge, was the first
on the topic of biosensors and COVID-19, and its impact as a widely cited paper was
recently recognized by Clarivate Web of Science (May 2021). Afterward, other reviews
were published, highlighting how nanotechnology [13–15] plays a crucial role in the design
of reliable and miniaturized devices.

Figure 1. (A) Timeline of virus-based diseases. Reprinted with permission from [1], 2021 Elsevier. (B) different diagnostic
methods for COVID-19. Reprinted with permission from [4], 2020 Elsevier. (C) different strategies for biosensing tool
development in the COVID-19 outbreak. Reprinted with permission from [5], 2020 American Chemical Society and (D)
features of an ideal biosensor for pandemics. Reprinted with permission from [16], 2020 American Chemical Society.

The lessons learned during the first year of the COVID-19 pandemic guided the
design of innovative toolkits with strong potential to be exploited for wide screening
under low resource settings. As outlined by Bhalla et al. [16], an ideal biosensor for
effective use in pandemics should be single-use and offer a long shelf life, ease of use,
cost-effectiveness, mass-manufacturing ability, autonomy, high sensitivity, high selectivity,
rapidity, multiplexing capabilities, and multiple sensing modes (Figure 1D). The conver-
gence of interdisciplinary technologies represents an immediate solution for the main
bottlenecks constraining biosensor prototypes to achieve real applications with the de-
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sirable features. Such technologies include: (i) nanomaterial technology to improve the
analytical figures of merit; (ii) microfluidics to enhance biosensor performance in terms of
sustainability (by decreasing the use of reagents and waste volume), automation, and suit-
ability for in-field analysis; (iii) smartphone-assisted technology to support the realization
of easy-to-use and portable systems, thus boosting data transmission and management in
a timely fashion; and (iv) wearable tools to help collect previously inaccessible physical
and biochemical signals, including those from epidermal tattoos, contact lenses, textiles,
face masks, wristbands, and patches [17].

This review provides an overview of the biosensors for SARS-CoV-2 antigens available
in the literature and tested on real matrices, such as nasopharynx swabs, saliva, serum,
and droplets, approximately one year after the start of the COVID-19 outbreak. Indeed,
beyond the development of biosensors for RNA sequences and antibodies, the detection
of antigens such as the SARS-CoV-2 spike (S) protein and SARS-CoV-2 nucleocapsid (N)
protein by biosensing tools has attracted significant attention. The pros and cons for
the detection of S and N proteins are also highlighted to develop a feasible strategy for
fabricating an ideal biosensor for the specific detection of SARS-CoV-2, thereby overcoming
the limitation of commercially available lateral-flow immunosensors (Figure 2 and Table 1),
which encompass the use of invasive nasopharyngeal swabs as the sampling system, which
offers lower sensitivity.

Figure 2. Different matrices used for the development of antigen biosensors at an academic level vs. commercially available
antigen kits.
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Table 1. Commercially available antigen kits.

Antigen Swab Test Sensitivity % Specificity %
Limit of Detection

(TCID50/mL)
Analysis Time (Min) Ref.

STRONGSTEP 96 99 2.50 × 102 15 [18]
BIOCREDIT 90 90 Not reported 5–8 [19]

REALY TECH 90 100 1.25 × 103 10–20 [20]
VIVADIAG 83 100 1.35 × 103 15 [21]
ZKDENTAL 87 100 Not reported 15 [22]

MOLAB 99 98 1.15 × 102 15 [23]
JOYSBIO 89 99 1.60 × 102 15 [24]

CLUNGENE 91 100 5 × 102.67 15 [25]

2. SARS-CoV-2 Antigen Detection Using Nasopharyngeal Swab

The first biosensor described in the literature for detecting the SARS-CoV-2 antigen
was developed by the Seo et al. [26]. The method involves using the developed biosensor
to measure S protein in nasopharyngeal swab specimens (Figure 3A).

The S protein was selected because it is a superficial glycoprotein of SARS-CoV-2 with
an affinity for human angiotensin-converting enzyme 2 (hACE2), which is used as a recep-
tor to infect human cells [27,28]. Nasopharyngeal swab specimens were selected because
they offer the highest-yield samples for diagnostic testing, even though the collection of
such samples, while generally considered safe, is invasive [29]. In detail, the Seo research
group developed a graphene-based field-effect transistor immunosensor by immobilizing
the SARS-CoV-2 spike antibody through the 1-pyrenebutyric acid N-hydroxysuccinimide
ester, enabling detection of the S protein with a detection limit of 1 fg/mL in a standard
solution. This field-effect transistor-based immunosensor was tested in nasopharyngeal
swab specimens from COVID-19 patients and a cultured virus, observing detection limits
equal to 100 fg/mL and 1.6 × 101 pfu/mL, respectively. This article opened global research
avenues for the development of immunosensor-based sensors for the S protein, demon-
strating the suitability of the immunosensing system for the rapid detection of patients
affected by COVID-19. Besides the S protein, the N protein of the coronavirus is often used
as a marker in diagnostic assays. Other authors also highlighted the usefulness of the N
antigen of SARS-CoV-2 for reliable diagnosis [30,31].

Shao et al. used the same field-effect transistor approach by employing high-purity
semiconducting single-walled carbon nanotubes functionalized with specific antibodies
for the detection of both S and N proteins. The detection of S and N proteins was carried
out by adding 10 μL of a nasopharyngeal swab sample for 2 min [32]. After this incubation
time, the device was washed three times with water, and the measurement performed. The
two types of field-effect transistor immunosensors demonstrated a LOD of 0.55 fg/mL for
the S protein and 0.016 fg/mL, respectively, for the N protein in a standard solution. To
evaluate the feasibility in real samples, a total of 28 PCR-positive samples and 10 nega-
tive nasopharyngeal swab samples were tested, finding a 17.8% false-negative rate. The
low detection achieved for both proteins alongside the technique’s application in clinical
samples demonstrated the feasibility of immuno-based field-effect transistors for the rapid
detection of SARS-CoV-2 in nasopharyngeal swab specimens. Furthermore, Chaimayo
et al. proposed a rapid SARS-CoV-2 antigen detection test, the Standard™ Q COVID-19
Ag kit, which was able to detect SARS-CoV-2 in nasopharyngeal and throat swabs col-
lected from 454 suspected COVID-19 cases. This Standard Q COVID-19 Ag test provides a
rapid chromatographic immunoassay for the detection of N protein characterized by two
precoated lines on the result window: a control (C) line coated with a mouse monoclonal
anti-chicken Igγ antibody and a test (T) line coated with a mouse monoclonal antibody
against N protein. The antigen–antibody color particles migrate via a complex process
involving capillary force and are captured by the mouse monoclonal anti-SARS-CoV-2
antibody coated on the test (T) region. The colored test (T) line’s intensity depends on

143



Biosensors 2021, 11, 310

the amount of SARS-CoV-2 N antigen present in the sample. This rapid Standard™ Q
COVID-19 Ag kit showed comparable sensitivity (98.33%; 95% CI, 91.06–99.96%) and
specificity (98.73%; 95% CI, 97.06–99.59%) to a real-time RT-PCR assay, demonstrating its
potential use as a screening assay, especially in high prevalence areas [33].

 

Figure 3. SARS-CoV-2 antigen detection in a nasopharyngeal swab. (A) S protein detection with
a field-effect transistor-based immunosensor. Reprinted with permission from [26], 2020 Ameri-
can Chemical Society; (B) lateral-flow assay fabricated using the scFv-Fc antibody for N protein
detection. Reprinted with permission from [34], 2021 Elsevier; (C) molecularly imprinted polymer-
based electrochemical sensor for the detection of N protein. Reprinted with permission from [35],
2021 Elsevier.
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Although commercially available antibodies are used as the main approach for de-
tecting SARS-CoV-2 antigens, Kim et al. developed single-chain variable fragment (scFv)-
crystallizable (Fc) fusion proteins (scFv-Fcs) for the detection of N protein with improved
specificity [34]. To screen scFv binders that specifically interact with the SARS-CoV-2 N pro-
tein, the authors carried out a phage-display screening using a chicken-naïve scFv antibody
library, followed by the isolation of positive clones and the elimination of scFv binders
from MERS-CoV and SARS-CoV-2. After producing the specific antibodies, an analysis
was carried out using four unique clones, 12H1, 12H8, 12B3, and 1G5, all characterized
by different complementary–determining region sequences for heavy and light chains.
The sensitivity was evaluated by binding experiments using the SARS-CoV-2 N protein,
finding KD values equal to 18.3, 1.31, 8.47, and 2.86 nM, respectively. The lateral-flow
assay was designed by introducing the scFv-Fc antibody on the test line and anti-human
IgG antibodies on the control line, while the conjugate pad was loaded with each scFv-Fc
antibody–cellulose nanobead conjugate. The analytical performance of the developed
device was tested using 100 μL of N protein or cultured virus in a lysis buffer, with 20 min
as the analysis time. Then, the LOD was evaluated and found to be 2, 5, and 10 ng when
using 12H8–12H1, 12H8–12B3, and 12H8-1G5, respectively (Figure 3B). When tested with
the cultured virus, a LOD equal to 2.5 × 104 pfu was observed, as well as no cross-reactivity
with the N proteins belonging to SARS-CoV-2, MERS-CoV, influenza virus, or the negative
control on the nasal swab specimens.

To overcome the limitations of antibody production involving animal use, Raziq
et al. developed a molecularly imprinted polymer-based electrochemical sensor for de-
tecting the SARS-CoV-2 N protein (Figure 3C) [35]. The MIP sensor was prepared by
modifying Micrux gold-based thin-film electrodes with a film generated from poly-m-
phenylenediamine as a suitable functional monomer. Differential pulse voltammetry was
used with ferro/ferricyanide as a redox probe for detecting N protein up to 111 fM, with
LOD and LOQ values equal to 15 and 50 fM (0.7–2.2 pg/mL), respectively. To evaluate
the matrix effect, the MIP sensor was tested in negative specimens by adding known
concentrations of the N protein, with slightly higher values observed for the LOD and LOQ
(27 fM and 90 fM, respectively). When tested with positive samples, good agreement was
found between RT-PCR and the MIP sensor, demonstrating the feasibility of the developed
MIP sensor.

3. SARS-CoV-2 Antigen Detection in Saliva

As highlighted above, nasopharyngeal swabs provide the main collection specimens,
despite the procedure resulting in potential discomfort and requiring skilled healthcare
personnel. Although underestimated in the first phase of the pandemic event as a specimen,
saliva contains a detectable concentration of the virus and can be safely collected without
the need for trained staff. To et al. reported that the salivary viral load was highest
during the first week after symptom onset and subsequently declined over time [36]. Teo
et al. collected saliva, nasopharyngeal swabs, and self-administered nasal swabs from
200 patients with acute respiratory infections and tested the samples via RT-PCR [37]. In
total, 62.0%, 44.5%, and 37.7% of the saliva, nasopharyngeal, and self-administered nasal
swabs gave positive results, highlighting that saliva represents a sensitive and suitable
sample type for COVID-19 diagnosis.

For SARS-CoV-2 detection in saliva, we recently developed an electrochemical printed
chip for the highly sensitive and accurate detection of SARS-CoV-2 in saliva. Since sen-
sitivity and accuracy are key issues, we designed this immunosensor by employing: (i)
magnetic beads as support for the immunological chain due to their ability to detect virus
pre-concentration, thereby improving sensitivity; (ii) electrochemical detection, which
is well-known as a sensitive and cost-effective detection method that uses a hand-held
device; and (iii) carbon black as a nanomaterial to modify screen-printed sensors, thereby
improving sensitivity in detecting the enzymatic by-product 1-naphtol and representing a
cheap nanomaterial (around EUR 1 for 1 Kg). Furthermore, this device was conceived as
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an easy-to-use system. Thus, all the reagents needed for immunological chain creation can
be added in a single step in untreated saliva, and during the incubation period of 30 min,
stirring can be avoided (Figure 4A) [38]. To detect both N and S proteins, the antibodies for
each antigen were selected and immobilized on magnetic beads. The two immunosensors
developed were tested in untreated saliva, obtaining a detection limit equal to 19 ng/mL
and 8 ng/mL, respectively, for S and N proteins. The effectiveness of these sensors was
assessed using virus cultured in a biosafety-level-3 laboratory and in clinical samples from
saliva for comparison against data obtained from nasopharyngeal swab specimens tested
using Real-Time PCR. The immunosensor for S protein demonstrated higher sensitivity
than the assay for N protein, with the former being able to measure 6.5 PFU/mL due
to the high amount of S protein in SARS-CoV-2. Furthermore, when tested with saliva
specimens, both immunosensors for N and S proteins were able, in almost all cases, to
identify COVID-19 patient samples, even in the case of high CT values from Real-Time PCR
(low viral load), demonstrating the high sensitivity of this cost-effective and miniaturized
device.

 
Figure 4. SARS-CoV-2 antigen detection in saliva: (A) magnetic beads combined with a nanomaterial-based-printed
electrode for the development of two immunosensors for the detection of S and N proteins. Reprinted with permission
from [38], 2021 Elsevier; (B) magnetic beads for the development of a cheap aptamer assay for the detection of S and
N protein antigens, exploiting an off-the-shelf glucometer. Reprinted with permission from [39], 2021 Elsevier; (C) a
reagent-free electrochemical immunosensor for directly reading out viral particles in 5 min. Reprinted with permission
from [40], 2020 American Chemical Society; (D) an electrochemical biosensing system for the detection of N protein, IgM
and IgG antibodies, and inflammatory biomarker C-reactive protein using the same hand-held device. Reprinted with
permission from [41], 2020 Elsevier.
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Subsequently, Hall’s group used magnetic beads to develop a cheap (USD 3.20/test)
aptamer assay for the detection of SARS-CoV-2 antigens using an off-the-shelf glucometer.
In this study, a SARS-CoV-2 N- or S-protein-specific biotinylated aptamer was conjugated
to a streptavidin-coated magnetic bead and pre-hybridized with a complementary anti-
sense oligonucleotide strand covalently bonded to the invertase enzyme (Figure 4B) [39].
The analytical system is based on measuring the viral antigen’s interactions with the
aptamer by quantifying invertase-antisense oligo release. The aptamer-antigen complex
on magnetic beads was removed with a magnet, and the remaining aptamer-antisense-
invertase complex was collected and incubated with sucrose, which was then converted
to glucose and measured using the glucometer. To verify the effectiveness of the S and N
aptamer-antisense-invertase system in detecting authentic virus and the native proteins
produced during SARS-CoV-2 infection, the authors created viral stocks of SARS-CoV-2 in
a biosafety-level-3 laboratory, demonstrating that the aptamer-antisense-invertase systems
can recognize their native targets when produced by replicating authentic SARS-CoV-
2. Subsequently, this aptasensor was challenged in saliva samples, showing a detection
limit in saliva equal to 5.27 and 6.31 pM for N and S proteins, respectively. Finally, the
authors tested the developed assays to discriminate SARS-CoV-2-infected and healthy
individuals using validated saliva samples, with 100% positive percent agreement and
100% negative agreement with the RT-qPCR data performed on the same samples analyzed,
demonstrating high accuracy and speed combined with cost-effectiveness.

Kelly et al. developed a faster reagent-free electrochemical immunosensor able to
directly read out viral particles in 5 min using a sensor-modified electrode chip, without the
addition of any reagents [40]. The sensor was built from an analyte-recognizing antibody
attached to a rigid, negatively charged linker of DNA labeled with a ferrocene redox probe
to produce the electrochemical signal. In this system, the application of a positive potential
attracts the negatively charged DNA-labeled linker to the surface, thus producing a current.
Because the drag force is affected by the size of the bound analyte, in the presence of the
S protein (and better in the case of the virus), the response is changed. This sensing tool
was successfully tested with saliva samples inactivated by heating at 65 ◦C for 30 min,
and the results were found to be comparable with gold-standard RT-PCR approaches,
demonstrating the effectiveness of this smart device (Figure 4C).

Gao et al. [41] developed a highly innovative electrochemical biosensing system
called SARS-CoV-2 RapidPlex, which is characterized by multiple abilities, portability,
and wireless connection for the detection of N protein, IgM and IgG antibodies, and
inflammatory biomarker C-reactive protein using the same hand-held device (Figure 4D).
This sensing tool is composed of mass-producible laser-engraved four-channel graphene
arrays combined with a PCB system for wireless data transmission to a mobile user interface.
For selective detection, the platform was chemically modified with captured antigens and
antibodies to detect the target analytes. To assess the effectiveness of the device, N protein,
IgM and IgG antibodies, and inflammatory biomarker C-reactive protein were analyzed
in commercial saliva samples from RT-PCR COVID-19-confirmed patients (n = 5) and
healthy subjects (n = 3). Using this device, the analysis required saliva-sample dilution in
a phosphate buffer, followed by incubation for 10 min at room temperature, a washing
step with the PBS buffer, and addition of the necessary reagents for 5 min. The results
demonstrated the suitability of this smart device for multiplexing detection in saliva and
serum samples, paving the way toward a highly innovative Telemedicine Platform for
COVID-19 management.

4. SARS-CoV-2 Antigen Detection in Serum

The effectiveness of serum as a specimen for the detection of SARS-CoV-2 antigens has
been also evaluated. For instance, Li et al. analyzed fifty cases of SARS-CoV-2 nucleic acid-
positive and SARS-CoV-2 antibody-negative patients, observing an N protein positivity
rate of 76%, suggesting that the serum measurement of SARS-CoV-2 N protein can have
high diagnostic value for infected patients before the antibody appears, thus shortening the
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window of serological diagnosis [42]. Li and Lillehoj [43] developed a microfluidic device
for high sensitivity measurements of SARS-CoV-2 N protein in undiluted and 5× diluted
serum (Figure 5A). The printed electrochemical sensor was embedded in a microfluidic
device able to minimize sample (25 μL) and reagent (80 μL) consumption and simplify
handling of the sample. The sample was previously mixed with dually-labeled magnetic
nanobeads (the beads were coated with a detection antibody and enzyme to improve
signal amplification) and then dispensed into the chip using a capillary tube and plunger.
Subsequently, the microfluidic chip was placed onto a magnet for 1 min to pre-concentrate
the magnetic beads. Then, an incubation time of 50 min, in the case of whole serum samples,
or 25 min, in the case of diluted serum samples, was selected. Subsequently, a buffer
solution was flushed through the chip for 4 min at 100 μL/min, followed by the addition
of an enzymatic substrate for 1 min at 100 μL/min for electrochemical measurements. The
reported LOD of this immunosensor for SARS-CoV-2 N protein in the whole serum and
5× diluted serum was 50 and 10 pg/mL, respectively. To evaluate the effectiveness of the
developed microfluidic device, the device was tested using serum samples obtained from
seven COVID-19 patients and four healthy patients, observing a very low current (<1 μA)
in the case of healthy people and a current in the range of 5–17 μA for COVID-19 patients,
demonstrating results consistent with the PCR method.

5. SARS-CoV-2 Antigen Detection in Droplets

The mucosalivary droplets formed during breathing, speaking, coughing, and sneez-
ing are the principal avenue by which people are infected. As described by Bourouiba [44],
mucosalivary droplets are primarily composed of a multiphase turbulent gas cloud, which
is unable to evaporate for a much longer time than isolated droplets. Mucosalivary droplets
are thus characterized by a longer lifetime (by a factor of up to 1000), increasing the time of
possible transmission from seconds to minutes. This behavior, unfortunately, increases the
ease of infection among people that come into contact with such droplets in the absence of
correctly worn masks.

A recent novel approach for evaluating an individual’s infection considers a mask not
only as a protection system able to cut the diffusion of droplets [45] but also as a sampling
and detection system. Several groups have sought to develop smart masks able to provide
information on COVID-19 infection. For instance, Marrocco et al. developed a sensing face
mask integrated with a radio frequency identification (RFID) tag for humidity sensing to
monitor the wetness of the mask [46].

 

Figure 5. SARS-CoV-2 antigen detection in serum and droplets. (A) Microfluidic device for the high-sensitivity measurement
of N protein in undiluted and 5× diluted serum. Reprinted with permission from [43], 2021 American Chemical Society;
(B) immunosensor for the detection of SARS-CoV-2 in droplets by exploiting the surface of the face mask to collect and
enrich the respiratory droplets. Reprinted with permission from [47], 2021 Elsevier.

148



Biosensors 2021, 11, 310

The only completed sensor embedded in a face mask for antigen detection was
reported by Xue et al. [47]. These authors were the first to develop an immunosensor
for the detection of SARS-CoV-2 in droplets by exploiting the surface of the face mask to
collect and enrich the respiratory droplets (Figure 5B). This intelligent mask includes an
impedimetric label-free immunosensor, a miniaturized impedance circuit including an
A/D converter, an operational amplifier, and a wireless transmission unit. The authors
developed the immunosensor to immobilize the antibodies for S protein on nanowires
doped with biotin groups and thus achieve immobilization through streptavidin–biotin
interactions. The nanowire array was designed with parallel patterns on the substrates
and vertically connected via gold interdigitated electrodes. The width and spacing of the
nanowires were set at 75 nm to increase their sensitivity for the detection of SARS-CoV-2 in
aerosols, taking into account that high-density nanowire arrays allow for higher collision
frequency between the immobilized antibodies and virus present in the droplets. The
developed sensing system was able to detect the S protein and whole virus in simulated
human breath, with a detection limit as low as 7 pfu/mL from an atomized sample of a
coronavirus aerosol mimic and a measurement time of only 5 min.

6. Biosensors in the Literature vs. Commercialized Toolkits

As reported in the literature [16], ideal biosensors for deployment in pandemics should
be simple to use. The ability to carry out measurements simply and effectively refers to
both the detection of the target analyte and the sample treatment. Among commercially
available kits for antigen detection, analytical tools are characterized by the collection
of nasopharyngeal swabs, followed by simple suspension in a viral/universal transport
medium and the addition of some drops on the strips. The response usually occurs in few
minutes, with a range from 5 to 20 min (Table 1).

In commercial kits, unmeasured SARS-CoV-2 is largely caused by the uncorrected
sampling of nasopharyngeal swab specimens. As reported by Lippi et al. for RT-PCR anal-
yses based on nasopharyngeal swabs [48], this type of specimen sampling is characterized
by preanalytical issues, such as: identification problems; inadequate procedures for the
collection, handling, transport, and storage of the swabs; the collection of inappropriate or
inadequate materials (in terms of quality or volume); and manual errors. Some analytical
problems may also jeopardize diagnostic accuracy, including testing outside the diagnostic
window, active viral recombination, the use of inadequately validated assays, insufficient
harmonization, instrument malfunctions, and other specific technical issues. Moreover,
this type of sampling is invasive, and its sensitivity is not sufficient to diagnose COVID-19
when a low load virus is present, which means high CT values.

The most significant advantage of the biosensors in the literature is their ability to work
with other types of specimens—especially saliva, which is not invasive and does not require
any sample treatment, as highlighted in Table 2. Indeed, both nasopharyngeal swabs and
serum require complex sampling and/or sample treatments. In the case of serum, a
laboratory-set-up treatment is required, which precludes the application of biosensors
developed on-site [43]. To boost the applicability of saliva-based biosensors, which are less
invasive and still highly sensitive, and enable them to reach market, several challenges
remain to be addressed, including scalable manufacturing and storage stability, which are
primary issues for any successful commercially available point-of-care device.
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Table 2. Sample treatment of biosensors in the literature.

Sample Matrix Treatment Ref.

Nasopharyngeal swab Nasopharyngeal swabs were suspended
in a universal transport medium [26]

Nasopharyngeal swab Nasopharyngeal swabs were suspended
in a viral transport medium [32]

Nasopharyngeal and throat
swabs

Nasopharyngeal and throat swabs were
mixed in a viral transport medium [33]

Nasopharyngeal swab Not reported [34]

Nasopharyngeal swab Nasopharyngeal specimens were
vortexed in a universal transport medium [35]

Saliva No treatment [38]

Saliva No treatment [39]

Saliva No treatment [40]

Saliva No treatment [41]

Serum Whole and 5× diluted [43]

Droplets No treatment [47]

7. Conclusions

From the start of the present pandemic, all disciplines have made efforts to deliver
useful tools to assist in the management of the outbreak. For on-site antigen detection, the
industrial sector has combined established sampling techniques using nasopharyngeal
swabs with customized lateral-flow systems and replaced previously used antibodies with
other analytes and antibodies for S protein or N protein detection, with minimal variation
in industrial-scale fabrication. Different companies have commercialized these types of
devices. However, even when widely characterized by sufficient selectivity and sensitivity,
these devices are not able to diagnose the infection at its start, at which point patients
are characterized by a low viral load. To address this issue, researchers have begun to
develop more sensitive devices by exploiting nanomaterial technology, microfluidics, and
smartphone-assisted systems (Table 3). Nanomaterials, such as graphene and carbon black,
have been used to increase the sensitivity of biosensors, and microfluidics combined with
printed electrodes have facilitated the simple management of samples. Moreover, the
presence of miniaturized potentiostats (e.g., Sensit Smart, PalmSens instrument) embedded
in smartphones will help foster the synergic combination of biosensing tools with the
Internet of Things. Indeed, the convergence of interdisciplinary technologies presents
an immediate solution for the main bottlenecks that constrain biosensor prototypes from
achieving real applications, matching the suitable features for effective use of a biosensor
in pandemics, including long shelf life, ease of use, cost-effectiveness, mass manufacturing,
autonomy, high sensitivity, high selectivity, rapidity, multiplexing capabilities, multiple
sensing modes, and single-use [16].
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Table 3. Analytical features of biosensors for the detection of N and S proteins reported in the literature.

Analyte
Type of

Biosensor
Type of

Transduction
Matrix

Analyzed
Linear Range (LR)/Detection

Limit (LOD)
Time of

Analysis
Ref.

S protein/virus

Graphene-
based

field-effect
transistor

immunosensor

FET Nasopharyngeal
swab

S protein
LR: 0.1–100 pg/mL

LOD: 100 fg/mL
Virus:

LR:
1.6 × 101–1.6 × 104 pfu/mL

LOD:
1.6 × 101 pfu/mL

<1 min [18]

S/N protein

Single-walled
carbon

nanotube-
based

field-effect
transistor

immunosensor

FET Nasopharyngeal
swab

S protein
LR: 5.5 fg/mL–5.5 pg/mL

LOD: 0.55 fg/mL
N protein

LR: 16 fg/mL–16
pg/mL

LOD: 0.016 fg/mL

<5 min [24]

N protein Lateral-flow
immunoassay

Colorimetric
(visual)

detection

Nasopharyngeal
swab sensitivity 98.33% 15–30 min [25]

N protein/virus

Lateral-flow
immunoassay

based on
scFv-Fc fusion

proteins

Colorimetric
detection

Nasopharyngeal
swab

N protein
LOD: 2 ng

Virus
LOD: 2.5 × 104 pfu

20 min [26]

N protein

Molecularly
imprinted

polymer-based
electrochemical

sensor

Differential
Pulse

Voltammetry

Nasopharyngeal
swab

LOD: 27 fM
in clinical samples 15 min [27]

S/N protein
and virus

Magnetic
bead-based

immunosensor
combined with

carbon
black-modified
screen-printed

electrode

Differential
Pulse

Voltammetry
Saliva

S protein LOD: 19 ng/mL in
saliva

N protein LOD:
8 ng/mL in saliva

Virus: 6.5 pfu/mL concentration
tested using S protein
immunosensor and

6.5 × 103 pfu/mL concentration
tested using N protein

immunosensor

30 min [30]

S/N protein

Magnetic
bead-based

sensor using a
biotinylated

aptamer-oligo-
invertase
complex

Glucometer Saliva

N protein
LOD: 5.27 pM in saliva

S protein
LOD: 6.31 pM in saliva

60 min [31]
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Table 3. Cont.

Analyte
Type of

Biosensor
Type of

Transduction
Matrix

Analyzed
Linear Range (LR)/Detection

Limit (LOD)
Time of

Analysis
Ref.

S protein/virus

A reagent-free
electrochemical

Sensor
modified with

an
antibody

attached to
DNA linker

functionalized
with a ferrocene

redox probe

Chronoamperometry Saliva

S protein
LOD: 1 pg/mL

Virus
LOD: 4000 copies per mL

5 min/
10 min [32]

N protein

An
electrochemical
immunosens-

ing
platform using
laser-engraved

graphene
electrodes and a

wireless
transmission

unit

Chronoamperometry Saliva LR: Up to 5000 pg/mL 1 min [33]

N protein

Microfluidic
immunosensor

based on
screen-printed
gold electrode
combined with

magnetic
nanobeads

Chronoamperometry Serum

Whole serum
LOD: 50 pg/mL

5× Diluted serum
LOD: 10 pg/mL

Whole
serum:
50 min

5×
diluted
serum:
25 min

[35]

S protein/virus

Nanowire-
based

immunosensor
combined with
a miniaturized

impedance
circuit and a

wireless
transmission

unit

Electrochemical
impedance

spectroscopy
Droplets

S protein in aerosol
concentration tested: 1,

10 ng/mL
Virus aerosol

LOD: 7 pfu/mL corresponding
to an air concentration of 0.35

pfu/L

S protein
aerosol:
10 min
Virus

aerosol:
5 min

[39]

However, several main drawbacks still need to be overcome, as highlighted by Eden
Morales-Narváez and Can Dincer [12]. Previous recommendations include the need for:
(i) investments in diagnostic tools; (ii) collaborative networks within the biosecurity sec-
tor; (iii) autonomy for each country to manufacture its own biosensing technologies and
protection equipment; (iv) the development of new diagnostic tools to meet government
requirements; (v) widely establishing the necessary features of biosensors; (vi) the con-
nection of biosensors with the Internet of Things; and (vii) training of the population for
self-sampling and testing.

Taking into account the results achieved to date as well as the recommendations for the
successful use of biosensors in virus detection, we are confident that this pandemic event
will positively affect biosensing research activity. Biosensors with all the features required
for reliable applications should be developed with the overriding goal of producing devices
not only confined in articles but also able to be used among the population; this point was
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highlighted by Mao et al. [49] when discussing “the feasibility of an integrated point-of-
care biosensor system with mobile health for wastewater-based epidemiology (iBMW) for
early warning of COVID-19, screening and diagnosis of potential infectors, and improving
health care and public health”. Thus, beyond scientific publications, the delivery of useful
toolkits in collaboration with companies should be one of the main goals for the scientific
community, in order to avoid the monitoring issues observed in the COVID-19 pandemic
during a future unexpected outbreak.
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