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Preface to “Electrochemical Immunosensors and
Aptasensors”

Since the first electrochemical biosensor for glucose detection was pioneered in 1962 by Clark
and Lyons, research and application in the field has grown at an impressive rate and, nowadays, we
are still witnessing the continuing evolution of research on this topic. Initially, major research and
applicative efforts were devoted to develop biocatalytic electrochemical sensors, aimed at exploiting
the specificity of the reaction of an enzyme for its substrate. In the 1980s-1990s, the first examples of
use of immunochemical reactions for electrochemical sensing were proposed by Heineman and
Halsall, followed by the first examples of electrochemical immunosensors where antibodies were
immobilized on the electrode surface. These biosensors exploit the specificity of the antigen (Ag)-
antibody (Ab) interaction to detect one of the two partners as the analyte. In order to achieve
electrochemical detection, a label is typically used which can be electroactive itself or able to generate
or consume an electroactive molecule. Using this approach, many sensors have been developed to
detect a number of disease markers.

Recent research trends in the field of affinity biosensors are indeed moving forward, trying to
overcome some of the present limitations. On the one hand, many studies are aimed at developing
novel capture agents, not necessarily belonging to the antibodies category. Aptamers represent a
successful example of an efficient capture molecules’ alternative to antibodies. On the other hand, the
possibility of avoiding using enzyme labels appears very attractive in order to simplify detection
schemes, thus avoiding complex functionalization procedures.

This Special Issue collates several contributions which offer an overview of recent developments
in the field of electrochemical immunosensors and aptasensors, outlining future prospects and research
trends.

The use of advanced capturing agents as an alternative to “classical” antibodies, such as
affibodies and aptamers, constitutes the focus of three original research articles and three review
papers. Another review presents and discusses the recent literature on immunosensors based on field
effect transistors. Two research papers, one technical note and one review report on the development
of novel immunosensors for food control, particularly the analytical capabilities of using non-
conventional detection schemes. A final note highlights the results achieved and described in the
special issue, outlining future prospects of research development in the field.

Paolo Ugo and Ligia M. Moretto
Guest Editors
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Simultaneous Determination of the Main Peanut
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Abstract: In this work, a novel magnetic beads (MBs)-based immunosensing approach for the rapid
and simultaneous determination of the main peanut allergenic proteins (Ara h 1 and Ara h 2)
is reported. It involves the use of sandwich-type immunoassays using selective capture and
detector antibodies and carboxylic acid-modified magnetic beads (HOOC-MBs). Amperometric
detection at —0.20 V was performed using dual screen-printed carbon electrodes (SPdCEs) and the
H,0, /hydroquinone (HQ) system. This methodology exhibits high sensitivity and selectivity for the
target proteins providing detection limits of 18.0 and 0.07 ng/mL for Ara h 1 and Ara h 2, respectively,
with an assay time of only 2 h. The usefulness of the approach was evaluated by detecting the
endogenous content of both allergenic proteins in different food extracts as well as trace amounts
of peanut allergen (0.0001% or 1.0 mg/kg) in wheat flour spiked samples. The developed platform
provides better Low detection limits (LODs) in shorter assay times than those claimed for the allergen
specific commercial ELISA kits using the same immunoreagents and quantitative information on
individual food allergen levels. Moreover, the flexibility of the methodology makes it readily translate
to the detection of other food-allergens.

Keywords: Ara h 1; Ara h 2; dual determination; magnetic beads; SPdCEs; amperometric
immunosensor; food extracts

1. Introduction

Food allergies, i.e., adverse immunologic (IgE and non-IgE mediated) reactions to food, have
resulted in considerable morbidity and reached high proportions in the industrialized world, affecting
up to 10% of young children and 2%-3% of adults [1]. Analysis for food allergens is required both for
consumer protection and food fraud identification. The eight food major allergens are peanuts, wheat,
eggs, milk, soy, tree nuts, fish, and shellfish [2]. Peanut allergy deserves particular attention because
very small amounts of peanut proteins can induce severe allergic reactions. It persists throughout
life and accounts for most of food-induced anaphylactic reactions with a prevalence that has doubled
in a five-year time span [3,4]. Consequently, there is an increasing concern and need to protect food
allergic consumers from acute and potentially life-threatening allergic reactions through detection
of peanut trace contamination and accurate food labeling [5]. Although Regulation No. 1169/2011

Chemosensors 2016, 4, 11 3 www.mdpi.com/journal/chemosensors
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established food allergen labelling and information requirements under the EU Food Information for
Consumers [6], food allergic patients are still at high risk of consuming unintentional trace amounts of
allergens that may have contaminated the food product at some point along the production line.

The detection of peanut allergens in food products is sometimes challenging since they are often
present unintentionally and in trace amounts, or can be masked by compounds of the constituting
food matrix. Moreover, since there are no established thresholds below which an allergen poses only
a small risk of causing harm to an allergic consumer so far, there is general agreement in the analytical
community and especially standardization bodies to look for validated methods that can detect food
allergens in the low ppm range (1-10 mg allergenic ingredient kg~ food product) [7,8].

Analytical techniques used to detect peanut allergens can be divided into protein-or DNA-based
assays. The former detect specific peanut protein allergens, using enzyme-linked immunosorbent
assays (ELISAs), or total soluble peanut proteins. Commercially available ELISA kits constitute the
most widely used analytical tool by food industries and official food control agencies for monitoring
adventitious contamination of food products by allergenic ingredients [4]. However, these methods are
limited to providing only qualitative or semi-quantitative information and can suffer from unexpected
cross-reactivity in complex food matrices [3]. On the other hand, DNA-based techniques allow the
presence of allergens to be detected by PCR amplification of a specific DNA fragment of a peanut
allergen gene. False positive results due to cross-reactivity with other nuts [9], significant differences
regarding quantification with respect to ELISA kits [1,4] and the high number of replicates for samples
required by the PCR methods are important limitations hindering their applicability to processed
foods or complex food matrices [8,10]. Most importantly, these methods require different assays to
detect each of the different food allergens [11].

Recently, liquid chromatography-mass spectrometry (LC-MS)/MS has emerged as an interesting
alternative for food allergen analysis because it provides wide linear dynamic ranges and absolute
identification and quantification of allergens. However, apart from a high level of expertise and costly
equipment, multiple extraction and cleanup steps are necessary making this method laborious and time
consuming [1]. Therefore, the development of accurate and simpler methods for performing highly
sensitive and specific simultaneous detection of multiple food-product allergens is highly demanded.

In this context, electrochemical immunosensors constitute clear alternatives to the above-mentioned
techniques due to their simplicity, low cost and easy use. However, their applications for the detection
and quantification of allergens are still scarce [12]. Although some electrochemical immunosensors
have been reported recently for the determination of peanut allergenic proteins [12-15], to the best
of our knowledge, no electrochemical immunosensor has been so far reported for the multiplexed
determination of food allergens. This paper describes the first electrochemical immunosensor for the
simultaneous determination of the two major peanut allergenic proteins, Ara h 1 and Ara h 2, in one
single experiment. More than 65% of peanut allergic individuals have specific IgE to Ara h 1 and more
than 71% to Ara h 2 [16]. The implemented methodology involved the use of functionalized magnetic
beads (MBs), a specific pair set of antibodies for sandwiching each target protein and amperometric
detection at dual screen-printed carbon electrodes (SPACEs) using the hydroquinone (HQ)/horseradish
peroxidase (HRP)/H;,O, system. The dual immunosensor was successfully applied to the detection of
both endogenous target proteins in food extracts and, in addition, to the detection of peanut traces
(0.0001% or 1.0 mg- kg 1) in wheat flour spiked samples.

2. Materials and Methods

2.1. Materials

Amperometric measurements were performed with a CHI812B potentiostat (CH Instruments,
Austin, TX, USA) controlled by software CHI812B. Dual screen-printed carbon electrodes (SPdCEs)
(DRP-C1110, Dropsens, Oviedo, Spain) consisting of two elliptic carbon working electrodes (6.3 mm?
each), a carbon counter electrode and an Ag pseudo-reference electrode were employed as transducers.
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A specific cable connector (ref. DRP-BICAC also from DropSens, S.L.) acted as interface between
the SPACEs and the potentiostat. Single screen-printed carbon electrodes (SPCEs) and their specific
connector (DRP-C110 and DRP-CAST, respectively, Dropsens) were also used. All measurements were
carried out at room temperature.

A Bunsen AGT-9 Vortex (Lab Merchant Limited, London, UK) was used for the homogenization of
the solutions. A Thermomixer MT100 constant temperature incubator shaker (Universal Labortechnik
GmbH & Co. KG, Leipzig, Alemania) and a magnetic separator Dynal MPC-S (Thermo Fisher Scientific
Inc., Madrid, Spain) were also employed. Capture of the modified-MBs onto the SPCE surface was
controlled by a neodymium magnet (AIMAN GZS.L., Madrid, Spain) embedded in a homemade casing of
Teflon. Centrifuges Cencom (J.P. Selecta S.A., Barcelona, Spain) and MPW-65R (Biogen Cientifica, Madrid,
Spain) were used in the separation steps.

All reagents were of the highest available grade. Sodium di-hydrogen phosphate, di-sodium
hydrogen phosphate, Tris-HCl, NaCl and KCl were purchased from Scharlab (Barcelona, Spain).
Tween®20, N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC), N-hydroxysulfosuccinimide
(sulfo-NHS), ethanolamine, hydroquinone (HQ), hydrogen peroxide (30%, w/v), lysozyme (from
chicken egg white) and albumin from chicken egg white (OVA) were purchased from Sigma-Aldrich
(Madrid, Spain). 2-(N-morpholino)ethanesulfonic acid (MES) and bovine serum albumin (BSA
Type VH) were purchased from Gerbu Biotechnik GmbH (Heidelberg, Alemania) and commercial
blocker casein solution (a ready-to-use, phosphate buffered saline (PBS), solution of 1% w/v purified
casein) was purchased from Thermo Fisher Scientific (Madrid, Spain). Carboxylic acid-modified
MBs (HOOC-MBs, 2.7 um @, 10 mg/mL, Dynabeads® M-270 Carboxylic Acid) were purchased
from Invitrogen (San Diego, CA, USA). Peanut allergen Ara h 1 Enzyme-linked immunosorbent
assay (ELISA) kit (EL-AHI1, containing mouse monoclonal IgG1 (2C12) antiAra h 1 capture antibody,
AbC-Ara h 1, purified Ara h 1 standard, and biotinylated mouse monoclonal IgG1 (2F7) antiAra h 1
detection antibody, b-AbD-Ara h 1) and Ara h 2 ELISA kit (EL-AH2, containing mouse monoclonal
IgG1 (1C4) antiAra h 2 capture antibody, AbC-Ara h 2, purified peanut allergen Ara h 2 standard, and
Polyclonal rabbit antiserum raised against natural purified Ara h 2 as detection antibody, AbD-Ara h 2)
were purchased from Indoor Biotechnologies, Inc. (Charlottesville, VA, USA). Peroxidase-conjugated
AffiniPure F(ab’), Fragment Goat anti-Rabbit IgG (F(ab’),-HRP), Fc Fragment Specific was purchased
from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA). A high sensitivity Strep-HRP
conjugate from Sigma Aldrich (Ref: 000000011089153001, 500 U/mL) (Madrid, Spain) was also used.

All buffer solutions were prepared with water from Milli-Q Merck Millipore purification system
(18.2 MQ) cm) (Darmstadt, Germany). Phosphate-buffered saline (PBS) consisting of 0.01 M phosphate
buffer solution containing 137 mM NaCl and 2.7 mM KCI; 0.01 M sodium phosphate buffer solution
consisting of PBS with 0.05% Tween®20 (pH 7.5, PBST); 0.05 M phosphate buffer, pH 6.0; 0.1 M
phosphate buffer, pH 8.0; 0.025 M MES buffer and 0.1 M Tris-HCl buffer, pH 7.2. Activation of the
HOOC-MBs was carried out with an EDC/sulfo-NHS mixture solution (50 mg/mL each in MES buffer,
pH 5.0). The blocking step was accomplished with a 1 M ethanolamine solution prepared in a 0.1 M
phosphate buffer solution of pH 8.0.

2.2. Modification of MBs

Dual Ara h 1 and Ara h 2 determinations at SPACEs were accomplished by simultaneously
preparing two different batches of MBs each of them suitable for the determination of each protein
receptor following slightly changed protocols (in order to rearrange the assay times) with respect
to those described previously for the individual determination of each protein [14,15]. In brief, 3-puL
aliquot of the HOOC-MBs commercial suspension was transferred into a 1.5 mL Eppendorf tube for each
batch. MBs were washed twice with 50 uL MES buffer solution for 10 min under continuous stirring
(950 rpm, 25 °C). Between washings, the particles were captured using a magnet and, after 4 min, the
supernatant was discarded. The MBs-surface confined carboxylic groups were activated by incubation
during 35 min at 25 °C under continuous stirring (950 rpm) in 25 pL of the EDC/sulfo-NHS mixture
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solution. The activated MBs were washed twice with 50 uL of MES buffer and re-suspended in 25 pL
of the corresponding capture antibody solution (25 pg/mL AbC-Ara h 1 and 50 pg/mL AbC-Arah 2,
prepared in MES buffer) during 30 min at 25 °C under continuous stirring (950 rpm). Subsequently, the
AbC-modified MBs were washed twice with 50 pL of MES buffer solution. Thereafter, the unreacted
activated groups on the MBs were blocked by adding 25 uL of a 1 M ethanolamine solution in 0.1 M
phosphate buffer, pH 8.0, and incubating the suspension under continuous stirring (950 rpm) for
60 min at 25 °C. After one washing step with 50 uL of 0.1 M Tris-HCI buffer solution (pH 7.2) and
two more with 50 pL of the commercial blocker casein solution, the magnetic beads modified with
the capture antibody (AbC-MBs) were re-suspended in 25 uL of the target analyte standard solution
or the sample (prepared in blocker casein solution) and incubated during 45 min (950 rpm, 25 °C).
Then, the modified MBs were washed twice with 50 uL of the blocker casein solution and immersed
into the corresponding AbD solution (b-AbD-Ara h 1 and AbD-Ara h 2 1/10,000 and 1/1000 diluted,
respectively, in blocker casein solution) during 45 min (950 rpm, 25 °C). After two washing steps with
50 uL of PBST buffer solution (pH 7.5), the resulting beads were incubated during 30 min (950 rpm,
25 °C) in the corresponding labeling reagent solution: Strep-HRP (1/1000) for Ara h 1 and F(ab”),-HRP
(1/10,000) for Ara h 2, both prepared in PBST, pH 7.5. Finally, the modified-MBs were washed twice
with 50 uL of PBST buffer solution (pH 7.5) and re-suspended in 5 uL of 0.05 M sodium phosphate
buffer solution (pH 6.0).

Total determination of Ara h 1 and Ara h 2 was performed at SPCEs. In this case, 3 uL of
AbC-Ara h 1-MBs and 3 pL of AbC-Ara h 2-MBs (after the blocking step with ethanolamine) were
commingled together into a 1.5 mL Eppendorf tube and incubated 45 min (950 rpm, 25 °C) in a 25 uL
of the standard /sample solution (prepared in blocker casein solution). This MB mixture was washed
twice with 50 uL of the blocker casein solution and immersed into a mixture solution containing
both AbDs 1/10,000 (b-AbD-Ara h 1) and 1/1000 (AbD-Ara h 2) diluted in commercial blocker casein
solution during 45 min (950 rpm, 25 °C). After two washing steps with 50 uL of PBST buffer solution
(pH 7.5), the resulting beads were incubated during 30 min in a mixture solution containing the
two labeling reagents: Strep-HRP (1/1000) and F(ab’),-HRP (1/10,000), prepared in PBST, pH 7.5.
Finally, the modified-MBs were re-suspended in 45 pL of 0.05 M sodium phosphate buffer solution
(pH 6.0) to perform the amperometric detection.

2.3. Amperometric Measurements

The amperometric measurements at the SPACEs were performed as follows: the 5 uL of the
resuspended MBs modified for Ara h 1 determination were magnetically captured onto one of the
working electrodes of the dual SPCE. Similarly, the 5 uL suspension of the modified MBs for the Ara h 2
determination were captured on the second working electrode by keeping the dual SPCE in a horizontal
position after placing it in the corresponding homemade magnet holding block. Then, the magnet holding
block was immersed into an electrochemical cell containing 10 mL of 0.05 M phosphate buffer of pH 6.0
and 1.0 mM HQ (prepared just before performing the electrochemical measurement). Amperometric
measurements in stirred solutions were made by applying a detection potential of —0.20 V vs. Ag
pseudo-reference electrode upon addition of 50 uL of a 0.1 M H,O, solution until the steady-state current
was reached at both working electrodes (approx. 100 s). The amperometric signals given through the
manuscript corresponded to the difference between the steady-state and the background currents.

To perform the detection at SPCEs, the 45 uL of the MBs mixture solution were magnetically
captured on the working electrode of the SPCE. The same protocol described before for the detection
at SPACEs was followed.

2.4. Analysis of Real Samples

The dual Ara h 1 and Ara h 2 amperometric magnetoimmunosensor was applied to the analysis
of different food samples containing unknown endogenous amounts of both proteins and also samples
free of peanuts (wheat flour) spiked at trace levels.
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Different types of foodstuffs, purchased in local supermarkets, were analyzed: wheat flour,
hazelnuts; peanuts (peanut flour, raw and fried); chocolate bars with roasted peanuts and peanut cream.

Regarding the analysis of spiked samples, peanut-free wheat flour (verified using the commercial
Ara h 1 and Ara h 2 ELISA spectrophotometric kits) was spiked with different amounts of peanut
flour that consisted of 100% raw peanut (unknown variety) from a commercial retailer (Frinuts).
Accordingly, a series of mixtures containing 1.0%, 0.5%, 0.1%, 0.05%, 0.025%, 0.01%, 0.0075%, 0.005%,
0.001%, 0.0005% and 0.0001% (w/w) of peanut were prepared.

The following protocol was used for the extraction of proteins present in peanuts in all the food
samples analyzed: 0.5 g of accurately weighted ground sample (previously blended) were introduced
in plastic tubes and incubated in 5.0 mL of Tris-HCI (pH 8.2) overnight at 60 °C under continuous
stirring (950 rpm). Regarding the chocolate sample, it was frozen at —20 °C before blending, and
0.5 g of skimmed milk powder (Central Lechera Asturiana®, Asturias, Spain) were added during the
extraction in order to avoid masking of the target protein by tannins [7]. Subsequently, the aqueous
phase was isolated by centrifugation involving a first step at 3600 rpm during 10 min and a second step
at 10,000 rpm during 3 min (4 °C) for a 1 mL aliquot of the first supernatant [14,17,18]. The resulting
supernatant appropriately diluted was used to perform the determinations with the MBs-based
immunosensor. No significant differences between the Ara h 1 and Ara h 2 content determined was
observed after one month storage of these food extracts at 4 °C.

In order to make comparison, the same food extracts were also analyzed by applying both ELISA
methods involving the use of the same immunoreagents.

3. Results

Figure 1 shows schematically the principles on which the dual electrochemical
magnetoimmunosensor is based. Similar to that previously reported for the individual determination of
each allergen protein [14,15], sandwich immunoassays were performed onto HOOC-MBs. Target proteins
were sandwiched between respective specific capture antibodies and a biotinylated detector antibody
for Ara h 1 (b-AbD-Ara h 1) and a non-biotinylated detector antibody for Ara h 2 (AbD-Ara h 2).
These detector antibodies were labeled in a latter step with a streptavidin-HRP (Strep-HRP) polymer
in the case of Ara h 1 or an HRP-conjugated secondary antibody in the case of Ara h 2. The MBs
bearing the sandwich immunocomplexes for each target protein were magnetically captured on
the corresponding working electrode (WE 1 and WE 2) of the SPACE and amperometric detection
at —0.20 V of the catalytic currents generated upon H,O, addition and using HQ as redox mediator in
solution at each working electrode was employed to determine each target protein concentration. It is
important to note that this methodology implied that the SPACEs acted only as the electrochemical
transducer while all the affinity reactions occurred on the surface of the MBs, thus minimizing
unspecific adsorptions of the bioreagents on the electrode surfaces.

The working variables used in the assays are summarized in Table S1 (in the Supporting
Information) and were the same as those optimized for the single determination of each target protein
with the exception of the incubation time in the AbC-Ara h 2 solution, which has been extended from
15 to 30 min in order to finish the preparation of both MBs batches at the same time. The detection
potential value was also previously optimized for the HQ/HRP/H,0O, system [19]. Moreover, the
working conditions used in the HOOC-MBs activation procedure, the successive washings and the
unreacted carboxylic groups blocking step were established according to the protocols provided by the
MBs supplier.

Cross-talking between the adjacent working electrodes is considered a potential major drawback
to be avoided in the design of electrochemical multisensory platforms [20]. In addition, cross-reactivity
amongst antibody pairs selected should be evaluated to demonstrate the feasibility of the bioplatform
to perform the simultaneous determination of Ara h 1 and Ara h 2. Figure 2 shows the amperometric
measurements obtained with the dual MBs-based immunosensor in solutions containing different
Arah 1 and Ara h 2 mixtures. As it can be deduced, no significant cross-talking between electrodes
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was apparent and the selected antibody pairs gave rise to significant responses only for the target
protein despite the similar structural motifs described in both proteins [21]. These results endorsed
the viability of the dual MBs-based immunosensing platform for the simultaneous specific detection
of both allergenic proteins. Furthermore, the currents measured in the absence of the target protein
can be considered as the negative control to account for any nonspecific binding of the AbDs or the
enzymatic labels on the functionalized MBs. As it is shown in Figure 2, the immunosensor responses
were mostly due to the selective sandwich immunocomplexes attached to the MBs surface.

Strep-HRP

b-AbD-Arah 1

H,0, H,0 f@i‘}x %)
"‘éf{y, 3 Arah1
(5

AbC-Arah2

N

Time, s

Figure 1. Schematic display of the fundamentals involved in the dual determination of Ara h 1 and
Ara h 2 using screen-printed dual carbon electrodes (SPACEs) as well as in the reactions implied in the
amperometric responses. A real picture of the SPACE and the homemade magnetic holding block is
also shown.

B WE Arah1

400 mmwe, Arahz

0:0 0:25 250:0 250:25
[Ara h 1] : [Ara h 2], ng/mL

Figure 2. Simultaneous amperometric responses measured with the dual magnetic beads (MBs)-based
immunosensor for mixtures containing: 0 ng/mL of both proteins; 0 ng/mL Ara h 1 and 2.5 ng/mL
Ara h 2; 250 ng/mL Ara h 1 and 0 ng/mL Ara h 2; 250 ng/mL Ara h 1 and 2.5 ng/mL Ara h 2.
Eapp = —0.20 V vs. Ag pseudo-reference electrode. Error bars estimated as triple the standard deviation
(n=3).

3.1. Analytical Characteristics

The reproducibility of the simultaneous amperometric responses for 500 ng/mL Ara h 1 and 1.0
ng/mL Ara h 2 was checked using eight different dual MBs-based immunosensors. Relative standard
deviation (RSD) values of 7.3% and 8.9% were calculated for Ara h 1 and Ara h 2, respectively,
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confirming that the whole dual immunosensor preparation process, including MBs modification,
MBs magnetic capture on the surface of each working electrode and amperometric measurements, was
reliable and that reproducible amperometric responses can be obtained with different immunosensors
constructed in the same manner.

Figure 3 displays the calibration plots for both target protein standards with the dual
immunosensor. The corresponding analytical characteristics are summarized in Table 1. It is worth
to note the remarkably higher sensitivity obtained for the determination of Ara h 2, which is in
agreement with that reported by other authors using the same immunoreagents [5], and attributed
to a better affinity of the antibody pair used for this target protein. Low detection limits (LODs) of
18 and 0.07 ng/mL (450 and 1.75 pg in 25 uL) were calculated according to the 3 x s,,/m criterion,
where s, was estimated as the standard deviation for 10 blank signal measurements and m is the
slope value of the calibration plot. These low LODs are relevant from a clinical point of view since
some patients exhibit strong allergic reactions against allergen levels as low as in the ng/mL range [5].
These LODs are slightly higher than those reported with the immunosensors developed for the
individual determination of each proteins (6.3 and 0.026 ng/mL for Ara h 1 and Ara h 2, respectively),
which is most likely due to the remarkably smaller active surface area of the dual SPCEs working
electrodes when compared with the single SPCEs (6.3 vs. 12.6 mm?). Nevertheless, the LOD values
achieved with the dual immunosensor were shown to be sufficient to allow detecting both target
proteins in food extracts as well as peanut traces, as it will be demonstrated below.

[Ara h 2], ng/mL
2 3 4 5
1000 L 1 ) ) X 1

800

600

-i, nA

400

200

T T T T T L]
0 200 400 600 800 1000 1200
[Ara h 1], ng/mL

Figure 3. Calibration plots obtained with the dual immunosensing platform for Arah 1 and Arah2
standards. Error bars estimated as triple of the standard deviation (1 = 3).

Table 1. Analytical characteristics for the determination of Ara h 1 and Ara h 2 using the dual magnetic
beads (MBs)-based immunosensing platform.

Arah1 Arah2
Linear range (LR), ng/mL 60-1000 0.25-5
r 0.996 0.999
Sensitivity, nAmL/ng 0.79 + 0.05 115+ 2
LOD, ng/mL* 18 0.07
Limit of determination (LQ), ng/mL ** 60 0.25

* Calculated as 3 x s, /m where s}, was the standard deviation for 10 blank signal measurements and m is the

slope value of the calibration plot; ** Calculated as 10 x s, /m
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It is also important to note that the achieved LODs are better than those claimed with commercial
ELISA kits for the individual detection of Arah 1 and Ara h 2 (31.5 and 2 ng/mL, respectively) using
the same immunoreagents employed in the dual immunosensor.

The storage stability of the AbC-MBs was tested by keeping them at 4 °C in Eppendorf tubes
containing 50 uL of filtered PBS. Two replicates of the stored AbC-Ara h 1-MBs and AbC-Ara h 2-MBs
conjugates were incubated each working day in solutions containing no target protein, 250 ng/mL
Ara h 1 and 2.5 ng/mL Ara h 2. Control charts were constructed by setting the average current
value calculated from 10 measurements made the first day of the study (when the AbC-Ara h 1-MBs
and AbC-Ara h 2-MBs were prepared) as the central values, while the upper and lower limits of
control were set at +3 x SD of these central values. The obtained results (not shown) showed that the
immunosensors prepared with the stored AbC-MBs provided measurements within the control limits
during 25 and 50 days, for Ara h 1 and Ara h 2, respectively. This good storage stability suggests the
possibility of preparing sets of AbC-Ara h 1-MBs and AbC-Ara h 2-MBs conjugates and storing them
under the above-mentioned conditions until the dual bioplatform needs to be prepared.

3.2. Selectivity of the Dual Magnetoimmunosensor

The selectivity of the dual magnetoimmunosensor was evaluated towards non-target proteins such
as BSA, lysozyme and OVA, which can coexist with the target proteins in food extracts. A comparison of
the current values measured with the dual immunosensing platform for 0 and 500 ng/mL Ara h 1 and
0 and 1.0 ng/mL Ara h 2 in the absence and in the presence of these potential interfering compounds
is shown in Figure 4. No significant effect in the measurements for Ara h 1 and Ara h 2 was apparent
as a result of the presence of the three non-target proteins even at the large concentrations tested.
Moreover, no noticeable cross-reactivity was observed between Ara h 1 and Ara h 2 despite these
proteins showing similar structural motifs [21], and even although Ara h 1 was tested at a 500 times
larger concentration than Ara h 2. The high selectivity of the developed platform against other Ara h,
legumes and nuts proteins will be also evidenced in the analysis of different complex food extracts
where other non-targeted proteins are present in a large extent.

1200
|14
FZZA40.0 ng/mL Arah 1 [ZZZ]0.0 ng/mL Ara h 2
1050+ [N 500 ng/mL Arah 1 [ 1.0 ng/mL Ara h 2 "
900 -
1 [ ] » 10
< 7504 \. ./
c 1 8
= 600+ Z
4 L6 (7]
450 -
1 L |
| |
3001 . " -4
150 L2
0_. % el % el % et A Bl -0

No interferent BSA Lysozyme QVA
50 mg/mL 2 png/mL 130 mg/mL

Figure 4. Current values measured for 0 and 500 ng/mL Ara h 1 and 0 and 1.0 ng/mL Ara h 2 in
the absence or in the presence of 50 mg/mL bovine serum albumin (BSA), 2 pg/mL lysozyme and
130 mg/mL ovalbumin (OVA). Supporting electrolyte, 0.05 M sodium phosphate solution, pH 6.0;
Eapp = —0.20 V vs. Ag pseudo-reference electrode. Error bars estimated as triple of the standard
deviation (n = 3).
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3.3. Simultaneous Determination of Ara h 1 and Ara h 2 in Food Samples

The usefulness of the dual immunosensor for the analysis of real samples was verified by
determining both target allergen proteins in different food extracts containing variable and unknown
amount of endogenous Ara h 1 and Ara h 2 as well as in target-spiked protein-free samples. Most
interestingly, no significant matrix effects were found once the sample extracts were appropriately
diluted with blocker casein solution. Using the dilution factors summarized in Table 2, no statistically
significant differences were observed between the slope value of the calibration plots constructed with
Arah 1 and Ara h 2 standards (Figure 3) and the slope values of the calibration graphs constructed
from all the extracts by spiking with growing amounts of standards solution (up to 750 and 2.5 ng/mL
for Ara h 1 and Ara h 2, respectively). It is worth remarking that the dilution factors mentioned in
Table 2 correspond to those required to fit the target analyte concentration into the linear range of the
calibration graphs. Therefore, Ara h 1 and Ara h 2 quantification could be accomplished by simple
interpolation of the measured currents in the properly diluted samples at each working electrode of
the SPACE into the calibration plot constructed with standard solutions.

Table 2. Determination of the endogenous content of allergenic proteins Ara h 1 and Ara h 2 in different
food extracts with the amperometric dual immunosensor and comparison with the results provided by
ELISA spectrophotometric kits.

[Arah 1], mg/g [Arah 2], mg/g
Dilution Dual Dilution Dual
Extract Factor Platform ELISA Factor Platform ELISA
Fried peanuts 1/1000 (7+2) (7.3 + 0.6) 1/250,000 (3.6 + 0.8) (3.4 +0.6)
Raw peanuts 1/1000 (2.3 +0.4) (2.8 +0.3) 1,250,000 (3.8 +0.3) (4.1 +0.5)
Chocolate bars with 1/50 (018+001) (018+003)  1/25000  (0.23+0.05) (0.30 + 0.08)

roasted peanuts

Peanut cream 1/50 (1.9 +0.2) (1.8 + 0.4) 1/500,000 (4.5 +0.8) (4.3 +0.8)
Raw hazelnuts — ND ND — ND ND

Wheat flour — ND ND — ND ND

ND: non detectable.

The results obtained for all the analyzed food extracts are given in Table 2. In addition, these results
were compared with those obtained by using the ELISA kits containing the same immunoreagents.
As it can be deduced in Figure 5, excellent correlations were found for both proteins’ concentrations
determined both with the amperometric multiplexed platform and the single-plexed ELISA kits. RSD
values obtained (1 = 3) are between 2.3%-9.6% and 3.4%-10.5% using the developed dual platform and
the conventional ELISA methodology, respectively. For both target proteins, the confidence intervals
(at a significance level of & = 0.05) for the slope and intercept included the unit and the zero values,
respectively. These results demonstrated the great selectivity of the developed platforms against other
legumes and nuts proteins since no detectable amperometric responses were obtained for undiluted
raw halzenuts and wheat flour extracts.

Furthermore, wheat flour containing no detectable content of the target allergen was spiked
with different increasing amounts of peanut flour and the corresponding extracts were obtained
and analyzed as described in Section 2.4. Figure 6 shows as the dual immunosensor was able to
discriminate samples contaminated with 0.0001%-0.01% peanut through Ara h 2 detection whereas
samples contaminated with 0.01%-1.0% peanut could be identified by means of Ara h 1 detection.
The ability to detect clearly 0.0001% (1.0 mg-kg™~!) peanut improves in a factor of 500~1000 the
lowest detectable trace peanuts concentration reported previously by other authors based on Arah 1
determination, 0.05 [14] and 0.1% [12,13]. This enhanced sensitivity means a major comparative
advantage taking into account the serious public health problem that the contamination degree
with peanuts of commercial food samples, whether fraudulent or accidental, may cause in sensitive
individuals. Moreover, it is important to highlight that although a level of 10 mg- kg~ is considered

11
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relevant for the detection of potentially hazardous residues of undeclared allergens in foods, the
achievement of a 10 times lower detection limit, as it is the case of this work, may be highly helpful
since minimal amounts of the target allergen can be critical [9]. In addition, it is also important to
note that the detection level of about 1.0 mg/kg peanut is achieved without any amplification step
and, even so, is lower than those reported so far with PCR-based approaches, which are in the 2 to
10 mg/kg range [9,22-24]. Furthermore, the developed immunosensor is suitable to allow allergen
determination in a simple way without requirements of a high number of sample replicates and the use
of a high precision thermocycler. These features make this methodology possess inherent advantages
with respect to PCR-based assays for an easy implementation in analytical food quality and safety
laboratories performing routine or decentralized analyses.

a) I b)

[Ara h 1], mg/g (Maghetoimmunosensor)

Slope = 1.03 £ 0.06
Intercept =-0.1+ 0.3
r=0.994

0 T T T T T T T T

4 5 6 7 8

Y T T T

Slope = 1.02 £ 0.08
Intercept = -0.06 + 0.3
r=0.991

3

4

[Ara h 2], mg/g (Magnhetoimmunosensor)

[Ara h 1], mg/g (ELISA) [Ara h 2], mg/g (ELISA)

Figure 5. Correlation plots between the results obtained in the determination of Arah 1 (a) and Arah 2
(b) in food extracts using the developed dual immunoplatform and those provided by the individual
ELISA spectrophotometric kits (data from Table 2).
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Figure 6. Amperometric responses obtained with the dual MBs-based immunosensing platform for
extracts prepared from wheat flour spiked with increasing amounts of peanut flour (final concentrations:
0.0001%, 0.0005%, 0.001%, 0.005%, 0.0075%, 0.01%, 0.025%, 0.05%, 0.1%, 0.5% and 1.0% (w/w)). Error
bars estimated as triple the standard deviation (1 = 3).
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4. Discussion

Apart from the better sensitivity achieved, it is important to note that the multiplexing capability
of the developed platform provides higher levels of information from samples that are unavailable with
current commercial ELISA detection kits. Some ELISA kits and detection methods are only capable
of providing information on total allergen amounts, therefore lacking information and breakdown
of the actual individual allergens in the sample, assuming that patients exhibit the same levels of
allergic reaction against all peanut allergens, which is not the case [25,26]. Moreover, data about the
individual content of food allergens could be important also in processed foods since some treatments
have demonstrated having major roles in changing the allergenic characteristics of particular allergenic
proteins (i.e., enhancing allergenic properties of Ara h 2 with roasting) [27,28].

The ability to perform multiplexed allergen detection using the developed platform would
therefore provide a means to quantitatively detect specific peanut allergens like Arah 1 and Ara h 2.
This could potentially open up opportunities for patients who, provided with information from
clinicians, understand their specific threshold levels for particular allergens to ingest foods that are
labeled in detail.

Furthermore, the possibility of shortening the assay time and simplifying as much as possible
the sample treatment was considered. With this purpose, measurements in spiked extracts performed
according with the whole protocol described in Section 2.4, were compared with those carried out by
omitting the centrifugation steps or replacing them by a 30 min natural decantation process. Figure S1
(in the Supporting Information) shows that although, as expected, the resulting S/N ratios were
smaller when the extracts were not centrifuged, the amperometric responses were still sufficiently
large to discriminate clearly between spiked and non-spiked samples. This relevant result outlined the
potentiality of the developed methodology to be employed as a rapid method for alarm or screening
purposes able to discriminate samples containing only 0.005% peanut through detection of Ara h 2
protein in a cloudy extract (see orange bars 3 in Figure Sla and tube 3) in Figure S1b).

Total Detection of Both Major Peanut Allergenic Proteins in Food Samples

In view of the results presented in Figure 6 and with the aim of developing a simple methodology
for screening the presence of peanuts in foods in a wider range of concentrations, the total detection
of both target proteins was evaluated by using a mixture of target specific modified magnetic beads
(MBs) sets and amperometric detection at a single SPCE.

Figure 7a shows a schematic display of the approach. The modified MBs are commingled together
and incubated sequentially in the sample and mixture of the two AbD solutions as well as in the
labeling reagents’ solutions and then captured on the surface of a SPCE. The results presented in
Figure 7b demonstrate that this methodology allows a clear discrimination of samples contaminated
with peanut over five orders of magnitude concentrations, between 0.0001% and 1.0%. Therefore, this
approach, although not designed to identify the type of peanut allergenic protein detected, proves
to be a user-friendly, attractive, effective and rapid tool (2 h) for detecting the presence in a wide
concentration range or verifying the absence of peanuts in foods.

13
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Figure 7. (a) schematic display of the methodology involved for total detection of Arah 1and Arah2 at
a SPCE; (b) amperometric responses obtained by measuring the total content of Arah 1 and Ara h 2 with
the MBs-based immunosensing approach at SPCEs from extracts prepared for wheat flour unspiked
and spiked with increasing amounts of peanut flour (from 0.0001% to 1.0% (w/w)). Error bars estimated
as triple the standard deviation (1 = 3).

5. Conclusions

In this work, a dual electrochemical immunoplatform for the simultaneous detection of peanut
allergenic proteins Ara h 1 and Ara h 2 in one single experiment has been described for the first time.
This platform provides quantitative information on individual food allergen levels, and the achieved
LOD:s for both target proteins are lower than those claimed for standard well-based ELISAs using
the same immunoreagents. Apart from its successful applicability for trace allergen contaminant
detection and quantification, the flexibility of this MBs-based electrochemical design allows for further
expansion to any allergen that patients are potentially allergic to and to produce a comprehensive array
for determining the most important food allergens with a single assay on a single chip. Furthermore,
the sensors can be mass produced, making them low cost and disposable. Given its demonstrated
important advantages, this novel bioplatform provides food manufacturers and allergic patients or
caretakers with an attractive solution to the need for highly sensitive and specific detection of any
multiple trace allergen contaminants in food samples.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9040/4/3/11/s1,
Table S1: Optimized experimental variables affecting the performance of the electrochemical dual MBs-based
immunosensing platform for the simultaneous determination of Ara h 1 and Ara h 2, Figure S1: (a) Current
values measured with the dual immunosensing platform from extracts prepared with unspiked and spiked with
0.5 (Ara h 1) and 0.005 (Ara h 2) % (w/w) wheat flour using different sample treatments: protocol described in
Section 2.4 (1); centrifugation steps were substituted by a 30-min natural decantation process (2); centrifugation
steps were omitted (3). (b) Real picture of the extracts obtained after applying each sample treatment. Supporting
electrolyte, 0.05 M sodium phosphate solution, pH 6.0; Eapp = —0.20 V vs. Ag pseudo-reference electrode. Error
bars estimated as triple of the standard deviation (1 = 3).
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Abstract: Immunoglobulin Y is a water-soluble protein present in high concentration in hen serum
and egg yolk. IgY has applications in many fields, e.g., from food stuff to the mass production of
antibodies. In this work, we have implemented an electrochemical immunosensor for IgY based on
templated nanoelectrodes ensembles. IgY is captured by the templating polycarbonate and reacted
with anti-IgY labeled with horseradish peroxidase. In the presence of H,O, and methylene blue as
the redox mediator, an electrocatalytic current is generated which scales with IgY concentration in
the sample. After optimizing the extracting procedure, the immunosensor was applied for analysis of
fresh eggs and food integrators. The data obtained with the biosensor were validated by SDS-PAGE
and Western blot measurements.

Keywords: immunoglobulin Y; egg yolk; nanoelectrodes ensembles; electrochemical immunosensor;
food supplements; SDS-PAGE

1. Introduction

Immunoglobulin Y (IgY) is a water-soluble livetin, present in egg yolk. There are three different
kinds of livetins and each of them can be compared with a protein of hen serum: « (~to albumin), 3
(~alfa-2-macroglobulin) and 'y (~gamma globulins). y-livetins are represented in yolk by immunoglobulin
Y [1]. Its function is similar to mammalian IgG, providing immunity to the chicks. Concerning the
structure, IgY is more similar to mammalian IgE, since the Hinge region is not present in its molecular
structure [2]. IgY is composed of two heavy chains (M, = 68 kDa) and two light chains (M, = 27 kDa),
resulting in a molecular weight of around 190 kDa [3]. The concentration of this antibody in hen blood
serum is 5-15 mg/mL, in egg yolk is 10-25 mg/mL; for this high concentration and for its complete
absence in egg white, IgY is well representative of egg yolk [4].

Recently, it has been demonstrated that IgY has useful applications in many fields. Among all of
them, the most promising use of IgY is in immunotherapy, as shown by the many reviews and articles
recently published covering this subject [2-5]; for example, IgY can protect humans and mammalians
against animal diseases caused by virus or bacteria attacks. For these purposes, IgY can be added to
many foods, both for cattle and humans (kids and adults), to improve the immunological properties
of aliments. Moreover, it can be easily purified from egg yolk and its production is low cost and fast.
IgY from hen egg yolk is a great resource in the field of primary and secondary antibodies research
and development, especially because the cross-reactivity with mammalian complement system is very
low or totally absent [2].

It is therefore important to provide reliable analytical methods to monitor the content of IgY
in foods and related products. Different analytical methods have been proposed to identify and
quantify IgY from egg yolk: ELISA; HPLC [6-8]; a biosensor based on surface plasmon resonance [9];
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a nanostructured sensor based on electrochemical detection [10]; an electrochemical immunoassay
based on electrodes arrays [11]; fluorescence switch assay [12]; or resonance light scattering [13].

Analytical methods should be fast, simple, reliable, highly sensitive and specific, and if possible,
not expensive: electrochemical immunosensors satisfy all these requirements. Recently, our research
group proposed an electrochemical immunosensor for IgY determination [10] based on nanoelectrode
ensembles (NEEs), prepared by electroless deposition of gold using a track-etched polycarbonate (PC)
membrane as the hard template. The polycarbonate part of NEEs has high affinity to proteins, therefore
it is possible to promote the immobilization of the biorecognition element on the PC insulating surface
of the NEE, leaving the gold nanodisks of the electrode surface free for the electron exchange [14].
The proposed IgY-NEE-based immunosensor was successfully applied to detect egg yolk in tempera
paintings and other works of art [10]. NEEs present geometrical and diffusion characteristics that allow
very low detection limits to be achieved that potentiate the typical high specificity and selectivity of
the immunoassays. For these reasons, NEEs are suitable to be used as transducers of electrochemical
biosensors, in particular in the case of immunosensors [15].

In the present work, we focus on the NEE-based IgY immunosensor previously proposed [10]
whose performance was optimised with respect to the previous work by decreasing both the
geometrical area of the sensor and the amount of reagents. Thanks to these improvements, we have
been able to analyse a larger concentration range of yolk and IgY, using a very low amount of sample.
This optimisation is especially useful when the analyte is present in low concentration or if there is
a small amount of sample available. SDS-PAGE and western blot (WB) assays are carried out for the
validation of the method. We demonstrate its applicability for the sensitive determination of IgY in
complex matrices such as egg yolk, as well as in other food based on egg components. Among the
available food and food supplements based on egg, we studied IgY determination in samples that
have undergone an industrial treatment, such as freeze-drying. We investigated if this process can
inflict the stability of IgY and its concentration levels in the samples.

2. Materials and Methods

2.1. Materials and Instrumentation

NEEs are prepared via template deposition of gold in a nanofilter polycarbonate (PC) membrane
supplied by SPI Pore Filter (47 mm diameter, thickness 6 um, pore diameter 30 nm, nominal pore
density 6 x 10% pores/cm?), impregnated with polyvinylpyrrolidone by the producer. The geometrical
area (area of the nanoelectrodes plus insulator between them) of the NEEs used for this study is
2.27 mm?, three times smaller than the one used in [10]. The geometrical area (area of the nanoelectrodes
plus insulator between them) of the NEEs used for this study is 2.27 mm?, three times smaller than
the one used in [10]. The active area (area of the nanodisks electrodes) is approximately 0.01 mm?.
More detailed information on the deposition of gold and nanoelectrodes fabrication can be found
elsewhere [16,17].

Eggs used in this work were purchased at a local market. Albumin from Bovine Serum (BSA)
was from Sigma Aldrich; the secondary antibody goat anti-IgY conjugated to horseradish peroxidase
(HRP) HRP-conjugated was from Immunology Consultants Laboratory (USA). Freeze-dried eggs
(egg white and egg yolk, separately) were from a sport-related company specialized in the production
of freeze-dried products and proteins for sportsmen.

Electrochemical measurements were carried out at room temperature with a CH 1000a instrument
potentiostat using a typical three-electrodes cell equipped with a platinum wire as the counter electrode,
an Ag/AgCl (KCI saturated) reference electrode and NEEs as working electrodes. The supporting
electrolyte used was 0.01 M phosphate-buffered saline solution (PBS). Preliminary cyclic voltammetric
experiments indicated 10 mV /s as the optimal scan rate for this application.
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2.2. Samples Preparation

To identify IgY, it is necessary to separate the water-soluble proteins (including IgY) from the
water-insoluble lipid and lipoprotein part of egg yolk. In the literature, several methods are proposed
for the extraction and purification of IgY [18-20]; we followed the extraction proposed in [20] that
employs 0.2 M acetate buffer at pH 5. Briefly, after mechanical separation of yolk and egg white,
a known amount of yolk is dissolved in the buffer to obtain a starting concentration of 0.5 g/mL of
egg yolk, then the solution is mixed with vortex and left for two hours in a conical centrifuge tube,
to let the heavy and not-soluble fraction deposit. The supernatant, containing IgY and other soluble
proteins, is then separated from the pellet with a micropipette. The supernatant is further diluted in
acetate buffer to desired values.

IgY was determined in two different food samples: the first was fresh egg yolk and the second was
freeze-dried egg commercialised as a food integrator for sportsmen. Eight samples of yolk extracted
from the same fresh egg were analysed and analysed concentrations are shown in Table 1; different
samples were prepared by sequential dilution. We estimated the amount of IgY immobilized on the
electrode from an average concentration of 10 mg/mL of IgY in the yolk and considering a volume of
sample deposited on the sensor of 5 uL. For the concentrations of egg yolk in these samples, the amount
of IgY present on the surface of the electrodes increases from 4 ng to 1 ug. A sample containing egg
white was analyzed as well as a negative test.

Table 1. Description of the analysed samples from fresh egg.

Sample (Egg Yolk) g/mL
Egg white //

0.002
0.005
0.01
0.02
0.05
0.1
0.25
0.5

Egg Yolk

XU W=

Freeze-dried egg samples were prepared following procedure and amounts suggested by the
provider: i.e., 1545 g of powder in 150-200 mL of water or milk. For our purposes, we extracted the
proteins with acetate buffer 0.2 M at pH 5 directly from the freeze-dried product without previous
dissolution in water or milk. Analyzed samples are described in Table 2: one sample of egg white and
two samples of freeze-dried egg yolk at different concentrations. For each sample, 1.5 g of powder was
dissolved in 25 mL of buffer, then the sample containing egg yolk was further diluted to obtain a lower
concentration value. Yolk concentration was calculated considering the dilution factor. Percentage of
the protein content in the samples declared by the company is reported in column 5.

Table 2. Description of the freeze-dried samples.

Sample Powder (g)  Acetate Buffer pH: 5 (mL)  (Egg Yolk) g/mL  Protein Content * (%)
Egg White Powder 1.5 25 0 79
Egg Yolk Powder 1.5 25 0.06 35
Egg Yolk Powder 15 250 0.006 35

* Protein content declared by the producer.
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2.3. Operation of the Immunosensor

Scheme 1 briefly illustrates the behaviour of the immunosensor: the analyte is captured on the PC
portion of the NEE surface area by incubation in the sample at pH 5. Then a blocking step is performed
by immersion of the electrode in a bovine serum albumin (BSA) solution. Afterwards, IgY is recognized
by a specific secondary antibody labelled with the enzyme horseradish peroxidase (HRP). The label is
finally detected by adding the substrate (0.5 mM hydrogen peroxide) in a solution containing a redox
mediator (0.1 mM methylene blue); under these conditions, an electrocatalytic signal is generated that
scales with the analyte concentration.

suB PROD

HRP

Anti IgY P

Scheme 1. Scheme of the immunosensor. IgY from the sample is captured by the PC surface. BSA is
the blocking agent. The secondary antibody anti-IgY labeled with HRP recognizes IgY and reacts with
the substrate (H,O;) and the redox mediator methylene blue (MB); leucomethylene blue (LB) is the
reduced form of MB.

2.4. Capture of IgY on NEEs

The capture of IgY on NEEs was carried out in the following steps:

1.  Incubation of 5 uL of the sample solution (in acetate buffer) for 30 min;

2. Four times rinsing of the NEE with 1 mL of 0.01 M PBS, the electrode is then dried by a gentle
stream of air;

3. Immersion of the electrode in 1 mL of blocking solution (1% BSA in PBS) on orbital shaker plates
for 30 min;

4. Four times rinsing of the electrode with 1 mL of PBS;

5. Incubation of 5 uL of 0.1 mg/mL of the secondary antibody Anti-IgY-HRP for 30 min;

6.  Four times rinsing the electrode with 1 mL of PBS.

The incubation steps are performed in a wet chamber at room temperature. Also in this case, the
amount of solution and reagents used to complete the immobilization procedure were three times
smaller than those used in [10].

2.5. SDS-PAGE and Western Blot Analysis

To validate the results obtained by the electrochemical immunosensors, SDS-PAGE and Western blot
(WB) analysis were performed. Samples were loaded on 12% polyacrylamide discontinuous gels [21]
under reducing condition, and separation occurred using a constant voltage of 180 V. Proteins were
stained using Commassie Blue. A broad range protein standard (Bio-Rad 161-0317) from 6.5 kDa to
200 kDa was used as the marker.

Proteins were also blotted on a polyvinylidene difluoride (PVDF) membrane with a Mini
Trans-Blot® Electrophoretic Transfer Cell (instruments settings: 100 V and 350 mA, Bio-Rad, Hercules,
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CA, USA). IgY detection was carried out with the same secondary antibody anti-IgY HRP-conjugated
used for the immunosensor. HRP detection was done with 4-chloronaphthol and hydrogen peroxide.

3. Results and Discussion

3.1. Characterization of the Immunosensor

The capture of IgY on the NEE was monitored by cyclic voltammetry and is shown in Figure 1.
The dotted-black line CV (cyclic voltammogram) was recorded at a bare NEE in 0.1 mM MB.
It shows the quasi-reversible voltammetric behavior of MB, with E;,, = 0.2 V. The dashed-blue
line CV was recorded in the same solution at the NEE after the complete functionalization (described
in Section 2.3—i.e., incubation with IgY, blocking with BSA and incubation with HRP-secondary
antibody). It does not show any significant difference from the one recorded at the bare electrode, just
a little decrease of the peak current, probably due to almost negligible adsorption on the nanoelectrode
surface during the functionalization procedure. On the contrary, dramatic changes are detected at the
functionalized NEE after addition of 0.5 mM hydrogen peroxide (Figure 1 solid-red line), that can be
summarized as follows:

1. The CV shape moves from the peak shaped to a sigmoidal pattern, with overall current increasing
with IgY amount;
2. The anodic peak disappears.

2x107 4

-2x107
-4x107

-6x107

Current (A)

-8x107

-1x10°

05 04 03 02 01 00 0.1 0.2
Potential (V) vs Ag/AgCI

Figure 1. CVs of 0.1 mM MB in 0.01 M PBS before the functionalization (dotted-black line), after the
complete functionalization of the NEE (dashed-blue line) and after the addition of 0.5 mM of the
enzyme substrate (H,O,) (solid-red line). Scan rate 10 mV/s.

Indeed, in the presence of the enzyme, the substrate and the redox mediator, the following
electrocatalytic cycle is operative:

HRP,oq + HyO — HPRoy + H,O 1
MB +2e~ + H* — LB @
HRP,y + LB — HPR o + MB 3)

where LB in the reduced Leuco form of the MB; HRP,yx and HRP,.q are the oxidized and reduced form
of HRP, respectively.

Note that the addition of 0.5 mM H,O, to MB solution does not cause any change in the MB pattern
recorded at a bare NEE [11]. To identify the appropriate concentration of substrate, tests with increasing
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concentration of HyO, were performed: 0.5 mM, 1.0 mM and 1.5 mM H,O, were successively added
to the same solution and CVs of MB in the presence of the enzyme and its substrate were recorded
(see Figure S1 in the Supplementary Materials).

Figure 2 presents the behavior of the immunosensor when the sample incubated contains rabbit
glue (i.e., collagen) instead of egg yolk (i.e., IgY). All the following steps of the procedure are performed
as described in 2.3. The dotted-black line CV corresponds to the MB recorded at the bare electrode;
the dashed-blue line CV was recorded after the complete functionalization procedure (carried out with
rabbit glue) and the solid-red line CV was recorded after the addition of the substrate in the same MB
solution. In the case of incubation with rabbit glue, some minor changes appear in the CV pattern,
however they do not match at all with the features expected for the electrocatalytic process (1)-(3).
This evidence confirms the specificity of the NEE-based method for IgY detection.

1x10° 5
8x10”
6x107
ax10”

2x107 4

Current (A)

04

-2x107 4

-4x107 o

6x107 o

T T T T
-0.6 04 -0.2 0.0 02 04

Potential (V) vs Ag/AgCl

Figure 2. CVs of 0.1 mM MB in 0.01 M PBS before the functionalization (dotted-black line), after the
complete functionalization of the NEE with rabbit glue as the analyte (dashed-blue line) and after
addition of 0.5 mM H,O; (solid-red line). Scan rate: 10 mV/s.

3.2. Determination of IgY in Egg

The immunosensor was applied to analyse samples of fresh eggs, investigating the correlation
between the electrocatalytic current and the egg yolk concentration and amount of IgY. The samples
described in Table 1 were analyzed and representative CVs are shown in Figure 3. The solid lines CVs,
from yellow to red, were recorded in the presence of H,O, at NEEs incubated in samples containing
an increasing amount of IgY. A different NEE was used for each sample and the relative standard
deviation of three measurements was 5%. The dotted line CV corresponds to the typical pattern of the
mediator MB (at a NEE treated with egg yolk and HRP-anti-IgY) before addition of H,O;.

It is possible to observe that the electrocatalytic current increases with an increasing amount of
IgY. Data in Figure 4 show that the dependence of the catalytic current is a function of the yolk content
over the entire concentration range examined. It is important to note that the reported current values
represent I, calculated by Equation (4):

Lnet = IEcat — leat (4)

where Iyt is the cathodic peak of MB in the absence of the substrate, Igc,; is the electrocatalytic current
recorded at —0.40 V, where the current achieved a plateau.
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Figure 3. CVs of 0.1 mM MB in 0.01 M PBS in the absence (dashed-blue line) and in the presence of
0.5 mM H,O; at NEEs incubated with egg yolk at a concentration from 0.002 g/mL to 0.5 g/mL of
yolk (solid-lines from light yellow to red). Scan rate 10 mV/s.
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Figure 4. Electrocatalytic current vs. the concentration of yolk (lower x-axis) and versus the relevant
estimated IgY concentration (upper x-axis), and best fitting curve. The curve can be used to quantify
the IgY concentration.

The pattern of the electrocatalytic current increment vs the amount of yolk fits a saturation-like

curve, following Equation (5):
y= e te ©)
b+x

where the fitting parameters are a = 2.25 uA; b = 0.06 g/mL; ¢ = 0.49 pA, with an R? value of 0.991.
From this curve, it is also possible to define a linear range from 0.002 to 0.05 g/mL of yolk. This trend is
in agreement with the one previously observed in Figure S1 of Reference [10]. To define the amount of
IgY related to the yolk concentration, semi-quantitative comparison between preliminary SDS-PAGE
assays carried out on pure IgY and the electrochemical immunosensor was performed (results not
shown). This test suggests that for a yolk concentration of 0.02 g/mL (sample 4 in Table 1—the sample
is included in the linear range in Figure 4, lower x-axis) the sensor is able to detect an IgY concentration
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of 0.06 mg/mL, indicating that almost 3% content of egg yolk can be attributed to IgY and recognized
by the immunosensor. Therefore, the concentration of IgY in the linear range considered for the yolk
concentration is between 0.06 mg/mL and 1.5 mg/mL. These data are shown also in the upper axis of
Figure 4.

3.3. Determination of IgY in Food Integrators

The immunosensor was applied to determine IgY in matrices of industrialized food, by following
the same procedure as above, but on freeze-dried food integrators containing only egg yolk or only
egg white (see Table 2).

The cyclic voltammograms recorded after the complete procedure performed on the three samples
are shown in Figure 5, namely egg white 0.06 g/mL, egg yolk 0.006 g/mL and 0.06 g/mL. In all the
cases, an electrocatalytic current is observed. The catalytic current recorded in the presence of egg
white (Figure 5 solid-yellow line) is very low and can be ascribed to aspecific adsorption. On the other
hand, the same parameter increases dramatically for egg yolk powder, scaling with the amount of food
supplement analysed.

Bl
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Figure 5. CVs of 0.1 mM MB in 0.01 M PBS recorded at 10 mV/s before (dashed-blue lines) and
after addition (solid lines) of 0.5 mM H;O; for the following samples: 0.06 g/mL egg white powder
(full-yellow line), 0.006 g/mL egg yolk powder (full-orange line) and 0.06 g/mL egg yolk powder
(full-red line).

By combining electrophoresis (see below) and voltammetric data (see Figure 4), it has been
possible to estimate the amount of IgY detected by the immunosensor. Calculations carried out on the
most diluted samples suggest a concentration of IgY close to 0.4 mg/mL, correlated to 0.005 g/mL of
yolk, while the experimental concentration of the analysed sample is 0.006 g/mL of yolk. The industrial
treatments of the eggs probably cause a little damage to the protein structure that involves 20% of
the material.

3.4. SDS-PAGE and WB Analysis

The validation of the results obtained with the electrochemical immunosensor was carried out
with SDS-PAGE and WB assays. Figure 6a,b shows the SDS-PAGE and WB results, respectively,
for some of the samples described in Tables 1 and 2, containing fresh egg yolk and freeze-died egg yolk.
Electrophoresis carried out in reducing conditions should provide two bands that can be correlated
with IgY, one corresponding to the heavy chain (HC) and the other to the light chain (LC). Molecular
weight of HC and LC of IgY according to literature are 68 and 27 kDa respectively [3]. Figure 6a, lanes
1-4, shows many protein bands, both in the samples containing fresh egg yolk and freeze-dried egg
yolk. These bands represent the soluble proteins of the yolk, and considering the complexity of the
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matrices and the high numbers of proteins present in it, it is difficult to correlate and identify IgY
bands. In order to obtain specific results, a WB assay was performed. Secondary antibody anti-IgY
identified three IgY bands, as shown in Figure 6b, lanes 1-4. The first band is relevant to the heavy IgY
chains and the third one is relevant to the light chains. The band that is intermediate to the first and
third ones has not been associated to any fragment or chain of IgY, but is previously observed in the
literature [21-24]. Verifying the correlation between WB and SDS-PAGE bands, it is possible to ascribe
a molecular weight to these bands: the HC bands in WB correspond to the 67 kDa band in SDS-PAGE,
the LC band corresponds to 28.6 kDa, in good agreement with literature data. The intermediate band
corresponds to a My, of 44 kDa, previously observed but not completely explained in the literature [24].
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Figure 6. (a) SDS-PAGE results for the following samples: (1) freeze-dried yolk, 0.006 g/mL; (2—4)
egg yolk samples 0.02 mg/mL, 0.01 mg/mL, 0.005 mg/mL, respectively; (5) egg white 0.02 mg/mL;
Mr = marker. The values indicated in the marker lane correspond to the MW expressed in kDa;
(b) Results of the WB, with the samples in the same order as in (a). The arrows indicate the
lines considered.

A sample of egg white was analysed by SDS-PAGE and WB as well. The results are shown in
lane 5 in Figure 6a,b. The SDS-PAGE presents at least five bands (Figure 6a), but none of these can
be correlated to IgY (since the molecular weight of the bands does not correspond with the ones
observed in lanes 1-4), indicating the absence of IgY in egg white. Despite this, the secondary antibody
recognises two bands, at M, around 45 kDa (Figure 6b, lane 5), that can be ascribed to an aspecific
interaction between the antibody and an egg white protein present in high concentration in the samples.
It is worth noting that this aspecific interaction was observed also with the immunosensor (see Figure 3
in Section 3.2).

It is worth commenting some advantages of the electrochemical proposed method with respect to
different methods present in the literature. The combination of NEEs” high sensitivity and selectivity of
the enzyme—substrate interaction allows the detection of IgY in low concentration both in simple and
complex matrices. In fact, we have been able to detect 60 g/mL of IgY in the egg yolk sample with just
a simple one step extraction treatment and 0.4 mg/mL of IgY in the sample that has undergone industrial
treatment such as freeze-drying. ELISA commercial kits offer the same sensibility (ng/mL), while
SDS-PAGE is a bit less sensitive. Other advantages of the proposed method concern the time-consumption
and costs of the techniques: the electrochemical procedure is, in fact, shorter than ELISA and definitely
shorter than SDS-PAGE and WB procedures. Moreover, thanks to the low amount of chemicals required,
the method has a very low cost. Other immunosensors [11,12] based on different principles present
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higher sensitivity, but are much more complex in the preparation and with high cost, and are not
applicable to complex matrices.

4. Conclusions

The proposed electrochemical immunosensor based on gold nanoelectrodes ensemble is suitable
to identify immunoglobulin Y in different samples such as fresh eggs and food supplements based
on egg components. The reduction of the electrode size with respect to our previous work allowed
us to exploit a wide range of analyte concentrations using small amounts of reagents. We observed
that the electrocatalytic current generated by the reaction of the enzyme with its substrate follows
a saturation-like trend, for a yolk concentration interval of 0.002 to 0.5 g/mL with the possibility of
quantitative determination up to approximately 0.1 g/mL. The sensor is also able to identify IgY in
complex matrices that have undergone an industrial treatment such as freeze-drying. The method
was validated with SDS-PAGE and WB, all the results obtained with the immunosensor were
verified, confirming its high sensitivity. The proposed method is fast, reliable and not expensive.
Egg white analysed samples generated an almost negligible electrocatalytic current. Since these
aspecific interactions were observed also with the Western blot analysis, they can be ascribed to
partial aspecificity of the secondary antibody. The large concentration range analysed is comparable to
those of other analytical techniques. Coupling the electrochemical immunosensor with SDS-PAGE
improved the information obtained in a previous work, demonstrating the good performance of the
EC immunosensor and the versatility of NEEs as a platform for different biosensors.

Supplementary Materials: The following are available online at www.mdpi.com/2227-9040/5/1/10/s1.
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Abstract: In this study, we have designed and realized three simple electrochemical bioassays for the
detection of the human epidermal growth factor receptor 2 (HER2) cancer biomarker using magnetic
beads coupling screen-printed arrays. The different approaches were based on a sandwich format in
which affibody (Af) or antibody (Ab) molecules were coupled respectively to streptavidin or protein
A-modified magnetic beads. The bioreceptor-modified beads were used to capture the HER2 protein
from the sample and sandwich assay was performed by adding the labeled secondary affibody or the
antibody. An enzyme-amplified detection scheme based on the coupling of secondary biotinylated
bioreceptor with streptavidin-alkaline phosphatase enzyme conjugate was then applied. The enzyme
catalyzed the hydrolysis of the electro-inactive 1-naphthyl-phosphate to the electro-active 1-naphthol,
which was detected by means of differential pulse voltammetry (DPV). Each developed assay has
been studied and optimized. Furthermore, a thorough comparison of the analytical performances
of developed assays was performed. Finally, preliminary experiments using serum samples spiked
with HER2 protein were also carried out.

Keywords: affibody; immunosensor; magnetic beads; electrochemical detection; cancer biomarker

1. Introduction

One of the biggest factors associated with successful treatment outcome is the early detection of
cancer [1]. Unfortunately, for many types of cancers, the first outward symptoms appear late in disease
progression; therefore, cancer biomarker detection in biological fluids including serum, sputum and
urine has an important role in early cancer detection [2,3]. The human epidermal growth factor receptor 2
(HER2) protein is a member of the epidermal growth factor receptor (EGFR or ErbB) family and is a
trans-membrane tyrosine kinase receptor [4]. The level of HER2 in serum has a direct relationship with
the risk of diseases such as ovarian, lung, gastric and oral cancers [5,6]. The extracellular domain (ECD)
of cleaved HER?2 protein enters into the serum, serving as an indicator of increased HER2 expression [4,7].
The HER2 concentration in the serum of breast cancer patients is 15-75 ng/mL, which is elevated
when compared to that of normal individuals (2-15 ng/mL) [8]. Monitoring the level of HER2 protein
could also be a good indicator of antitumor treatment efficiency [9]. Fluorescence in situ hybridization
(FISH) and immunohistochemistry (IHC) are the most commonly used methods for HER2 analysis.
Both procedures are complex, involve time-consuming steps and require specially trained personnel
to carry them out. Therefore, several new methods are reported for HER2 detection in biological
fluids [10-13].

Immunosensors are important analytical tools designed to detect the binding event between the
antibody and antigen without the need for separation and washing steps [4]. The most common types
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of immunosensors are found in electrochemical [7,14-21], optical [22,23], and gravimetric [24] sensors.
It is well known that electrochemical detection methods have been able to sensitively and quickly
detect biomolecule targets with high selectivity [25-27].

Recently, instead of antibodies (Abs), affibodies (Afs) have been used as new bioreceptors in novel
immunosensors for improving the selectivity and sensitivity of the assay [28,29]. Affibody molecules
are engineered small proteins with 58 amino acid residues (=7 kDa) based on a single polypeptide and
3 R-helical bundle structure (the smallest and fastest known cooperatively folding structural domain),
as derived from one of the Immunoglobulin G (IgG) binding domains of Staphylococcal protein A [30].
They have high affinity and selectivity for a wide variety of applications such as detection reagents [31]
and inhibit receptor interactions [32].

Recently, there has been a focus on how apply the magnetic beads (MBs) coated with proteins,
polymers or other molecules in different fields of biochemical science [33,34]. The protein-coated
MBs have shown a variety of applications in immunosensors because of their high, specific affinity
to biomolecules, possibility for solution-phase bio-recognition reaction, and easy washing and
collection [35,36]. The protein A-coated magnetic beads can be used to immuno-precipitate target
proteins from crude cell lysates using selected primary Abs. In addition, specific Abs can be chemically
cross-linked to the protein A-coated surface to create reusable immuno-precipitation beads, thus avoiding
the co-elution of antibodies with target antigens [37]. The streptavidin-coated magnetic beads (Strept-MBs)
provide a fast and convenient method for manual or automated immuno-precipitation, protein interaction
studies, DNA-protein pull downs and the purification of biotinylated proteins and nucleic acids. They use
a recombinant form of streptavidin with a mass of 53 kDa and a neutral isoelectric point [38]. Streptavidin
is covalently coupled to the surface of the MBs. For each streptavidin molecule on the bead surface,
there are four biotin-binding available sites. Unlike avidin, streptavidin has no carbohydrate groups,
resulting in low nonspecific binding. Furthermore, the MBs exhibit low nonspecific binding in the
presence of complex biological samples such as blood serum and whole cells [39].

In this study, different protocols using antibody (Ab) and affibody (Af) as capture and signaling
bioreceptor were applied to disposable electrochemical immunosensors based on the sandwich assay
for HER2 detection. The first protocol relies on immobilization of the antibody on the magnetic
beads coated with protein A (Prot A-MBs) as capture bioreceptor and the use of the biotinylated
affibody as a signaling bioreceptor. The second protocol relies of the use of biotinylated affibody
as a capture bioreceptor and biotinylated antibody as a signaling bioreceptor. The last protocol
relies on immobilization of the biotinylated affibody on the magnetic beads coated with streptavidin
(Strept-MBs) as capture bioreceptors and the use of secondary biotinylated affibody as signaling
bioreceptor as well. An enzyme-amplified detection scheme based on the coupling of secondary
biotinylated bioreceptors with streptavidin-alkaline phosphatase conjugates was then applied.
The enzyme catalyzed the hydrolysis of the electroinactive 1-naphthyl-phosphate to 1-naphthol;
this product is electroactive and is detected by means of differential pulse voltammetry (DPV).
Moreover, we have evaluated potential application of the bioassays for serum sample analysis. In all
approaches, eight screen-printed electrochemical cells are used as transducers.

2. Materials and Methods

2.1. Chemicals and Reagents

Dynabeads® paramagnetic beads, coated with protein A (ProtA-MBs) and with streptavidin
(Strept-MBs) were provided by Invitrogen (Milan, Italy). The monoclonal anti-human HER2 antibody
(Ab1), the biotinylated anti-human HER2 antibody (Biot-Ab2) and the HER2 protein (R&D Systems)
were obtained from Space SRL (Milan, Italy). Biotinylated anti-HER2 affibody molecules were
purchased from Abcam (Cambridge, UK). Sodium phosphate dibasic dihydrate and sodium phosphate
monobasic monohydrate were purchased from Merck (Milan, Italy). Sodium chloride, Trizma base,
diethanolamine, magnesium chloride, potassium chloride, polyoxyethylene sorbitan monolaurate
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(Tween 20), 1-naphtyl phosphate, bovine serum albumin (BSA), streptavidin-alkaline phosphatase
(S-AP) and human serum sample were obtained from Sigma (Milan, Italy). All solutions were prepared
using water from a Milli-Q Water Purification System (Millipore, UK).

All the buffers used in this study are as follows:

e Buffer A: phosphate-buffered saline (PBS, 0.10 M, pH = 5.0), containing 140 mM NaCl (with and
without 0.05% Tween 20);

e  Buffer B: phosphate-buffered saline (PBS, 0.10 M, pH = 7.4), containing 0.10 M KCI (with and
without 0.05% Tween 20);

e Buffer C: diethanolamine buffer (DEA, 0.10 M, pH = 9.6), containing 1.0 mM MgCl, and 100 mM
KCl (with and without 0.05% Tween 20 and 0.1% BSA);

e Buffer D: Tris buffer (20 mM, pH = 7.4), containing 150 mM NaCl (with and without 0.05% Tween 20).

2.2. Apparatus

Electrochemical measurements were performed using Palmsens Electrochemical Interface system
(Palm Instruments BV, Houten, The Netherlands). The transducer was composed of eight screen-printed
electrochemical cells, each one composed of a graphite working electrode (diameter = 2.0 mm), a silver
pseudo-reference electrode and a graphite counter electrode. The arrays were produced in house by
a DEK 248 screen-printing machine (DEK, Weymouth, UK). In order to use sensor array in combination
with the magnetic beads, each array was placed on a suitable holding block mounting eight magnet
bars of 1.5 mm diameter. The eight sensors strips, coupled with a specially designed methacrylate well
box, were compatible with a standard 8-channel multi pipette. A sample mixer with a 12-tube mixing
wheel and the magnet rack were purchased from Dynal Biotech (Milan, Italy).

2.3. Development of Affibody-Based Assay

The schematic representation of dual affibody sandwich assay for HER2 detection is reported
in Scheme 1.
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Scheme 1. Schematic representation affibody-based assay for human epidermal growth factor receptor 2
(HER?2) detection: (a) functionalization of streptavidin-modified magnetic beads with the biotinylated
affibody; (b) blocking step with biotin; (c) affinity reaction with HER2 protein; (d) incubation
with the secondary biotinylated affibody; (e) addition of streptavidin-alkaline phosphatase enzyme.
Electrochemical measurements were then performed in accordance with Section 2.3.5.

2.3.1. Immobilization of the Biotinylated Affibody

The streptavidin-modified magnetic beads (Strept-MB) were firstly washed with buffer A (added
with 0.005% Tween 20) three times and, after the removal of the supernatant with the help of
a magnetic rack, re-suspended in 100 uL of buffer A added with Tween 20. Then, 400 uL of 5 g/mL
of the biotinylated affibody (Biot-Af) in buffer A was added to the beads suspension and left to
incubate overnight.
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2.3.2. Blocking Step

The affibody-modified beads (Strept-MB/Af) were washed and streptavidin free-sites were
blocked by the addition of 1 mM biotin (prepared in buffer B containing 1% w/v BSA) for 90 min.
After three washing steps in buffer D (containing Tween 20), the beads were stocked in buffer D at
4 °C for at least one week.

2.3.3. Reaction with HER2 Protein

To perform the calibration curve, 50 pL of the modified beads were incubated with 200 pL of HER2
protein at different concentrations prepared in buffer D for 20 min at room temperature. Three washing
steps in buffer B-added Tween 20 were then performed.

In order to evaluate the selectivity of the developed assays, 5, 10 and 20 ng/mL of vascular
endothelial growth factor (VEGF) protein, prepared in buffer D, were incubated instead of HER2 with
the modified beads.

2.3.4. Binding with the Biotinylated Affibody and Streptavidin-Alkaline Phosphatase Enzyme

Firstly, 250 uL of 5 pg/mL biotinylated affibody, as signaling bioreceptor, prepared in buffer
B were incubated with the HER2-modified beads for 45 min at room temperature. Subsequently,
three washing steps in buffer C added with Tween 20 were performed.

Finally, the beads were incubated with 500 uL of streptavidin-alkaline phosphatase (3.9 U/mL)
prepared in buffer C added with 0.1% w/v BSA for 10 min at room temperature, followed by
three washing steps with buffer C added with Tween 20.

After the removal of the supernatant, the beads were re-suspended in 50 uL of buffer C.

2.3.5. Electrochemical Measurements

For the electrochemical measurements, 4 uL of the MB suspension was placed onto each working
electrode of the eight screen-printed electrochemical cells and fixed in position through the help of
a home-made magnet-holding block. Each well of the arrays was then filled with 60 uL of a solution
containing 1 mg/mL of 1-naphthyl phosphate enzyme substrate prepared in buffer C.

After 6 min of incubation, DPV measurements were performed at room temperature using the
following parameters: potential range from —0.05 to 0.6 V, step potential 7 mV, modulation amplitude
70 mV, interval time of 0.1 s. The current peak height was taken as the analytical signal.

Each measurement was repeated at least 10 times using different screen-printed arrays. Percentage
Relative Standard Deviation (%RSD) values were calculated as measure of inter-assay reproducibility.

2.4. Development of Antibody/Affibody Based Assay

The scheme of antibody /affibody-based bioassay is illustrated in the Supplementary Materials
(Figure S6).

2.4.1. Immobilization of the Antibody

Firstly, the protein A-modified magnetic beads (ProtA-MB) were washed with buffer A (added
with 0.005% Tween 20) three times and, after the removal of the supernatant with the help of a magnetic
rack, re-suspended in 100 uL of buffer A added with Tween 20. Then, 400 uL of 50 ug/mL of the
antibody (Ab) in buffer A were added to the beads suspension and left to incubate for 45 min.

2.4.2. Blocking Step

Subsequently, the Abl-modified beads (ProtA-MB/Ab) were washed and the protein A-free site
blocking step was performed using the addition of 5% w/v casein prepared in buffer A for 30 min.
After three washing steps in buffer D (containing Tween 20), the beads were stocked in buffer D at
4 °C for at least one week.
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2.4.3. Reaction with HER2 Protein and Biotinylated Affibody, Labeling with Streptavidin-Alkaline
Phosphatase and Electrochemical Measurements

The following steps were carried out as reported in the previous sections. Reaction with HER2
protein and evaluation of non-specific interaction with VEGF were carried out in accordance with
Section 2.3.3.

The reaction with biotinylated affibody and labeling with streptavidin-alkaline phosphatase were
carried out in accordance with Section 2.3.4.

Electrochemical measurements were then performed as reported in Section 2.3.5.

2.5. Development of Affibody/Antibody-Based Assay

The scheme of antibody/affibody based bioassay is illustrated in supplementary information
(Figure S7).

Streptavidin-modified magnetic beads were functionalized with the biotinylated affibody and
blocked with biotin in accordance with Sections 2.3.1 and 2.3.2. Furthermore, HER? affinity reaction
and non-specific test with VEGF protein were performed in accordance with Section 2.3.3.

Binding with Biotinylated Antibody and Streptavidin-Alkaline Phosphatase Enzyme

Firstly, 250 puL of 1 ug/mL secondary biotinylated antibody (Biot-Ab2), as signaling bioreceptor,
prepared in buffer B, were incubated with the HER2-modified beads for 60 min at room temperature.
Subsequently, three washing steps in buffer C added with Tween 20 were performed.

Finally, the beads were incubated with 500 uL of streptavidin-alkaline phosphatase enzyme
(3.9 U/mL) prepared in buffer C added with 0.1% w/v BSA for 10 min at room temperature, followed
by three washing steps with buffer C added with Tween 20.

Electrochemical measurements were then performed in accordance with Section 2.3.5.

2.6. Analysis of Serum Samples

The human serum samples were filtered (Filtropur S, diameter of filter pores 0.2 uM), diluted
1:2 with buffer D and spiked with HER2 protein solution (range of concentration 0-20 ng/mL). Then,
50 uL of the affibody-modified bead suspension was incubated with 200 uL of HER2 serum samples
and the experiments were carried out as reported in Sections 2.3.4 and 2.3.5.

3. Results and Discussion

As mentioned before, in this study, different protocols using antibody (Ab) and affibody (Af) as
capture and signaling bioreceptors were both applied to disposable electrochemical immunosensors
based on the sandwich assay for HER2 detection. To achieve the best conditions, key parameters that
affect the read-out response of each assay were studied and optimized. The optimization parameters of
the developed assays are reported in the Supplementary Materials. In the following section, the studies
of affibody-based assay are focused on and reported.

3.1. Optimization of Experimental Parameters

The optimization of the experimental parameters in the case of dual affibody sandwich assay
was performed in order to find the best conditions for HER2 binding and detection. The suitable
experimental conditions were chosen in accordance with the current difference value (Al) obtained in
the presence of 10 ng/mL HER2 (Iyjgr2) and the blank (0 ng/mL HER2, Ipj,k), and the percentage
Relative Standard Deviation (%RSD) values (Table 1).

Firstly, the concentration and the incubation time of the biotinylated affibody (Biot-Af) on the
surface of the streptavidin-modified magnetic beads (Strept-MBs) were optimized (Table 1, assay step a).
In particular, 1, 5 and 10 ug/mL of biotinylated-affibody solutions (prepared in buffer A) were incubated
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with the Strept-MB, followed by blocking step with biotin, affinity reaction with HER2 protein and
incubation with secondary biotinylated affibody labeled with streptavidin-AP.

The Biot-Af concentration of 1.0 ug/mL was not sufficient to bind the HER2, while a similar current
difference was observed using an affibody concentration of 5.0 and 10 ug/mL (Al 5 pg/mL = 3.3 HA;
Alaf 10 pg/me = 3.2 pA). Thus, the concentration of Biot-Af of 5.0 pg/mL was selected for the
further experiments.

Table 1. Experimental parameters optimization for affibody-based sandwich assay. Current difference
(AI = IygRr2 — Ipjank) represents the difference between the current obtained using 10 ng/mL (Iggr2)
and 0 ng/mL (Igjank) HER2 buffered solutions. The letters of assay step column are in accordance
with Scheme 1. Percentage Relative Standard Deviation (%RSD) values were calculated using at least
10 measurements obtained by different screen-printed arrays.

Current Difference (uA)

Assay Ste Parameter %RSD

v Step (AT = Iyggra2 - Iptank) °

1 ug/mL 1.5 8

Biot-Af concentration 5 pg/mL 3.3 7

10 ug/mL 32 10

2 120 min 17 7

Biot-Af incubation time 240 min 2.0 10

o.n. 3.3 7

30 min 1.2 8

b Biotin incubation time 60 min 2.2 9

90 min 3.3 7

10 min 1.3 6

c HER?2 incubation time 20 min 3.3 7

60 min 3.0 9

1ug/mL 12 8

Biot-Af concentration 5 ug/mL 3.3 7

4 10 pg/mL 35 10

30 min 1.6 7

Biot-Af incubation time 45 min 3.3 7

60 min 29 9

Biot-Af: biotinylated affibody; o.n.: overnight.

The incubation time of the primary Biot-Af with the streptavidin was also evaluated. The Biot-Af
was left to incubate for 120, 240 min and overnight (o.n.) with the Strept-MBs. The best incubation
time was found to be overnight probably due to the complete coverage of the surface of magnetic
beads which ensures a higher recognition of the target protein (Table 1, assay step a). After the
functionalization of the Strept-MBs with the Biot-Af, the conjugates were blocked with various blocking
agents (1.0 mM Biotin solution containing 1% w/v BSA, BSA 1% and milk powder 5% for different
incubation times: 30, 60 and 90 min). The best blocking step in terms of sensitivity and reproducibility
(n = 10) was performed using 1 mM biotin containing 1% w /v BSA for 90 min (in accordance with
ref. [40]) as reported in Table 1, assay step b and in Supplementary Materials Section 1.

The incubation time of the affinity reaction with the HER2 protein was also optimized. As can
be observed in Table 1 (assay step c), 10 min as incubation time seems insufficient to bind the whole
amount of the protein, while similar values in current difference were obtained using 20 or 60 min
(ALss min. = 3.3 HA; Algo min. = 3.0 HA). The best results, in terms of signal-to-noise ratio and reproducibility
(%RSD =7, n = 10), were obtained for an incubation time of 20 min which was selected as optimal. Finally,
the concentration and the incubation time of the Biot-Af, used as secondary biotinylated bioreceptor,
was evaluated (Table 1, assay step d). Particularly, the current difference using a concentration of
5.0 ng/mL is considerably higher than that at 1.0 g/mL, whereas similar behavior was obtained using
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an affibody concentration of 10 ug/mL. With respect to the Biot-Af incubation time, 45 min was found
as optimal both in terms of current difference and of %RSD.

3.2. Sensitivity and Reproducibility

Using the optimized conditions, the calibration curves for the quantification of HER2 in the case
of all assays were obtained (Figure 1A) and the related DPV scans were plotted in Figure 1B. A linear
response in the range of HER2 0-20 ng/mL was obtained for affibody/affibody (Af/Af: y = 0.33x,
coefficient of determination (R?) = 0.997), affibody /antibody (Af/Ab: y = 0.23x, R? = 0.993) and for
antibody/affibody (Ab/Af: y = 0.21x, R? = 0.98) sandwich assays with limit of detection (LOD),
calculated as 3 times standard deviation of blank divided the slope of calibration curve (3Sp,nk /Slope)
of 1.8, 2.6 and 3.4 ng/mL respectively. Reproducibility of the proposed assays were also evaluated
using at least 10 measurements performed on different screen-printed arrays. Results showed a mean
%RSD value of 7 for Af/Af assay, 10 for Af/Ab assay and 11 for Ab/Af assay. Taking in consideration
both the LOD and the %RSD, the Af/Af assay showed better performance in comparison with Af/Ab
and Ab/Af mixed sandwich assays (and also with respect to the previous dual antibody-based
sandwich assay reported in literature [19]) for HER2 determination (whose cut-off in serum sample
was set to 15 ng/mL).

Furthermore, the selectivity of the developed assays was also verified using 5, 10 and 20 ng/mL
of the vascular endothelial growth factor (VEGF) protein, involved in the metastatic process of breast
cancer [41], as a nonspecific molecule. No significant variation respect to the signal of the blank was
found, confirming the high specificity of the affibody bioreceptors for the detection of the HER2 cancer
protein (Figure 1A, inset).

The affibody-based assay was thus selected to evaluate the possibility of detecting the HER2
protein in serum samples.
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Figure 1. (A) Calibration curves for HER2 protein obtained using affibody/affibody (Af/Af),
affibody/antibody (Af/Ab) and antibody /affibody (Ab/ Af)-based assays. Inset: nonspecific interaction
evaluation with vascular endothelial growth factor (VEGF) protein; (B) Differential pulse voltammetry
(DPV) scans of Af/Af assay. Blank signal was subtracted from each measurement. Electrochemical
measurements were performed in accordance with Section 2.3.5. Each measurement was repeated at
least 10 times using different screen-printed sensors.

3.3. Analysis of Serum Samples

Once the suitability of the dual affibody-based assay to detection of HER2 standard solutions was
verified, experiments with HER?2 fortified serum samples were carried. Batches of a non-pathologic serum
AB group from females were filtered, diluted 1:2 in buffer D and spiked with HER?2 protein in order to
have four different final concentrations in the range of 5-20 ng/mL. Results are summarized in Table 2.
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Table 2. Recovery, Bias and %RSD for HER2 determination in fortified serum samples.

HER?2 Spiked (ng/mL) HER?2 Found (ng/mL) Recovery (%) Bias (%) %RSD

5 5.5 110 10 12
10 11 108 8 11
15 15 97 -3 14
20 19 95 -5 13

Good recovery and difference between the average of measurements made on the same sample
and its true value (bias values) (respectively in the range between 95%-110% and —5%-10%) were
obtained. Furthermore, the mean %RSD, calculated using at least 10 measurements obtained using
different screen-printed arrays, was 13%. These results confirm the suitability of the use of the proposed
magnetic beads-based affibody assay for real sample analysis.

4. Conclusions

The potential of affibodies as bioreceptors in sandwich assay has been investigated by the
optimization and the application of three strategies for the detection of HER2 protein. The best
results were obtained by the use of affibody as both a capture and signaling bioreceptor. This biosensor
showed the best sensitivity and detection limit and a good linear range in HER2-buffered solutions
and serum samples. With this comparison, the importance of a deep study on the different analytical
approaches for HER2 detection to obtain the performance of the best assay configurations has been
demonstrated. Our results open up the way for the development of a new generation of biosensors for
highly sensitive detection in a variety of analyses.

Supplementary Materials: The following are available online at www.mdpi.com/2227-9040/4/4/23/s1,
Section 1: Response of graphite screen-printed arrays to the 1-naphthol; Section 2: Optimization of experimental
parameters of affibody/affibody assay; Section 3: Optimization of experimental parameters of antibody/affibody
assay; Section 4: Optimization of experimental parameters of affibody/antibody assay. Figure S1: Calibration
curve of 1-naphthol; Figure S2: optimization of Af concentration as signaling bioreceptor; Figure S3: Optimization
of the incubation time of the Af with HER2 as a signaling bioreceptor; Figure S4: Blocking agent optimization:
BSA 1% (w/v), dried milk powder 5% (w/v) and IgG 10 mg/mL; Figure S5: Incubation time optimization for
dried milk powder 5% (w/v) as blocking agent; Figure S6: Schematic representation of antibody /affibody-based
assay for HER2 detection; Figure S7: Schematic representation of affibody/antibody assay for HER2 detection.
Table S1: Experimental parameters optimization for antibody/affibody assay; Table S2: Experimental parameters
optimization for affibody/antibody assay.
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Abstract: The availability of devices for cancer biomarker detection at early stages of the disease is
one of the most critical issues in biomedicine. Towards this goal, to increase the assay sensitivity,
device miniaturization strategies empowered by the employment of high affinity protein binders
constitute a valuable approach. In this work we propose two different surface-based miniaturized
platforms for biomarker detection in body fluids: the first platform is an atomic force microscopy
(AFM)-based nanoarray, where AFM is used to generate functional nanoscale areas and to
detect biorecognition through careful topographic measurements; the second platform consists
of a miniaturized electrochemical cell to detect biomarkers through electrochemical impedance
spectroscopy (EIS) analysis. Both devices rely on robust and highly-specific protein binders as
aptamers, and were tested for thrombin detection. An active layer of DNA-aptamer conjugates
was immobilized via DNA directed immobilization on complementary single-stranded DNA
self-assembled monolayers confined on a nano/micro area of a gold surface. Results obtained with
these devices were compared with the output of surface plasmon resonance (SPR) assays used as
reference. We succeeded in capturing antigens in concentrations as low as a few nM. We put forward
ideas to push the sensitivity further to the pM range, assuring low biosample volume (uL range)
assay conditions.

Keywords: biosensors; aptamers; AFM; nanoarray; EIS

1. Introduction

The rapid and reliable detection of multiple biomarkers simultaneously in small sample volumes
is increasingly requested in current clinical practice and represents a fundamental step towards
personalized medicine [1]. Nowadays, most of the available diagnostic devices are solid-state based
analytical assays, where a functionalized surface works as the active element for biorecognition.
Site-specific immobilization of multiple active elements on the same surface to probe low biosample
volumes requires miniaturization and is generally technologically demanding, since it entails
successive steps specifically tailored to each biomarker probe.

One promising strategy for multiplexing probe immobilization is DDI (DNA-directed
immobilization) [2-5], where different DNA-conjugated antibodies targeting different biomarkers
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are immobilized via Watson-Crick base pairing on surface-tethered complementary DNA sequences.
However the synthesis of DNA-protein conjugates is quite challenging, requires click-chemistry kits
and careful optimization in order to assure a final construct that is both suitable for immobilization
and preserves the original affinity.

Nucleic acid aptamers can offer a valid alternative to antibodies. Aptamers are oligosequences
selected in vitro to bind a target with high affinity. In particular, they show highly specific binding
activity since aptamer-target interaction is based on three-dimensional folding patterns, resulting in
dissociation constants in the picomolar range. In addition, aptamers, if compared to standard proteins,
show higher stability, and ease of chemical modification. Aptamer production is fully automated,
highly reproducible, and low-cost. Moreover, aptamers are naturally integrable in the context of DDI:
DNA-aptamer constructs are produced simply by adding a surface binding sequence to the aptamer
during oligo-synthesis.

In this paper, we exploited aptamers as the active recognition elements of miniaturized
DNA-based biosensors. We modified aptamers with a DNA tag (cDNA), meant to hybridize to
micron-sized surface-grafted complementary DNA monolayers, to create the desired functional
areas (Figure 1). In particular, we carefully optimized the immobilization strategy to implement
DNA-modified aptamers onto two innovative, DNA-based miniaturized sensor platforms: (i) atomic
force microscopy (AFM)-based nanoarrays, and (ii) electrochemical impedance spectroscopy
(EIS)-based microelectrodes. Both of these platforms have been designed and developed to allow for
the sensitive detection of biomolecules in small sample volumes.

aTHR-HEGL-F9

% THR ’ r ‘
cF9 ssDNApatch % \)\“

. 22| ~€)¢ 28|~y
it RSS2y = //////7/////?«‘1(32 Q. - ///////////VNKIS? Sy

Figure 1. Cartoon representing the DDI strategy to immobilize an aptamer on the micron-sized
DNA-based biosensor.

In the case of nanoarrays, we capitalize here on the exploitation of AFM-based lithography,
nanografting [6-8], and AFM topographic imaging in physiological environment successfully
demonstrated in the work of Bano et al. for the detection of multiple proteins in standardized human
serum [9], and successively by Bosco and Ganau et al., for the ultimate integration with a device for
cell sorting, to measure the secretome of few selected cells [10]. By AFM nanografting we confined
nanospots of thiol-modified single-stranded DNA monolayers inside a bio-repellent, self-assembled
monolayer (SAM) of oligoethyleneglycol-terminated alkanethiols. The density of the DNA-confined
SAM can be tuned via nanografting, and adjusted to the steric requirements of the biorecognition
elements. On such active DNA nanospots, the aptamer-cDNA conjugate is then loaded through
Watson-Crick base-pairing, in a process known as DNA-directed immobilization [9]. On the other side,
an electrochemical impedance-based biosensor, with a three-electrode design developed in our group
for the recognition of nucleic acids [11,12], are tested towards protein detection through modified
aptamers. The working micro-electrode is fully covered by a functional, thiolated, single-stranded
DNA SAM, on which the aptamer-cDNA conjugate is then loaded via DDL

As a proof of principle, in this study we used an extensively-investigated aptamer for thrombin
(THR) [13] that shows a well-characterized structure and binding properties (Kp = 50 nM), confirmed
by several studies [14,15]. Two constructs were proposed in this regard: a simple design consisting of
the aptamer region on the 5’ side, extending with the immobilization region complementary to the
DNA grafted monolayer on the 3’ side (Supplementary Materials, Figure Sla); a second design similar
to the first one, but containing a hexaethilenglycol-spacer (HEGL) between the two regions to improve
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the functionality of aptamer binding site (Supplementary Materials, Figure S1b). As stated in several
works, the use of polyethyleneglycol groups can significantly improve biorecognition sensitivity by
reducing nonspecific interactions and steric hindrance effects [16,17]. In both cases the surface linking
oligo sequence (with an alkanethiol linker to bind to the gold surface), and the complementary one on
the aptamer side, were carefully selected to have minimal influence on the protein binding—aptamer
region in order to avoid possible interferences during aptamer immobilization and then on the aptamer
binding interaction with THR.

2. Materials and Methods

2.1. Preliminary Affinity Characterization of the DNA-Aptamer Constructs

Affinity characterization of the DN A-aptamer constructs was first carried out in silico using the
web service UNAFold, developed by Zucker and his coworkers [18]. The software application [19] for
hybridization of two different oligonucleotide strands was used to generate temperature-dependent
concentration plots of the tested sequence pairs in buffer, considering an ionic composition of
150 mM Na*, 2 mM Mg2+, similar to the binding buffer used in further wet experiments. The calculated
concentrations from the plot data for hybridized and free sequences at 25 °C were further used
to determine the theoretical dissociation constants (Kp). In this regard theoretical Kp values were
calculated and compared for the thiolated linker sequence cF9 (5'-CTTCACGATTGCCACTTTCCAC-3')
vs. the protein binding aptamer sequence (5'-GGTTGGTGTGGTTGG-3') and the complementary
hybridization region F9 (5-GTGGAAAGTGGCAATCGTGAAG-3') used in the aptamer constructs.
The designed aptamer constructs were further tested in bulk conditions for their functionality, testing
the binding affinity for human thrombin (HT) in a qualitative electrophoretic mobility shift assay
(EMSA) (Supplementary Materials). Two different aptamer constructs were prepared: the one in
which the F9 sequence is directly extending from the aptamer sequence (5-GGTTGGTGTGGTTGGGT
GGAAAGTGGCAATCGTGAAG-3'), named F9aTHR and with hexaethyleneglycol (HEGL) linker
in between, (5'-GGTTGGTGTGGTTGG-HEGL-GTGGAAAGTGGCAATCGTGAAG-3'), named
F9-HEGL-aTHR. All the reagents in the binding experiments including buffers, human thrombin
and materials used for synthesis of aptamer constructs F9aTHR and F9-HEGL-aTHR, were ordered
from Sigma-Aldrich Corp. (Saint Louis, MO, USA).

To test aptamer affinity on surfaces, a Biacore X100 Surface Plasmon Resonance (GE Healthcare,
Little Chalfont, Buckinghamshire, UK) instrument was used at a constant temperature of 25 °C.
A continuous flow (5 uL/min) of PBS buffer (running buffer) was maintained during all the experiments.
First, a biotinilated cF9 sequence (cF9-biotin, 2 uM in PBS buffer) was immobilized over the Biacore SA
gold chip surface. The immobilization through streptavidin-biotin binding was stopped after reaching
a binding level of ~1200 RU, corresponding to an amount of ssDNA on the surface that ensure an efficient
attachment of the molecules in the following steps of the experiment; then the surface was rinsed with two
1 min pulses of 50 mM NaOH solution, in order to remove unbound cF9-biotin [20]. The hybridization
was carried out by incubation with F9-HEGL-aTHR at 30 uM in TE buffer with 1 M NaCl until reaching
a binding level of ~500 RU, to form an active layer suitable to detect a binding signal also with the
lowest concentrations of analyte. The immobilization procedure was followed by a flow of running
buffer for 2 h in order to remove aptamers non-specifically bound to the surface and to stabilize the
baseline. After this procedure the signal remained constant without any baseline drifting. Binding
affinity tests were performed injecting different dilutions of thrombin (0, 0.2, 0.8, 3.1, 12.5, 50, and
200 nM) in running buffer at a flow rate of 30 uL/min for 3 min (association phase) and afterwards
flushing with running buffer for 5 min (dissociation phase). For the regeneration of the surface 1 min
pulses of a 50 mM NaOH solution were used, followed by a stabilization time of 5 min [21]. Binding
affinity parameters were calculated using the BlAevaluation 3.1 software (Biacore GE Healthcare,
Little Chalfont, Buckinghamshire, UK).
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2.2. AFM-Based Nanoarrays

All AFM experiments were carried out on a XE-100 Park Instrument (Park System Corp., KANC 4F,
Suwon, Korea) with a customized liquid cell. A tip-assisted AFM-based nanolithography technique has
been used to fabricate DNA nanoarrays with high surface density (1-2 x 103 molecules/cm?): using
Si cantilevers (NSC36B Mikromasch (Mikromasch, Innovative Solutions Bulgaria Ltd., Sofia, Bulgaria),
spring constant: 0.6 N/m) multiple nanografting assembled monolayers (NAM) of thiol-modified
single-stranded DNA (ssDNA), named cF9, were prepared by serial AFM-based nanografting inside
a self-assembled monolayer (SAM) of a top oligo ethylene glycol terminated alkanethiol, TOEG
((1-mercaptoundec-11-yl)hexa(ethyleneglycol), HS-(CH2)11-(OCH2CH2)6-OH from Sigma Aldrich) on
ultraflat gold surfaces [22] following standard protocols reported earlier [9,23]. The DNA patches were
obtained promoting the replacement of the TOEG molecules with the oligonucleotides by the AFM
tip scanning an area of 1 um X 1 pm or less at high force (about 100 nN) in the presence of a solution
of thiolated ssDNA sequences (5 uM in TE buffer 1 M NaCl) at a scan rate of 2 Hz. Several patches
(6-8 for each experiment, to guarantee good statistics) of cF9 ssDNA were produced.

Aptamer immobilization was performed via DDI, incubating the ssDNA SAM with 1:1 mix of
F9-HEGL-aTHR and F9 at 2 uM in TE buffer with 1 M NaCl in order to avoid steric hindrance by
reducing the aptamer surface density, hence, preserving the activity.

Aptamer-thrombin binding was promoted through the incubation of aptamer nanopatches for
one hour with a solution (volume of about 100 uL) containing thrombin at different concentrations
(THR buffer: 20 mM Tris pH 7.4, 140 mM NaCl, 5 mM KCl, 1 mM MgCl,, 1 mM CaCl,); topographic
height variations over the NAMs were measured with AFM in gentle contact with standard silicon
cantilevers (CSC38 Mikromasch, spring constant: 0.06 N/m) at a 1 Hz scan rate, applying a force of
0.1 nN to detect and quantify binding affinity.

2.3. EIS-Based Devices

Electrochemical impedance spectroscopy (EIS)-based devices were fabricated using optical
lithography techniques. They consist of a three-electrode electrochemical cell with microfabricated
working (WE) and the counter (CE) gold electrodes and a classical mm-sized Ag/AgCl reference
electrode (RE). As in standard electrochemical setup, the potential (AC, 10 mV rms) is applied across
WE and RE, whereas the current is measured across WE and CE. The differential capacitance (Cq4)
defines the charge density (o) change at the metal surface for a small variation of the applied
potential (¢):

dopm
Ca = Ers
is obtained by fitting the current response of the device upon application of the AC voltage at four
frequencies: 100 Hz, 200 Hz, 250 Hz, and 400 Hz, by using the HEKA PG340 USB bipotentiostat
(HEKA Elektronik, Dr. Schulze, GmbH, Lambrecht, Germany). As already explained in [11,12], at each
frequency we collect 200 complete periods from which we compute the root mean squared value of the
measured current, Iims = 271fVysCy, and the relative uncertainties using error propagation analysis.
We also proved that the device is reusable up to several times and the data are reproducible on different
sensors with a standard deviation of only a few percent.

C4 variations, recorded upon exposing the electrochemical cell to aptamer-DNA conjugate/analyte
containing solutions, were quantitatively connected to the number of biorecognition events. In particular,
Cq is mostly affected by molecular layer height changes, the replacement of water molecules in the
biological layer, and by electrical charge redistribution upon biorecognition.

Electrodes were first patterned on clean microscope slides using MEGAPOSIT™ SPR™ 220 1.2
(Series Photo-Resist) (The Dow Chemical Company, Michigan, USA) as the optical positive resist.
The slides were then metalized in an e-beam evaporator, with a 20-nm Ti layer, in order to promote
the adhesion, followed by 80-nm Au layer deposition and then kept in an acetone bath overnight in
order to perform the lift-off process. After lift-off, the electrodes were coated again with an insulating
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layer of NANO™SU8-2002 (MicroChem Corp., Westborough, MA, USA), shaped to expose only the
circular part of WE and CE. SU8 was used as insulating material to reduce the active surface area for
biorecognition. The circular WE exposed to the solution, the arc of the CE and the profile of the SU8
layer, which covers the rest of the metal electrodes, are visible in Figure 2.

a b c
100 pm

N
S
~
o

Figure 2. (a) Sample holder equipped with an electronic card to bring the signal to the
HEKA-bipotentiostat; (b) microfabricated working and counter gold electrodes (black) on the patterned
insulation layer (SPR 220 1.2) (pink); and (c) zoom-in of the central part of the electrodes. The diameter
of the WE in contact with the solution is 100 um. The patterned resist used to electrically insulate the
electrodes is clearly recognizable as the darker-gray outer area of the image.

The insulating SU8-layer had a thickness of about 1.5 um, measured using a 3D surface
profilometer. Gold electrode functionalization with ssDNA molecules was carried out using the
well-established procedures for creating DNA SAMs on gold [24-26]. Initially the electrodes were
wetted for 15 min with a drop of a high-ionic-strength buffer, TE NaCl 1 M, containing cF9-SH to create
alow density DNA SAM (2.1 x 10'2 molecules/cm?) [12]. Low density monolayers were chosen to
avoid steric hindrance limitations to the hybridization efficiency. In this regime DNA hybridization
follows Langmuir-like kinetics [12,27], while electrostatic charges are largely screened allowing for fast
hybridization kinetics and reducing the limit of detection of the device. After each functionalization
step the devices were rinsed with the proper DNA /protein buffer solution, prior to capacitance
measurements. SAM hybridization was performed with 1 uM DNA-aptamer construct in about
100 uL solution (same volume as for the nanoarray measurements) containing 100 mM KCI. To follow
hybridization kinetics, we initially measured at a rate of four measurements/min for 15 min, then we
slowed down to one measurement/min until the C4 differential variations between successive points
were lower than 6%, which we considered to be the “steady-state” of our measure.

3. Results and Discussion

3.1. Preliminary Affinity Characterization of the DNA-Aptamer Constructs

All of the experiments were carried out using a buffer (THR buffer) that folds the aptamer in
the functional conformation for the recognition of the antigen. To this aim, preliminary tests were
carried out to check that both the affinity of the DNA-aptamer construct for the surface immobilized
complementary strand and the one for the ligand were preserved. In this regard an estimation of
hybridization affinity between the thiolated linker and aptamer construct was first performed in silico.
According to UNAFold analysis, the calculated Kp value of cF9-F9aTHR binding in bulk conditions
resulted to be in the order of magnitude of attomolar, much lower than the Kp value obtained for F9
binding to the aptamer region alone (6.5 uM), therefore, suggesting that the immobilization of the
DNA-aptamer constructs is occurring essentially through the cF9-F9 pairing. Using EMSA, we also
verified that both DNA-aptamer constructs were able to bind thrombin (Supplementary Materials,
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Figure S2). However, F9-HEGL-aTHR was observed to bind more efficiently to THR compared to
F9aTHR, so in the following experiments we decided to focus on the first construct.

Binding affinity analysis was then performed on surface immobilized aptamers via SPR,
following the DNA-aptamer immobilization procedure described in the previous session. A wide THR
concentration range (0.8-200 nM) was screened with Biacore. The signal response is proportional to
the THR concentration (Figure 3a); the mostly straight binding lines in the association phase obtained
with analyte injections up to 12.5 nM show a possible mass transfer contribution. These curves do not
display a sufficient curvature to perform kinetic analysis. Although an equilibrium state has not been
reached for all the concentrations tested, we recorded the binding level at the end of the association
phase. These values, plotted against THR concentration, were fitted with a single site interaction
model. This “non-steady-state” analysis implies an underestimation of the binding affinity [28,29].
Therefore, we can conclude from the SPR data that the Kp is in the range 10-100 nM, in agreement
with the value reported in the literature for the aptamer-THR binding (Kp = 50 nM) (Figure 3b).
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Figure 3. SPR characterization: (a) sensograms of different THR concentrations (0.8-200 nM); and
(b) binding affinity analysis; SPR responses at the end of the association phase are plotted against THR
concentration and fitted (red line) to a single site interaction model ([RU] = RUmax — (1/(1 + Kp/[A])))
the black vertical line indicates the value of Kp found from the RU model; the light-blue area is the
range of possible Kp values (see text).

3.2. AFM Mechanical Sensing on Nanostructured Assay

The AFM nanoarray platform was built starting from cF9 DNA nanografting, on which we loaded
via DDI the F9-HEGL-aTHR aptamer construct (Figure 4 left, top image).
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Figure 4. Images of the nanopatches on the gold surface (left, bar 1 um) and their topographic profiles
(right). Black: FO-HEGL-aTHR aptamer immobilization; red: THR 12 nM incubation; and green: THR
1000 nM incubation.
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By using AFM topographic imaging, we monitored height profile changes over DNA-aptamers
loaded by DDI on cF9 nanografted arrays (Figure 4: left, upper patches; right, black profile) vs. different
THR concentrations in the binding buffer (Figure 4 left, mid and lower images; Figure 4 right, red and
green profiles correspond to 12 nM and 1000 nM THR, respectively), due to the conformation change of
the aptamer upon binding the ligand. In all these steps the TOEG SAM embedding the patches is used
as a reference level to monitor topographic height changes [9]. Differential height changes are shown in
Figure 5a. By plotting height change vs. concentration, we extracted an effective dissociation constant
for this system in the range 10-100 nM, a value that is in good agreement both with literature and with
the SPR results obtained using the same molecular construct. As one can clearly see in Figure 5a, the
data are affected by significantly large errors that could be attributed to the fact that when the ligand
binds to the aptamer, it folds to a more compact shape.
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Figure 5. (a) Comparison of binding curves obtained from the height variation measured with the
AFM on DNA nanopatches (left) and SPR data (right) vs. THR concentration; and (b) evaluation of the
static compressibility on DNA nanopatches at low concentrations of THR.

This results in a reduced AFM differential height, since the height increase due to protein uptake
is counterbalanced by the height decrease due to a change in binder conformation. Additionally,
the softness of the nanopatches contributes to such large errors: the coupling of the aptamer to the
nucleic acid linker, in fact, increases the compressibility of the entire nanopatch, giving more variability
while measuring AFM height variation [30]. We then performed a so-called “compressibility analysis”:
we monitored the softness of the patches, exposed to different THR concentrations, by imaging
progressively the patches at increased tip load. The variation of (absolute) patch height vs. tip load for
the bare DNA patches, the patches loaded with the aptamer constructs and then the last ones exposed
to different THR concentrations are shown in Figure 5b. As shown in Figure 5b, while applying only
200 pN, nanopatches can be compressed up to 40% of the height measured at minimum force (about
50 pN below which the AFM tip loss its contact with the surface). However, from such analysis we
can conclude that the higher the THR concentration, the stiffer the patch towards tip compression.
The increase of nanopatch stiffness upon THR immobilization is due to the high compactness of
globular proteins (as THR), much higher than for nucleic acids at the ionic strength used for the
experiments. A stiffness change of about 30%-35% upon 4 nM THR binding can, in fact, be estimated
from the compressibility experiments, at variance with the patch height that stays almost constant.

3.3. EIS on Self Assembled Monolayers

Finally we performed an EIS analysis of the DNA-aptamer construct binding. First we checked the
stability of the DNA-aptamer SAM-covered electrode in KCl buffer solution (Figure 6a, in orange); then,
we changed the buffer with the one for THR, which contains divalent ions. The capacitance-change
kinetics measured in-situ upon changing of the buffer solution (Figure 6a, in cyan) has to be attributed
to the electrode interface rearrangement caused by the conformational reorganization of the nucleic
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acids upon the interaction with the divalent salt solution. At this point, after stabilization, we
challenged the device for thrombin detection. In particular, we monitored the capacitance response
to three different THR concentrations, on the same device, regenerating it (using a solution with
2 M NaCl) after each test. The capacitance variation upon binding of 4 nM THR is shown in green.
After regeneration, we tested again the stability of the aptamer-functionalized electrode (in black) and
incubated the sensor with a solution with a 40 nM thrombin (in blue). We compared the maximum
capacitance variation between the two equilibrium states at different concentration (4, 10 and 40 nM)
by the EIS sensor obtaining 12.3% == 3.9%, 21.1% = 3.3%, and 44.9% = 2.7% respectively, in very good
agreement with SPR data (Figure 6b).
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Figure 6. (a) Capacitance measured with the EIS setup at different steps of the immobilization; and
(b) comparison of data obtained from the capacitance variation measured with the EIS setup (left) and
SPR data (right) vs. THR concentration.

4. Conclusions

Within this work we proved that short oligo-labelled aptamers can be used for the detection
of biomolecules in miniaturized, surface-based devices, as nanoarrays and electrochemical
microfabricated cells, in a scheme which allows for multiplexing analysis. First, we demonstrated
in bulk that by linking a short oligo via a polyethileneglycol linker to an aptamer designed and
optimized for thrombin recognition, the binding affinity was preserved. Then, by immobilizing the
DNA-aptamer construct on a SPR chips via DNA-directed immobilization and performing binding
affinity measurements via SPR, we obtained a value of Kp in the range of 10-100 nM, in good
agreement with the available literature for in bulk studies, demonstrating that the aptamer functionality
was retained upon surface immobilization. Successful thrombin detection was achieved by tuning
aptamer surface density on the active area to low values in order to allow aptamers conformational
rearrangement necessary to bind the ligands. Additionally, we demonstrated that carefully optimized
miniaturized devices could be used in a quantitative manner to determine thrombin concentration in
solution, with the given, ultimate advantage with respect to other assays to be used with low volume
biosamples. We used two miniaturized platforms, one based on AFM lithography and topography
readout, and one on electrochemical impedance spectroscopy measurements. In both cases the
measured binding affinity curves overlapped with SPR data impressively well. In particular, although
these measurements are preliminary, we observed that at low thrombin concentrations (<5 nM), the EIS
sensor is more sensitive than SPR, and that could be pushed to reach lower detection limits (we expect,
in the pM range). On the other hand, DNA nanoarrays also allowed for an estimation of the binding
affinity which resulted in good agreement with SPR data. Here, the change of conformation of aptamer
upon THR binding towards a more compact structure worked reducing the expected height variation
due to immobilization of THR on the device. Although still detectable, the error associated to the
measurements makes this device less reliable than SPR chips to measure binding affinity. However,
mechanical compressibility measurements performed on the nanopatches helped to validate the result.
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The height change measurements on the nanoarrays, moreover, can be combined with the monitoring
of roughness variations on the patch and outside it to infer the occurrence of specific binding only on
the patch, and exclude the presence of aspecific binding outside it, even without the use of (expensive)
sandwich schemes.

We put forward the idea to complement our data with AFM-based force spectroscopy
measurements to investigate the variation of the mechanical properties of the DNA-aptamer conjugate
structures upon ligand binding. This additional strategy might be particularly profitable given
the peculiar properties of aptamers, which undergo a global conformational change upon binding.
Furthermore, combining the output of these two techniques, a structural-mechanical model for the
interface may be derived to be, in turn, used to describe the details of capacitance changes at the
gold electrode.

Supplementary Materials: The following are available online at www.mdpi.com/2227-9040/4/3/18/s1.
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Abstract: In this article, it is shown that the efficiency of an electrochemical aptasensing device
is influenced by the use of different nanoparticles (NPs) such as gold nanoparticles (Au), silver
nanoparticles (Ag), hollow gold nanospheres (HGN), hollow silver nanospheres (HSN), silver-gold
core shell (Ag@Au), gold-silver core shell (Au@Ag), and silver-gold alloy nanoparticles (Ag/Au).
Among these nanomaterials, Ag@Au core shell NPs are advantageous for aptasensing applications
because the core improves the physical properties and the shell provides chemical stability and
biocompatibility for the immobilization of aptamers. Self-assembly of the NPs on a cysteamine film
at the surface of a carbon paste electrode is followed by the immobilization of thiolated aptamers
at these nanoframes. The nanostructured (Ag@Au) aptadevice for Escherichia coli as a target shows
four times better performance in comparison to the response obtained at an aptamer modified planar
gold electrode. A comparison with other (core shell) NPs is performed by cyclic voltammetry and
differential pulse voltammetry. Also, the selectivity of the aptasensor is investigated using other kinds
of bacteria. The synthesized NPs and the morphology of the modified electrode are characterized by
UV-Vis absorption spectroscopy, scanning electron microscopy, energy dispersive X-ray analysis, and
electrochemical impedance spectroscopy.

Keywords: aptasensor; Escherichia coli; nanoparticles; electrochemistry; core shell nanostructures

1. Introduction

It is well known that the properties of detection systems composed of nano-dimensional elements
are different from those of common bulky ones [1]. Among the various nanoparticles (NPs), noble metal
nanomaterials such as Ag, Au, Pt, and Pd have attracted a lot of attention for their unique physical and
chemical properties like tunable surface plasmonics, high-efficiency electrochemical sensing, enhanced
fluorescence, and quantum conductance [2]. Of particular interest are binary metallic nanostructures
showing multiple characteristics [3]. In this case, core/shell nanoparticle architectures, in which a layer
of metal surrounds another NP core, have shown specific properties different from those of their
monometallic counterparts and even alloys [4]. In this structure, the stability and surface chemistry
of the shell nanoparticles can be improved along with accessing the physicochemical nature of the
core layer. This synergy between two metals can be coordinated by shape, size, and composition.
The core/shell nanostructures might exhibit favorable electrocatalytic activity, taking place on the
shell of the NPs while the core metal dramatically affects the performance of the whole NPs [5].
Due to their particular electronic and catalytic impacts as well as their good stability, convenience
of electron transfer, and biocompatibility [6], gold and silver are ideal choices for the construction
of core/shell nanostructures in biosensors. Tang et al. reported a silver-gold core shell (Ag@Au)
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label-free amperometric immune biosensor [7]. Li et al. introduced a hydrogen peroxide sensor
based on Au@Ag@C core-double shell nanocomposites [8]. Eksi et al. developed an electrochemical
immunosensor for the determination of E. coli using Ag@Au bioconjugates and anti-E. coli modified
PS-microwells [9]. Here we report, for the first time, on the effect of using Ag@Au core shell NPs for
the electrochemical aptasensing of gram-negative bacterium E. coli.

E. coli is commonly found in the intestinal track of humans and other warm-blooded animals. It can
be transmitted to humans through the consumption of contaminated food or water and is often used as
a biomarker to identify fecal contamination [10]. During recent years, a lot of attention has been given to
the design of biosensors for the recognition of single cells, viruses, and bacteria [11]. Different techniques
have been developed and improved for the monitoring of live targets and their viability such as
super resolution fluorescence microscopy, [12] scanning electrochemical microscopy, [13] capillary
electrophoresis electrospray ionization mass spectrometry [14], laser ablation inductively coupled
plasma mass spectroscopy [15], and chemical patterning-based single cell trapping [16,17]. Among them,
electrochemical biosensors are of particular interest due to their remarkable advantages such as low
cost, good sensitivity, and fast response. Some examples include a graphene-based potentiometric
biosensor for the immediate detection of Staphylococcus aureus [18], the detection of Salmonella
Typhimurium using a carbon nanotubes based aptasensor [19] and the real-time detection of cytokines
released from immune cells after mitogenic activation [20].

The immobilization of a biorecognition element on the working electrode is a key factor in
the development of a biosensor. Artificial oligo nucleotides (aptamers) are potentially well suited
for targeting motile objects through the binding of different components on the cell surface such as
proteins, polysaccharides, or flagella [21], given the examples in literature such as an aptamer-based Au
NP biosensor for the detection of flu viruses [22], aptamer-conjugated NPs for the delivery of paclitaxel
to MUC1-positive tumor cells [23] and targeting prostate cancer cells within PLA-PEG-COOH NPs
aptamer bioconjugates [24].

This work reports on the joint action of aptamers and Ag@Au core shell NPs on a carbon paste
electrode (CPE) for the detection of E. coli. Up to now, only a mixture of nanomaterials instead of core
shell NPs have been used for the immobilization of aptamers [25-27]. Our electrochemical aptasensor
is based on CPE modified with different NPs such as gold nanoparticles (Au), silver nanoparticles (Ag),
hollow gold nanospheres (HGN), hollow silver nanospheres (HSN), a silver-gold core shell (Ag@Au),
a gold-silver core shell (Au@Ag), and silver/gold alloy nanoparticles (Ag/Au). A comparison of
the responses of these different NP-based aptasensors is provided. On the other hand, we report
on the development of a label-free aptasensor via direct monitoring of the electrochemical signal of
E. coli bacteria.

2. Experimental Section

Experimental details can be found in the supporting information including materials, sequence
of aptamers, bacterial strains, culture conditions, procedure for the synthesis of nanoparticles, and
preparation of the aptasensor. For the sensing of E. coli, we used an aptamer mixture (aptamer cocktail)
composed of three different DNA aptamers, as reported by Kim et al. [28,29].

3. Results and Discussion

3.1. Electrochemical Response of E. coli at Bare Electrode

Figure 1A shows the cyclic voltammograms of a bare CPE in different concentrations of E. coli
cells (CFU/mL). In microbiology, CFU (colony forming units) designates the number of viable bacteria
in a sample. No oxidation process is observed for cell concentrations lower than 107 CFU/mL. A weak
peak appears at ca +0.80 V (vs. Ag/AgCl) from a concentration of 5 x 107 CFU/mL (curve d), increasing
with increasing concentrations of E. coli (curve e and f). This irreversible oxidation peak can possibly be
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attributed to the oxidation of guanine in the bacterial cell cytoplasm to 8-oxo-guanine [30,31]. To obtain
more sensitive signals, differential pulse voltammograms (DPV) were recorded (see inset of Figure 1A).
Figure 1B illustrates the cyclic voltammograms of bare CPE in 5 x 107 CFU/mL of different
bacteria: (a) Pseudomonas aeruginosa; (b) Staphylococcus aureus; and (c) Escherichia coli. A similar process
for both other types of bacteria is observed, approximately at the same potential [31,32]. The inset of
this figure shows the DPV of a bare CPE in different bacteria solution. Accordingly, the peak around
+0.80 V in DPV was selected as a characteristic signal for monitoring of E. coli and other bacteria.
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Figure 1. (A) Cyclic voltammograms of bare CPE in (a) 0.0, (b) 10, (c) 107, (d) 5 x 107, (e) 108,
and (f) 10° CFU/mL E. coli in PBS 0.1 M pH 7.0, scan rate 100 mV-s~L; Inset: Differential pulse
voltammograms of bare CPE in different concentrations of E. coli, pulse height: 0.05 V, scan rate:
20 mV-s~ 1. (B) Cyclic voltammograms of bare CPE in 5 x 107 CFU/mL of different bacteria in PBS
0.1 M pH 7.0: (a) Pseudomonas aeruginosa, (b) Staphylococcus aureus, and (c) Escherichia coli. Inset:
Differential pulse voltammograms of bare CPE in different bacteria.

3.2. Characterization of the Nanoparticles

Figure S1 provides the overview of the different synthesized nanoparticles. They are red, deep
yellow, pale pink or yellowish red, dark reddish pink, pale yellow, blue, and dark orange for gold,
silver, a silver/gold alloy, the silver-gold core shell, the gold-silver core shell, hollow gold nanospheres,
and hollow silver nanospheres, respectively. The corresponding UV-Vis absorption spectroscopic data
are shown in Figure S2. Generally, the absorption peaks of the metallic nanoparticles are linked to
the surface plasmon resonances (SPR) absorption. The SPR effect in metallic compounds is of interest
for a variety of applications because of the large electromagnetic field enhancement that occurs in
the vicinity of the metal surface and the resonance wavelength depends on the size, shape, and local
dielectric environment of nanoparticles [33]. The absorbance wavelengths are as follows: Amax = 406,
420, 450, 525, 535, 565, and 640 nm for Ag, Au@Ag, HSN, Ag/Au, Ag@Au, Au, and HGN, respectively.
This is in agreement with the reported colors and wavelengths [6]. Usually, checking the color and Amax
is the most straightforward way to confirm the quality of the synthesized nanoparticles [34]. Figures S3
and S4 represent the SEM images and EDX analyses for all synthesized nanoparticles. As can be
seen in Figure S3, the size distribution of nanoparticles ranges from 30 to 100 nm. In the solutions
containing silver NPs, there is a higher tendency for agglomeration compared to solutions containing
gold NPs [35,36], clearly illustrated in Figure S3B, C, and E; hollow silver nanospheres, especially, form
clusters (Figure S3G). The energy dispersive X-ray analysis is used to provide elemental identification
(Figure S4) [37]. The indicative peaks for both Au and Ag elements in Figures S4C-E prove the existence
of binary nanostructures at the surface of the working electrode [8].
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3.3. Characterization of the Modified CPE

A cysteamine film is formed at the surface of CPE to capture the nanoparticles in a next step.
During successive CV scanning, the cysteamine is chemically adsorbed at the CPE via amine oxidation,
while the thiol end group is free to interact with neighboring molecules [38]. After immersing the
cysteamine-modified CPE in the nanoparticles solution, a strong interaction between either Au or Ag
nanoparticles and the thiol group present at the electrode will appear because of the inherent affinity
between sulfur and some metals like gold, silver, palladium, and copper [39].

Cyclic voltammetry was selected to determine the surface coverage of the working electrode.
The cysteamine-modified CPE, after overnight immersing in a nanoparticle solution, was washed
and CV was performed in a phosphate buffer solution (PBS) 0.1 M pH 7.0. Five successive cyclic
voltammograms were recorded without a change in the current potential readout, confirming the
stability of fixed nanoparticles at the cysteamine film during potential cycling. Hence, it acts as
a strong template for the immobilization of aptamers. The amperometric responses of a bare CPE and
a cysteamine modified CPE are shown in Figure S5.

Figure 2A illustrates the current potential behavior of a gold nanoparticles modified CPE in
PBS solution. An oxidation and reduction peak for gold can be observed at 0.96 V and 0.53 V,
respectively [40]. Also, both the CV of a bare CPE (red CV) and Cys-CPE (green CV) are shown
in this figure, acting as background curves. Figure 2B represents the current potential behavior of a
silver nanoparticles modified CPE, showing a characteristic peak for the oxidation and reduction of
silver [41]. The cyclic voltammogram of an Ag/Au alloy nanoparticles modified CPE indicates, in
Figure 2C, both the existence of Ag and Au at the surface. However, the oxidation of Ag in the alloy
starts at a less positive potential in comparison with pure Ag. Indeed, silver alloys are more active
than pure Ag and they act as an intermediate bridge to accelerate the electron transport [42].

The current potential behavior of Ag@Au-coated CPE is shown in Figure 2D. In this cyclic
voltammogram, a quasi-reversible peak (aa’) and irreversible peak (bb’) appear for silver and gold.
The peaks a (Epa =0.2 V) and a’ (Epc = 0.1V) belong to the oxidation and reduction of silver nanoparticles
(AEp =90 mV), respectively [41,43]. This sharp characteristic peak proves the existence of silver at the
surface of the working electrode. The oxidation and reduction of Au (bb’) takes place at more positive
potentials. A series of anodic peaks (b, b, and b)) correspond to intermediate steps leading to
the formation of an AuO/OH layer [44]. The cathodic peak at 0.45 V on the return scan (b) represents
the reduction of the AuO/OH layer [45]. The comparison between Ag/Au and Ag@Au-modified
CPE leads to two key observations: first, there is almost no difference in the peak potentials for the
oxidation and the reduction of gold and silver; secondly, the peak currents of the alloy modified CPE
are higher than the silver—gold core shell modified CPE. This can be explained by the position of Ag in
these two binary nanostructures. In the core shell structure, Ag is surrounded by Au as a shell, while
in the alloy structure the metal of Ag is as accessible as Au. Additionally, there is a higher tendency for
aggregation of the nanoparticles whenever silver is accessible [36]. Therefore, the amount of stabilized
particles would be increased due to silver agglomeration. The higher peak current somehow indicates
the bigger portion of these metals at the surface of the working electrode. The SEM images are in good
agreement with these observations.

Figure 2E shows the cyclic voltammogram of an Au@Ag-modified CPE. In this structure, Au
particles are covered by an Ag shell. Therefore, Ag is the outer element. As can be seen, there is
no clear peak, except the huge charging current that belongs to poly(vinylpyrrolidinone) (PVP) [46],
which is necessary to synthesize this type of core shell. Therefore, this nanostructure is not useful
for our purposes, i.e., the immobilization of aptamers. Figure 2FG depict the CV of HGN and
HSN, respectively. The positions of the oxidation and reduction peaks are similar to Au and Ag in
Figure 2A,B.
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Figure 2. Cyclic voltammograms of modified CPE with different synthesized nanoparticles in PBS
0.1 M pH 7.0, scan rate 100 mV-s . In Figure 2A, both the CV of a bare CPE and Cys-CPE are plotted
in red and green, respectively (inset: zoom of the curves). (A) Gold nanoparticles (Au); (B) silver
nanoparticles (Ag); (C) silver-gold alloy (Ag/Au); (D) silver-gold core shell (Ag@Au); (E) gold—silver
core shell (Au@Ag); (F) hollow gold nanospheres (HGN); (G) hollow silver nanospheres (HSN).

3.4. Electrochemical Detection of E. coli and the Role of AgQ@Au Nanoparticles

The whole procedure to fabricate the aptasensor is presented in Figure 3 and explained in the
experimental section of the supporting information. Briefly, after preparation of CPE, a film of
cysteamine was formed at the surface of CPE by performing cyclic voltammetry [38]. Then, it was
immersed in the nanoparticles solution overnight to form a nanotemplate at the surface of the working
electrode. For the immobilization of the aptamer, a modified CPE was soaked in the aptamer solution
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(2.5 uM, overnight). Next, the aptasensor was transferred to suspensions with different concentrations
of living bacteria (30 min) to allow binding to E. coli. Subsequently, it was gently washed and moved
to 0.1 M PBS pH 7.0 for voltammetric measurements.
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Cysteamme Self-assembling of Aptamer
nanopaltlcles
Immersmg in E.coli Electrochemlcal
w“ «é measurement
mmw\‘

‘»
7Ty

Figure 3. Schematic diagram of the procedure.

As observed in the inset of Figure 1B, the oxidation of the bacteria solution shows a representative
signal around 0.80 V, using DPV at the surface of a bare CPE. Figure 4A shows the DPVs of the
Ag@Au aptasensor in different concentrations of E. coli. There is an enhanced signal around 0.88 V
when increasing the bacteria concentration from 0.0 to 10° CFU/mL. The oxidation signal of E. coli
at the surface of a bare CPE could only be observed at concentrations higher than 5 x 10> CFU/mL
(see Figure 1A). However, the bacteria oxidation process at bare CPE occurs at less positive potential
in comparison to the aptamer-modified CPE. This small shift in the position of the potential can be
attributed to the coverage of CPE. On the other hand, the oxidation of gold happens approximately
at this potential (see Figure 2A,C,D). Therefore, we assume an overlap between these two oxidation
signals, guanine oxidation in E. coli, and gold oxidation of the nanostructures, playing a synergetic
effect in its detection. The stability of gold at the surface of the working electrode is confirmed by
successive CV scanning, as shown in Figure 2.

Figure 4B illustrates the calibration curve expressing the variation of AI (I;-Iy)/ptA vs. the
concentration of E. coli. Iy and I; belong to the DPV current of the aptasensor in PBS and E. coli,
respectively. The best performance is attributed to the Ag@Au-aptasensor and there is a linear
relationship between peak current and the concentration of E. coli to 10* CFU/mL. For higher
concentrations, the current no longer changes significantly because of the saturation of the surface [29].
The calculated LOD for this aptasensor is around 90 CFU/mL, while the reported LOD in the literature
for this aptamer cocktail is 370 CFU/mL at the surface of a gold electrode [28]. Hence, the silver-gold
core shell binary nanoparticles improve the efficiency of the aptasensor by four times.

The obtained LOD values for the alloy and the Au NPs modified aptasensor are 245 and
300 CFU/mL, respectively. So, the silver/gold alloy leads to a higher sensitivity than obtained
at the Au NPs modified electrode. A better performance for Ag@Au in comparison with the Ag/Au
alloy can be explained by the position of silver in these binary nanostructures. In the first one, silver is
covered by the gold nanoparticles, so that agglomeration of the Ag NPs cannot be initiated. In contrast,
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in the alloy structure, the silver particles are easily accessible and tend to aggregate. This phenomenon,
observed in the SEM images, limits the performance of the nanoframes. In comparison with other
nanoparticles, hollow gold nanospheres showed less effect on the efficiency of this electrochemical
aptasensor, probably due to their narrow wall [6].

In general, a better diagnostic performance of the core shell nanoparticles modified sensor can be
explained by the high surface-to-volume ratio of the assembled nanoparticles enhancing the density of
the immobilized aptamers [24]. Also, the layer of nanoparticles may work as an intervening “spacer”
matrix to keep the immobilized aptamers away from the substrate matrix in the mobile phase, resulting
in more accessible binding sites for the target [47,48]. Therefore, these nanomaterials can significantly
affect the aptasensing of E. coli.

Silver nanoparticles did not show any promising response in the aptasensor. A lower tendency of
Ag to interact with thiols, compared to Au-thiol, might cause this difference [49,50]. For this reason,
a lower amount of Ag NPs can self-assemble on the cysteamine-modified CPE and consequently fewer
aptamers are immobilized at this nanoframe. Also, Ag NPs did not oxidize in the potential range of the
bacteria. Therefore, these nanoparticles alone could not have any added value in the detection strategy.
The experiments with HSN and Au@Ag, with the silver as a cover for gold NPs, were performed and
similar results as with Ag NPs were observed. The difficulty with Au@Ag was the presence of the
surfactant in the solution of these nanoparticles. The addition of PVP and CTAB was necessary for its
synthesis, but problematic for electrochemical detection as a self-assembly monolayer is formed at the
surface of the working electrode which disturbs the signals. As shown in Figure 2E, it was not possible
to obtain a sharp signal similar to that observed for the other nanoparticles.

As a conclusion of Figure 4B, an increment in the efficiency of aptasensing is observed in the
following order: Ag < HGN < Au < Ag/Au < Ag@Au. The excellent performance of the core shells
in the series can be explained by the fact that Au NPs and Ag NPs have a different surface plasmon
band [51] and the extinction coefficient of the surface plasmon band for the Ag NPs is nearly four
times larger than for Au NPs of the same size [52]. Therefore, in the composition of Ag@Au core shells,
the physical properties of Ag nanoparticles combined with the surface chemistry of Au allows for
functionalization with an aptamer. Additionally, Ag NPs in the core decrease the resistance of electron
transfer, enhancing the sensitivity [7].

40 35 i
30 =Ag@Au +

30 % 25 = Alloy + |
< a § 20 =Au
S 315 =HGN . b

10 "Ag :
10 L] .
5 1 +
l’/"777777 iy
0 0 0 102 5x102 10° 5%x10° 104  10°
0.5 0.7 0.9 11 i Bl
E/V [E.coli] /CFU mL:
(A) (B)
20 1 ugcon 0.6 c
16 " Pseudomonas aeruginosa 3 04 a
u Staphylococcus aureus 2.5 a <
<12 "RP*Ecol 2 No.2
= <]
~ f 0
38 15 b 01 03 05 07 09
1 Z'/ k2
4 1
] c
5%102 108 5%103 0
0 2 4 6 8 10
[E.coli] / CFU mL-" Z'/kQ
© (D)

Figure 4. Cont.

54



Chemosensors 2016, 4, 16

»
o —>0

a3
4
N2
1
0
0 2 4 6 8 10 12 14
Z' | kQ
(E)

Figure 4. (A) Differential pulse voltammograms of Ag@Au aptasensor in (a) 0.0, (b) 102, (c) 5 x 102,
(d) 10°, (e) 5 x 103, (f) 10%, and (g) 10° CFU/mL E. coli in PBS 0.1 M pH 7.0; (B) calibration curve
for variation of AI (LA) vs. concentration of E. coli using modified CPE with different synthesized
nanoparticles. (C) Histogram of selectivity study for different bacteria: Escherichia coli, Pseudomonas
aeruginosa, Staphylococcus aureus, and random primer (R.P.); (D) electrochemical impedance spectra for
(a) bare CPE, (b) Cys-CPE, (c) Ag@Au-Cys-CPE, and (d) Apt-Ag@Au-Cys-CPE; (E) electrochemical
impedance spectra at Apt-Ag@Au-Cys-CPE in different concentrations of E. coli (a) 0.0, (b) 103, (c) 10%,
and (d) 10° CFU/mL in the presence of 5 mM [Fe(CN)s]>*~/4~, 0.1 M NaCl, 0.1 M PBS pH 7.0;
the concentration of aptamer is 2.5 uM.

The specificity of the aptasensor was examined for other bacterial species. Figure 4C shows the
histogram of a selectivity study for Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus
in three concentrations using the Ag@Au aptasensor. Also, in another set of experiments, a random
primer (RP) was used instead of the specific aptamer cocktail for E. coli. As seen in lower concentration
ranges (5 x 10?> CFU/mL), there was no recognition between different species. However, the detection
ability improved when increasing the concentration of bacteria. The random primer could not detect
any kind of targets, indicating the good performance of the aptamer cocktail.

Electrochemical impedance spectroscopy was selected to characterize the electrode surface in
each step of the preparation of the Ag@Au aptasensor and the detection of E. coli (Figure 4D). The EIS
measurements were performed in the presence of [Fe(CN)s]*~/4, as electroactive marker ions. As EIS
is a method of measuring the impedance value of the electrode surface, it can recognize the events
happening at the surface of the working electrode. The diameter of the semicircle in EIS represents
the electron transfer resistance, Re; therefore, the further impeding in the electron transfer, the higher
the Ret. The values of Ret for bare CPE and cysteamine-modified CPE are 7.07 kQ) (curve a) and 3.54
kQ) (curve b), respectively. The decrease in Ret after modification of CPE by cysteamine is due to the
oxidation of CPE surface during pre-treatment. Consequently, there are some positive sites at CPE
that can accelerate the negative marker ions at the surface of working electrode. After immersing
the modified CPE in the core shell solution, the Re; changes (curve ¢ = 0.10 kQ), indicating that
Ag@Au nanoparticles are chemically fixed to the cysteamine film at the surface of CPE. The Ret has
decreased due to the enhancement of the conductivity of the surface of the working electrode [38].
After immobilization of the aptamer at this nanostructure template, the Ret has increased (curve
d = 0.75 kQ)) because of the electrostatic repulsion between negatively charged DNA in the aptamer
structure and the marker ions. When E. coli bacteria (103> CFU/mL) are captured by the aptamer,
the Ret dramatically increased (Figure 4E, curve b = 8.85 k(1) because of the bulky size of the bacteria in
comparison to the aptamer, which prevents the marker ions from reaching the surface of the working
electrode [53]. Curves c and d in Figure 4E show the EIS data for different concentrations of E. coli.
As can be seen, the diameter of the semicircles increases with higher concentrations of the target.
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4. Conclusions

A qualitative investigation of NPs with different structures on the efficiency of an aptasensor for
E. coli was performed. Various NPs were synthesized and their performances were compared. In this
study, for the first time, NPs were used as a template for the immobilization of an aptamer cocktail at
the surface of a carbon paste electrode to produce an electrochemical aptasensor for E. coli. The results
showed that silver—gold core shell NPs improved the efficiency of the aptasensing of E. coli. In these
binary NPs, the silver is positioned inside the nanostructure, and surrounded by gold particles as a shell.
Therefore, the outside layer of the NPs provides a support for the covalent attachment of aptamers,
functionalized with a thiol group. The conductive silver metal as a core increases the efficiency of the
transduction of the signals. The label-free aptasensing strategy uses the intrinsic oxidation peak of
bacterial cells with an increased sensitivity for the detection of E. coli compared to the sensitivity of the
aptasensors constructed with other nanomaterials.

Supplementary Materials: Supplementary materials are available online at http://www.mdpi.com/2227-9040/
4/3/16/s1.
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Abstract: Guanine-rich nucleic acids are able to self-assemble into G-quadruplex four-stranded
secondary structures, which are found at the level of telomeric regions of chromosomes, oncogene
promoter sequences and other biologically-relevant regions of the genome. Due to their extraordinary
stiffness and biological role, G-quadruples become relevant in areas ranging from structural biology
to medicinal chemistry, supra-molecular chemistry, nanotechnology and biosensor technology.
In addition to classical methodologies, such as circular dichroism, nuclear magnetic resonance
or crystallography, electrochemical methods have been successfully used for the rapid detection
of the conformational changes from single-strand to G-quadruplex. This review presents recent
advances on the G-quadruplex electrochemical characterization and on the design and applications
of G-quadruplex electrochemical biosensors, with special emphasis on the G-quadruplex aptasensors
and hemin/G-quadruplex peroxidase-mimicking DN Azyme biosensors.

Keywords: G-quadruplex; G4; GQ; aptasensor; DNAzyme; DNA electrochemical biosensor

1. Introduction

DNA sequences rich in guanine (G) bases are able to self-assemble into four-stranded secondary
structures called G-quadruplexes (G4 or GQ), (Scheme 1). The G4s are formed by G-quartet building
blocks, which are planar associations of four G bases, held together by eight Hoogsteen hydrogen
bonds (Scheme 1B). The G-quartets are stacked on top of each other, stabilized by -t hydrophobic
interactions and by monovalent cations, such as K* and Na*, which are coordinated to the lone pairs
of electrons of O6 in each G.

The G4 structures are very polymorphic, being classified according to the number of strands
(monomer, dimer or tetramer, Scheme 1C), according to strand polarity (i.e., the relative arrangement
of adjacent strands in parallel or antiparallel orientations), glycosidic torsion angle (anti or syn) and
the orientation of the connecting loops (lateral, diagonal or both) [1-4]. Different G4 topologies have
been observed by nuclear magnetic resonance (NMR) or crystallography, either as native structures or
complexed with small molecules [5].

The G4 sequences are found in chromosomes’ telomeric regions, oncogene promoter sequences,
RNA 5-untranslated regions (5'-UTR) and other biologically-relevant regions of the genome, where
they may influence the gene metabolism process and also participate in other important biological
processes, e.g., DNA replication, transcriptional regulation and genome stability [1-14]. Moreover, G4
formation has been associated with a number of diseases, such as cancer, HIV and diabetes [3,5]. Due to
their extraordinary stiffness and biological role, G4s become relevant in areas ranging from structural
biology to medicinal chemistry, supra-molecular chemistry, nanotechnology and biosensor technology.
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Scheme 1. (A) Chemical structure of the guanine (G) base; (B) G-quartet and (C) G-quadruplex (G4);
the cations that stabilize the G4s are shown as red balls. Adapted from [14] with permission.

The G4 structures have emerged as a new class of cancer-specific molecular targets for anticancer
drugs, since the G4 stabilization by small organic molecules can lead to telomerase inhibition and
telomere dysfunction in cancer cells [2,15,16]. The G-rich oligonucleotides (ODNSs) are also able to
self-organize in G4-based two-dimensional networks and long nanowires, relevant for nanotechnology
applications [17,18]; therefore, the assembly of G4 nanostructures and devices has been extensively
revised in the literature [2,3,5,6,19].

The G4 structures were studied using different experimental techniques, such as molecular
absorption, circular dichroism, molecular fluorescence, mass spectrometry, NMR, surface plasmon
resonance, crystallography or atomic force microscopy (AFM) [20-23]. The electrochemical research
on DNA is of great relevance to explain many biological mechanisms, and the nucleic acids redox
behavior and adsorption processes have been studied for a long time [24-31], but only recently started
to be used for the detection of G4 configurations [19,31,32].

Aptamers are a special class of small synthetic oligonucleotides able to form secondary and tertiary
structures, larger than small molecule drugs, but smaller than antibodies, with the advantage of being
highly specific in binding to small molecules, proteins, nucleic acids and even cells and tissues [33-36].
The aptamers bind to the targets by a lock and key mode, and the name “aptamer” is from the Latin
word aptus, meaning “to fit” [36]. Among them, short aptamers that adopt G4 configurations received
increased attention, and the electrochemical sensing devices based on G4 nucleic acid aptamers are
highly selective and sensitive, fast, accurate, compact, portable and inexpensive.

In this review, recent advances on the G4 structure in nucleic acid electrochemistry and the design
and applications of the G4 electrochemical biosensors that use redox labels as amplification strategies,
i.e., the G4 electrochemical aptasensors and the hemin/G4 HRP-mimicking DNAzyme electrochemical
biosensors, will be presented.
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2. G4 Electrochemistry

The first report on the electrochemical oxidation of G4 structures concerned the investigation of
two, thrombin-binding aptamer (TBA) sequences, 15-mer d(G,T,G,TGTG,T>2Gy) (Scheme 2A) and
19-mer d(G3ToG3TGT3T2G3) (Scheme 2B), using differential pulse (DP) voltammetry at a glassy carbon
electrode (GCE) [32,37]. The different adsorption patterns of the TBA sequences observed by AFM
onto highly oriented pyrolytic graphite (HOPG) were correlated with their voltammetric behavior in
the presence/absence of K* ions. In Na*-containing solutions, the oxidation of both TBA sequences
showed one anodic peak corresponding to the oxidation of G residues in the TBA single strands. The G
oxidation occurred at the Cg-H position, in a two-step mechanism involving the total loss of four
electrons and four protons. Upon the addition of K*, both sequences folded into G4 structures, causing
the decrease of the G oxidation peak current and the occurrence of a new G4 peak at a higher potential,
due to the oxidation of G residues in the G4 configuration. In the absence of K* ions, in only Na*
ion-containing solutions, G4 formation also occurred, but was much slower.

Scheme 2. Unimolecular antiparallel G4 structures formed by the thrombin binding aptamers
(TBA): (A) d(GTrGTGTG,T2Gy) and (B) d(G3TrG3TGT3T,G3); (C) thrombin tertiary structure.
Adapted from [38] with permission.

The decrease of the G oxidation peak current was due to a decrease in the number of free
G residues in single-stranded TBA, and the increase of the G4 oxidation peak current was due to
an increased number of G4 structures that were more difficult to oxidize. The adsorption of TBA in
a G4 conformation, as rod-like-shaped aggregates, was observed by AFM [32,37].

The 10-mer ODNSs that contain blocks of 8-10 G residues, d(G)yg, d(TGg) and d(TGgT), form
parallel tetra-molecular G4s (Scheme 1C, right) and were investigated by AFM and DP voltammetry.
The influence of the ODN sequence and concentration, pH (Figure 1), the presence of monovalent
cations, Na* vs. K* (Figure 2A,C), and incubation time (Figure 2B,C) was determined [19,32,39,40].
The formation of G4 structures and higher-order nanostructures, due to the presence of a long
contiguous G region, and the influence of the thymine residues at the 5 and 3’ molecular ends
in d(TGy) and d(TGgT) were clarified. DP voltammetry allowed the detection of the single strands’
association into G4s and G-based nanostructures, in freshly-prepared solutions, at concentrations
10-times lower than usually detected using other techniques currently employed to study the formation
of G4s.
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Figure 1. d(G)jo sequence G4 formation pH dependence at (A,C) pH = 7.0 and (B,D) pH = 4.5:
(A,B) AFM images of 0.3 uM d(G)10 spontaneously adsorbed onto HOPG; and (C,D) bioelectrocatalyzed
voltammograms baseline corrected of 3.0 uM d(G);g after (==) 0 h, (=) 24 h, (E, eee) 72 h, (F, u@s)
5 days and (E, mas) 14 days of incubation. Adapted from [39] with permission.
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Figure 2. Incubation time and K* ion concentration dependence on the G4 formation of the d(G)jg
sequence; (A,B) DP voltammograms baseline corrected for d(G)1o: (A) in the absence of K* ions at
(n@n) O h, (e00) 24 h, (mum) 48 h and (==) 14 days of incubation and in the presence of 1 mM K* ions at
(wmm) 0 h and (==) 24 h of incubation; (B) in the absence (eee) and in the presence of (==, left) 100 uM,
(nmm) 5 MM, (=) 100 mM, (s@=) 200 mM, (eee) 500 mM and (==, right) 1 M K* ions, 0 h of incubation;
(C) AFM images of d(G)jp in the absence/presence of different K* ion concentrations and different
incubation times. Adapted from [40] with permission.
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Single-stranded ODNs were observed only in Na* ion solutions at short incubation times and
were detected in AFM as thin polymeric structures and in DP voltammetry by the occurrence of only
the G oxidation peak. The G4 structures were formed very slowly in Na* ions, after a long incubation
time, faster in K* ions, after a short incubation time, and were detected by AFM as spherical aggregates
and by DP voltammetry by the decrease of the G oxidation peak current and the occurrence/increase
of the G4 oxidation peak current, as well as a shift to positive potentials, in a K* ion concentration-
and in a time-dependent manner. The presence of K* ions strongly stabilizes and accelerates the G4
formation. For increased d(G);g concentrations, long G-nanowires were formed, demonstrating the
potential of G-rich DNA sequences as a scaffold for nanotechnological applications [19,32,39,40].

The Tetrahymena telomeric repeat sequence d(TG4T) forms parallel-stranded tetra-molecular G4s
in the presence of Na* and K* ions and is considered to be a simple model for biologically-relevant G4s.
It has also provided high resolution structural data on drug-DNA interactions. The transformation
of the d(TG4T) from single-stranded into G4 configurations, influenced by the Na* and K* ion
concentration, was successfully detected using AFM on HOPG and DP voltammetry at GCE
(Figures 3 and 4) [41]. The d(TG4T) in a G4 conformation self-assembled very quickly in K* ion
solutions and slowly in Na* ion solutions. The optimum K* ion concentration for the G4 structure
formation of d(TG4T) was similar to the intracellular K* ion concentration of healthy cells. In the
presence of Na* ions, d(TG4T) also formed short nanowires and nanostructured films that were never
observed in K* ion-containing solution, suggesting that the rapid formation of stable G4s in the
presence of K* is relevant for the good function of cells.

Figure 3. AFM images of d(TG4T) in the presence of K* ions, after (A) 0 h; (B) 48 h and (C) 7 days of
incubation. Adapted from [41] with permission.
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Figure 4. Incubation time and K* ion concentration dependence on the G4 formation of d(TG4T).
DP voltammograms baseline corrected for d(TG4T), after (A) 0 h and (B) seven days of incubation;
(A, ee0) in the absence of K* ions and (A,B) in the presence of (=) 100 pM, (snn) 100 mM, (m==) 200 mM
and (==m) 1 M K* ions. Adapted from [41] with permission.
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Synthetic polynucleotides poly(dG) and poly(G) are widely used as models to determine the
interaction of drugs with G-rich segments of DNA. AFM and DP voltammetry showed that, at low
incubation times, short G4 regions were formed along the poly(G) single-strands, while low adsorption
large poly(G) aggregates in a G4 conformation were formed after high incubation times in the presence
of either Na* or K™ monovalent ions (Figure 5) [42]. The DP voltammetry in freshly-prepared poly(G)
solutions showed only the G oxidation peak, due to the oxidation of G residues in the poly(G) single
strand. Increasing the incubation time, the G oxidation peak current decreased; the peak disappeared;
and the G4 oxidation peak in the poly(G) in a G4 conformation appeared, at a higher oxidation
potential, depending on the incubation time, presenting a maximum after 10 days of incubation and
reaching a steady current after ~17 days of incubation.

E F
Figure 5. Poly(G) in the presence of K* ions: (A-C) AFM images, after: (A) 0 h, (B) 24 h and (C) 21 days
of incubation; (D) DP voltammograms baseline corrected, after: (smm) 0 h, (==) 24 h, (s==) 10 days
and (==) 21 days of incubation; (E-G) Schematic representation of the poly(G) adsorption process:

(E) poly(G) single strand, (F) poly(G) single strand with short G4 regions and (G) poly(G) single strand
with larger G4 regions. Adapted from [42] with permission.

The interaction between the TBA sequences d(GTrGTGTG,ToGs) and d(G3ToG3TGT3T2Gs)
and the serine protease thrombin (Scheme 2) was determined successfully by AFM and voltammetry,
taking into account the thrombin interaction with TBA primary and secondary structures, as well
as the thrombin folding in the presence of alkaline metals [32,38]. In the interaction, the TBA single
strands coiled around thrombin, leading to the formation of a robust TBA-thrombin complex that
maintained the thrombin symmetry and conformation, which resulted in the thrombin oxidation
peaks, within the TBA-thrombin complex, occurring at more positive potentials, than in free thrombin.
In the presence of K*, the TBA sequences were folded into a G4 conformation, which facilitated the
interaction with thrombin. The TBA-thrombin complexes adsorbed on the carbon electrode with the
TBA in contact with the surface and the thrombin on top, far from the surface; thus, the thrombin
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molecule was less accessible to oxidation, also leading to the occurrence of the thrombin oxidation
peaks at more positive potentials.

A large number of potent G4-binding ligands, which stabilize or promote G4 formation, has been
described. Especially at the chromosomes’ telomeric regions, the telomeric DNA is able to form G4
structures; therefore, the G4 ligands prevent the G4s from unwinding and opening the telomeric ends
to telomerase, thus indirectly targeting the telomerase and inhibiting its catalytic activity.

A number of acridine derivatives have been specifically synthesized with the purpose of increasing
binding affinity and selectivity for human telomeric G4 sequences found in chromosomes’ telomeric
regions, e.g., BRACO-19 [43] and RHPS4. More recently, a new series of triazole-linked acridine ligands,
e.g., GL15 and GL7 [44], with enhanced selectivity for human telomeric G4s binding versus duplex
DNA binding, have been designed, synthetized and evaluated.

The interactions of the GL15 triazole-acridine conjugate with the short-length Tetrahymena
telomeric DNA repeat sequence d(TG4T) and with the long chain poly(G) sequence, at the
single-molecule level, by AFM and DP voltammetry, were investigated [45]. GL15 interacted with both
the d(TG4T) and poly(G) sequences, in a time-dependent manner, and the influence of Na* vs. K* ions
was evaluated.

The G4 formation was detected in AFM, by the adsorption of small d(TG4T) and poly(G)
spherical aggregates, as well as large G4-based poly(G) assemblies, and the DP voltammetry
showed the decrease and disappearance of the GL15 and the G oxidation peak currents and the
appearance of the G4 oxidation peak (Figure 6). The GL15 strongly stabilized and accelerated the G4
formation in both Na* and K* ion-containing solutions, although only K* promoted the formation
of perfectly-aligned tetra-molecular G4s. The GL15-d(TG4T) complex with the G4 configuration was
discrete and approximately globular, whereas the GL15-poly(G) complex with the G4 configuration
was formed at a number of points along the length of the polynucleotide, analogous to beads on
a string.

— 0 day

----3days
--=-28 days
— 42 days

016 0?7 0:8 019 1?0 1:1
E/V (vs. Ag/AgCl)
Figure 6. GL15-d(TG4T) after different incubation times in the presence of K* ions: (A,B) AFM images

and cross-section profiles through the white dotted lines and (C) DP voltammograms baseline corrected.
Adapted from [45] with permission.
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3. G4 Electrochemical Biosensors

A DNA-electrochemical biosensor is formed by an electrode (the electrochemical transducer) with
a DNA probe immobilized on its surface (the biological recognition element) and is used to detect
DNA-binding molecules (the analyte) that interact and induce changes in the DNA structure and
electrochemical properties, which are further translated into an electrical signal [25-27,29-31,46,47].
Up to now, the G4-based electrochemical biosensors reported in the literature always used redox
labels as amplification strategies. Two important types of G4 electrochemical biosensors, the G4
electrochemical aptasensors and the hemin/G4 DNAzyme electrochemical biosensors, will be revisited.

3.1. G4 Electrochemical Aptasensors

Aptamers are DNA or RNA sequences selected in vitro that present the ability to specifically bind
amolecular target. Short aptamers that adopt G4 configurations can bind to a wide variety of molecular
targets, mainly proteins (such as thrombin, nucleolin, signal transducer and activator of transcription
STAT3, human RNase H1, protein tyrosine phosphatase Shp2, VEGE, HIV-1 integrase, HIV-1 reverse
transcriptase, HIV-1 reverse transcriptase, HIV-1 nucleocapsid protein, M. tuberculosis polyphosphate
kinase 2, sclerostin, insulin, etc.), but also some other targets (hematoporphyrin IX, hemin, ochratoxin,
potassium ions, ATP) [33-35,48,49]. Many aptamers recognize specifically different positions on the
analyte; for example, TBA recognizes the fibrinogen and heparin binding sites of thrombin.

The first G4 electrochemical aptasensors used TBA sequences and gold electrodes as electrochemical
transducers, the aptamers’ attachment being achieved using an amine or a thiol functionalization [50-52],
or the affinity of biotin to avidin, streptavidin or neutravidin [53]. Depending on the assay format, two
main G4 electrochemical aptasensor categories can be depicted, the sandwich-type aptasensors (also
named dual-site binding) and the structure switching-based aptasensors (single-site binding) [54,55].

3.1.1. Sandwich-Type G4 Electrochemical Aptasensor

The aptamer—analyte-aptamer sandwich-type G4 electrochemical aptasensor (Scheme 3A) is
composed by two aptamer layers, the first aptamer layer being immobilized on the electrode and used
for capturing the analyte and the second aptamer layer being labelled and used for the electrochemical
detection. The first aptamer was generally immobilized onto gold via a thiol [56-60] and, more
recently, magnetic beads [61,62]. The labels of the second aptamer were either redox molecules,
nanocomposites [60], nanoparticles [57,63], quantum dots [58,59] or enzymes, with catalytic activity
that transformed the substrate into an electroactive product [56,64,65].

A LABEL B C

LABEL

APTAMER LABEL

ANTIBODY

ANALYTE
ANALYTE

APTAMER
APTAMER
ANALYTE
APTAMER
ANTIBODY
[ ] ]

APTAMER-ANALYTE-APTAMER ANTIBODY-ANALYTE APTAMER-ANALYTE
—-APTAMER —ANTIBODY

Scheme 3. Sandwich-type G4 electrochemical aptasensors: (A) aptamer—analyte—aptamer sandwich;
the first aptamer is used for binding the analyte to the electrode, and the second labelled aptamer is
used for detection; (B) antibody—analyte-aptamer sandwich; the analyte is bound to the surface via
an antibody, and a labelled aptamer is used for detection; (C) aptamer—analyte—antibody sandwich; the
analyte is bound to the surface via an aptamer, and a labelled antibody is used for detection. Adapted
from [19] with permission.
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The first G4 electrochemical aptasensor reported presented an aptamer-analyte-aptamer
sandwich-type format, being developed for thrombin detection [64,65]. The sensor was built up by two
aptamers, the first aptamer immobilized onto the gold electrode for capturing the thrombin onto it and
the second one, a glucose dehydrogenase (GDH)-labelled anti-thrombin aptamer. The current increase
generated by the electroactive product of the enzyme reaction was observed, and >10 nM thrombin
were detected selectively. This approach proved for the first time that aptamers can be successfully
employed in sandwich-type sensing devices, instead of and with advantages over antibodies.

Employing platinum nanoparticle labels as catalysts for the reduction of HyO, to a TBA /thrombin
complex allowed the amplified electrocatalytic detection of thrombin with a 1 nM detection limit [57].

In another report, gold nanoparticles” functionalization of the second aptamer improved the
thrombin detection sensitivity, showing a 0.02 nM detection limit, with a 0.05-18 nM linear range [63].

The use of cadmium sulfide quantum dot labels of the secondary aptamer allowed thrombin
detection with a 0.14 nM detection limit, corresponding to 28 fmol of analyte [58], while in another
similar approach, thrombin determination in human serum showed a detection limit as low as
1 pM [59].

Using a more complex design, based on conductive graphene-3,4,9,10-perylenetetracarboxylic
dianhydride nanocomposites as a sensor platform and PtCo nanochains-thionine-Pt-horseradish
peroxidase-labelled secondary TBA for signal amplification, thrombin was detected at a linear range
from 1071°-10~° M and a 6.5 x 10716 M detection limit [60].

In another approach, an aptamer-analyte-aptamer sandwich-type G4 electrochemical aptasensor
was based on enzymatic labelling of the second aptamer with glucose dehydrogenase (GDH),
measuring the electric current generated by the glucose oxidation catalyzed by GDH and selectively
detecting 1 uM of thrombin [64].

Apart from the aptamer—analyte—aptamer sandwich-type G4 electrochemical aptasensor, other
design strategies were also employed. The antibody—analyte-aptamer sandwich-type aptasensor
consisted of attaching the analyte to the surface via an antibody combined with a labelled aptamer that
adopt the G4 configuration for detection (Scheme 3B). This sensor design was used to detect thrombin
at a nanogold-chitosan composite-modified GCE, linked with the aptamer via a polyclone antibody.
The electrochemical active marker used was methylene blue (MB) directly intercalated in the probing
aptamer. The sensor linear response for thrombin was in the range 1-60 nM with a 0.5 nM detection
limit [66].

The aptamer—analyte-antibody sandwich-type aptasensor consisted of attaching the analyte
to the surface via an aptamer able to form the G4 structure, the detection being performed with
a redox-labelled antibody (Scheme 3C) [67].

A sandwiched immunoassay for thrombin used a NH,-functionalized-TBA immobilized on
gold nanoparticle-doped conducting polymer nanorod electrodes and a ferrocene label bound to
an antithrombin antibody [67]. The sensor used the electrocatalytic oxidation of ascorbic acid by
the ferrocene moiety, presenting a wide dynamic range of 5-2000 ng-L~! and a low detection limit
of 5 ng-L™! (0.14 pM) and was tested in a real human serum sample for the detection of spiked
concentrations of thrombin.

3.1.2. Structure-Switching G4 Electrochemical Aptasensor

A different category of G4 electrochemical aptasensors is based on the aptamer structural
modifications upon binding the analyte from the single-stranded to the G4 configuration,
structure-switching G4 electrochemical aptasensor (Scheme 4). This strategy generally involved the
direct immobilization of the aptamer on the electrode surface, while the analyte was present in solution.
The electrochemical signal amplification was obtained by labelling the aptamer with a redox tag [68,69].
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The majority of structure-switching G4 electrochemical aptasensors were developed using gold
electrodes, although, more recently, other electrochemical transducers have been employed, such as
gold disk microelectrode arrays [70], modified platinum [71] or carbon electrodes [63,71-75].

The first report on a structure-switching G4 electrochemical aptasensor used a covalently-attached
MB-labelled TBA on a gold electrode [68,76]. The aptasensor detection type was signal-off (Scheme 4A),
i.e., in the absence of the thrombin target, the immobilized TBA remained relatively unfolded, allowing
the electron transfer from the MB label to the electrode surface, while after thrombin binding,
the formation of TBA in the G4 configuration was induced, which inhibited the electron transfer

(Figure 7A).
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Figure 7. Structure-switching G4 electrochemical aptasensor for thrombin: (A) signal off: thrombin
binding reduces the current from the MB redox tag; and (B) signal on: thrombin binding increases the
current from the MB redox tag. Reproduced from [68] with permission.
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The sensor was selective enough to detect thrombin directly in blood serum with a 20 nM thrombin
detection limit. Similar G4 electrochemical aptasensors for thrombin were developed in parallel, using
ferrocene labels [77-79]. In another design, a beacon aptamer-based biosensor for thrombin showed
a linear signal between 0 and 50.8 nM of thrombin, with a 0.999 correlation factor and an 11 nM
detection limit [80].

A bifunctional aptamer-based electrochemical biosensor for the detection of both thrombin and
adenosine was developed [81]. The TBA was first immobilized on a gold electrode, and then, it was
hybridized with an adenosine aptamer and labelled with MB. In the presence of thrombin or adenosine,
the aptamer bonded to thrombin or to adenosine instead of MB, and the decrease of the MB peak
current was related to the concentration of either thrombin or adenosine. The sensor showed a 3 nM
thrombin and a 10 nM adenosine detection limit.

A signal-on structure-switching G4 electrochemical aptasensor (Scheme 4B) was described [82],
with a short MB-tagged oligonucleotide hybridized with both the thrombin-binding portion of the
TBA and the DNA sequence linking the aptamer to the electrode. The thrombin binding induced
the structural modification of the TBA in a G4 configuration, liberating the 5 end of the tagged
oligonucleotide to produce a flexible, single-stranded sequence, which allowed the MB tag to react at
the electrode surface, increasing the reduction peak current (Figure 7B). Comparing to the signal-off
structure-switching G4 electrochemical aptasensors previously described [68,76], the signal-on
aptasensor design achieved a current increase of ~ 300% with a saturated target and a 3 nM detection
limit [82].

Apart from MB, other redox labels have also been employed. Among them, ferrocene [72,83-89] and
Ru(NH3)6]** [75,90] were very popular, especially for the construction of impedimetric aptasensors.

An impedimetric aptasensor for thrombin detection was described, based on different TBA
sequences directly immobilized on the gold electrode and using phosphoramidite synthons for a strong
thiolate anchoring of the aptamer and high flexibility [83]. In the presence of the [Fe(CN)g P~/
redox probe, the impedimetric aptasensor exhibited high sensitivity, specificity and stability and
a3l ng-mL_1 (80 pmol/L) thrombin detection limit.

A signal-on G4 electrochemical aptasensor based on co-immobilization of MP-11 and thiol
ferrocene-labeled anti-thrombin aptamer, the interaction being detected via a microperoxidase-mediated
electron transfer between the ferrocene and the gold electrode surface, was described [84]. The system
showed a very high sensitivity of 30 fM using electrochemical impedance spectroscopy. Another
impedimetric aptasensor for thrombin, based on a layer-by-layer polyamidoamine dendrimer-modified
gold electrode [91], showed in the presence of the reversible [Fe(CN)s]*~/4~ redox couple a linear
relationship with the concentrations of thrombin in the range of 1-50 nM and a 0.01 nM detection limit.

More recently, a signal-on electrochemical aptasensor based on target-induced split aptamer
fragments’ conjunction was described [86]. The new design used TBA splinted into two fragments, one
attached to the gold electrode and the second one modified with ferrocene, the association of thrombin
inducing the association of the two fragments, thus increasing the concentration of ferrocene at the
electrode surface. The signal-on electrochemical aptasensor showed a linear range of 0.8-15 nM and
a 0.2 nM detection limit.

Another procedure used to improve the sensitivity of the G4 electrochemical aptasensors for
the detection of thrombin used an amplification strategy based on the electrochemical active-inactive
switch between monomer/dimer forms of carminic acid (CA). The CA was electroactive, while the CA
dimers were electrochemically inactive [92]. With magnetic enrichment, the sensor showed a 42.4 pM
detection limit.

Nanoparticle-based materials, including gold [63,73], platinum [57] and Fe3O4 nanoparticles [93]
and quantum dot-coated silica nanospheres [94], were also used as signal amplification strategies
for ultrasensitive electrochemical aptasensing. For example, an electrochemical aptasensor based on
gold nanoparticles showed a linear range of 0.05-18 nM and a 0.02 nM detection limit [63], while
another one based on Fe3O4-nanoparticles [93] showed a linear response for thrombin in the range of
1.0-75nM and a 0.1 nM detection limit.
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Based on the aptamer conformational change in the presence of K* cations, different
electrochemical aptasensors have been developed for selective potassium recognition. The formation
of a G4 structure in the presence of K* ions was detected by monitoring the changes on the electron
transfer between redox labels and the electrode surface [95-97] or by detecting the changes on the
interfacial electron transfer resistance [98]. The same strategy for specific recognition of other metal
ions, such as Tb%*, was used [99].

Taking advantage of the ability of thrombin to catalyze the hydrolysis of the peptide
(-Ala-Gly-Arg-nitroaniline) to nitroaniline, thrombin was electrochemically detected, by quantifying
the nitroaniline reaction product [56].

A different strategy for G4 electrochemical aptasensors used catalysts, such as horseradish
peroxidase (HRP) [56,100]. In a simple approach, TBA was non-specifically immobilized on the
electrode surface, and thrombin was detected using the HRP label, allowing a 3.5 nM detection limit,
sufficient for clinical diagnostic of metastatic lung cancer, where the concentration of thrombin level
detected was 5.4 nM [56].

An impedimetric biosensor based on a DNA aptamer specific to ochratoxin A (OTA) covalently
immobilized onto a mixed Langmuir-Blodgett monolayer composed of polyaniline-stearic acid and
deposited on indium tin oxide (ITO)-coated glass plates showed a 0.24 nM detection limit [85].
The system was further improved [87], showing a detection limit comparable to that of the HPLC
method (0.12 nM), and was validated in food samples. Another design for the OTA detection proposed
the use of a long polyethylene glycol spacer chain, which led to the formation of long tunnels at the
surface of screen-printed carbon electrodes, with aptamers acting as gates. The aptamer changed
configuration after OTA binding, and the peak current decreased [88].

In a different approach, OTA was detected at a G4 electrochemical aptasensor that used a hairpin
anti-OTA aptamer and site-specific DNA cleavage of Taqal restriction endonuclease, as well as
a streptavidin-HRP tag, being able to detect as low as 0.4 pg/mL OTA with ultrahigh selectivity [100].

3.2. Hemin/G4 DNAzyme Electrochemical Biosensor

Hemin/G4 DNAzyme is an artificial catalytically-active DNA molecule (DNAzyme) that
is composed of DNA in the G4 configuration with intercalated hemin molecules. Hemin is
an iron-containing porphyrin, whose peroxidase activity increases in the presence of DNA, facilitating
the redox reaction between H,O, and a target molecule (the substrate, e.g., 3355 -tetramethylbenzidine,
hydroquinone or ferrocene methyl alcohol), which results in the appearance of an oxidized target
molecule (the electroactive product), that is electrochemically detected (Scheme 5).

HEMIN/G-QUADRUPLEX

HO target

22
HEMIN < <
HO

2 targetox

Scheme 5. Hemin/G4 peroxidase-mimicking DNAzyme electrochemical biosensor. Adapted from [19]
with permission.

Hemin/G4 DNAzyme electrochemical biosensors represent nowadays one of the most popular

building assays of G4-based electrochemical biosensors [101]. The most common strategy consists of
the modification of the electrode by a hairpin nucleic acid oligonucleotide that contains two sequences,
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a sequence capable of forming a G4 structure that binds the hemin, used as the amplification strategy,
and an aptamer able to specifically bind the analyte, which might form or not a G4 structure. In the
presence of the analyte and hemin, the hairpin structures are opened, the hemin/G4 structures are
formed on the electrode surface, while the analyte binds to the aptamer.

Since the first report on using hemin/G4 DNAzyme as the electrocatalytic label for amplifying
sensing events [102], this approach attracted increasing interest in biosensor [103,104] and biofuel cell
technologies [105]. In comparison with protein peroxidases, the hemin/G4 peroxidase-mimicking
DNAzymes have several advantages, such as high chemical stability, low cost and simple
synthesis. Hemin/G4 DNAzyme electrochemical biosensors were successfully used for the detection
of cells [106,107], proteins [108-110] or low molecular weight molecules, such as adenosine
monophosphate (AMP) [102,111,112], anticancer drugs [113], gaseous ligands [114], toxins [115,116],
pollutant agents [117,118] or metal ions [119,120].

Later on, more complicated amplification strategies were developed to improve the sensitivity of
the hemin/G4 DNAzyme HRP-mimicking activity, such as dual-amplification [121], background noise
reduction [122] or autocatalytic target recycling strategies [123].

The glucose oxidase activity was followed by a hemin/G4 DNAzyme electrochemical biosensor,
by attaching the enzyme to the electrode surface through the nucleic acid sequence able to form G4s
in the presence of hemin [102,124]. Then, the glucose oxidase mediated the glucose oxidation to
gluconic acid and H,O,, and the resulting H,O, was analyzed through its electrocatalyzed reduction
by the DNAzyme.

Another electrochemical sensing strategy, based on the G4 DNAzyme for the detection of both
adenosines and hydrogen peroxide from cancer cells, was developed [112], which detected the flux of
H,0; released from cells with high sensitivity and showed a 0.1 nM detection limit for ATP.

A hemin/G4 DNAzyme-based impedimetric biosensor was used to detect the environmental
metabolite 2-hydroxyfluorene (2-HOFlu) [117], using the hemin /G4 HRP-like activity to catalyze the
oxidation of 2-HOFlu by H,O,, with a 1.2 nM detection limit in water and a 3.6 nM detection limit in
spiked lake water samples. The assay was also selective over other fluorene derivatives.

A sandwich-type electrochemical aptamer cytosensor for the detection of HepG2 cells was
used [106]. On the first approach, the sensor was built up by self-assembling thiolated TLS11a aptamers
on the surface of gold electrodes and a G4/hemin/aptamer and HRP-modified gold nanoparticles.
The sensor detection range was from 102-107 cells-mL~! and had a 30 cells:mL~! low detection limit.

The system was improved by self-assembling the TLS11a aptamers with gold nanoparticles
(AuNPs) on the surface of GCE [107]. Hybrid Fe3O04/MnO, /Au@Pd nanoelectrocatalysts, hemin/G4
HRP-mimicking DNAzymes and the natural HRP enzyme efficiently amplified the electrochemical
signal through catalyzing the oxidation of hydroquinone (HQ) by H>O,. This cytosensor provided
a better 15 cells-mL~! detection limit, good specificity and stability.

In a different approach, the hemin/G4 DNAzyme electrochemical biosensors took advantage of
the hemin/G4 acting both as an NADH oxidase, assisting the oxidation of NADH to NAD* together
with the generation of H,O, in the presence of dissolved O,, as well as a hemin/G4 DNAzyme to
bioelectrocatalyze the reduction of the produced HO;. Initially, this approach was used for the
detection of thrombin [125-127]. More recently, the Pebrine disease-related Nosema bombycis spore
wall protein was detected, using the amplification of hemin/G4 DNAzyme functionalized with Pt@Pd
nanowires, the electrochemical immunosensor exhibiting a linear range from 0.001-100 ng-mL~! and
a 0.24 pg-mL~! detection limit [128].

A DNAzyme that simultaneously served as an NADH oxidase and HRP-mimicking DNAzyme
was developed to detect mercury ions (Hg?*) [129], with the dynamic concentration range spanning
from 1.0 ng L~!-10 mg-.L~! Hg?* and a 0.5 ng'L~! (2.5 pM) detection limit, also demonstrating
an excellent selectivity against other interferent metal ions.

A pseudo triple-enzyme cascade electrocatalytic electrochemical aptasensor for the determination of
thrombin, using the amplification of an alcohol dehydrogenase (ADH)-Pt-Pd nanowire bionanocomposite
and a hemin/G4 structure that simultaneously acted as NADH oxidase and HRP-mimicking DNAzyme,
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was developed [130]. The ADH immobilized on the Pt-Pd nanowires catalyzed the ethanol present in the
electrolyte into acetaldehyde, accompanied by NAD* being converted to NADH. Then, the hemin/G4
firstly served as NADH oxidase, converting the produced NADH to NAD", then the hemin/G4 acting
as the HRP-mimicking DNAzyme bioelectrocatalyzed the produced H,O;. In this way, a concentration
linear range from 0.2 pM-20 nM with a low 0.067 pM detection limit for thrombin was obtained.

Another strategy for thrombin detection consisted of using porous platinum nanotubes (PtNTs)
labelled with hemin/G4 and GDH [131]. Coupling with GDH and hemin/G4 as NADH oxidase and
HRP-mimicking DNAzyme, the cascade signal amplification allowed the detection limit of thrombin
down to the 0.15 pM level.

4. Conclusions

The detailed knowledge of G4 formation mechanism, at the surface of electrochemical transducers,
is of utmost importance for the design and fabrication of G4-based electrochemical aptasensors, with
applications in nanotechnology and biosensor technology. The voltammetric techniques in combination
with AFM were successfully employed to study the transformation of single-strand sequences into
the G4 configuration or G4-based nanostructures, in freshly-prepared solutions, for concentrations
10-times lower than usually detected by other techniques, such as UV absorbance, circular dichroism
or electrospray mass spectroscopy.

The key features of the G4 conformation in nucleic acid electrochemistry and their application
in G4 electrochemical biosensors that use redox labels as amplification strategies, i.e., the G4
electrochemical aptasensors and the hemin /G4 HRP-mimicking DNAzyme electrochemical biosensors,
were revised.
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Abstract: Aptasensors based on stripping voltammetry exhibit several advantages, such as high
sensitivity and multi-target detection from stripping voltammetric technology, and high selectivity
from the specific binding of apamers with targets. This review comprehensively discusses the
recent accomplishments in signal amplification strategies based on nanomaterials, such as metal
nanoparticles, semiconductor nanoparticles, and nanocomposite materials, which are detected
by stripping voltammetry after suitable dissolution. Focus will be put in discussing multiple
amplification strategies that are widely applied in aptasensors for small biomolecules, proteins,
disease markers, and cancer cells.

Keywords: aptasensors; stripping voltammetry; aptamer; signal amplification

1. Introduction

1.1. Electrochemical Aptasensors

Biosensors are the devices used to detect the presence of a target by using a biological recognition
element in direct spatial contact with a transducer; when transduction is electrochemical we talk
of electrochemical biosensors [1-3]. The key point for biosensor performance is molecular-specific
recognition. Nowadays, recognition elements include receptors, enzymes, antibodies, nucleic acids,
molecular imprints, etc. Aptamers are nucleic acids (DNA or RNA strands) that selectively bind
to low-molecular-weight organic or inorganic molecules, macromolecules, such as proteins, and
even tumor markers and cancer cells [4,5]. Aptamers are selected from a combinatorial library
of synthetic nucleic acids by SELEX (systematic evolution of ligands by exponential enrichment)
technology [6-8]. Generally SELEX consists in repeated binding, selection, and amplification of
aptamers from the initial, synthetic combinatorial library of nucleic acids until one (or more) aptamer(s)
with the desired characteristics has been isolated. SELEX procedure starts with generating nearly
10'#-10'% random nucleic acid sequences. These random nucleic acids are chemically synthesized
and amplified with polymerase chain reaction (PCR). Then the nucleic acid library is incubated with
the target. The targets are often immobilized onto a solid-state matrix, such as a gel or a column,
so that DNA or RNA strands having affinity to the target molecule can be captured. Next, the
target-bound nucleic acids are separated from the unbound strands in the pool, and then the bound
DNA or RNA strands are eluted from the target and amplified via PCR to seed a new pool of
nucleic acids enriched with sequences that have higher affinity to the target. The next round of
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the selection process is usually performed under more stringent conditions (such as lower target
concentration and shorter time for binding). After nearly 10-20 rounds of the selection processes,
the nucleic acids with the highest affinity to the target molecule can be obtained [9-11]. The specific
binding and high affinity constants of aptamers towards their substrates are comparable to the
binding constants of antibodies to antigens. In comparison with antibodies, aptamers exhibit many
advantages. For example, they are designed in vitro without the need of an animal host and are
lacking immunogenicity. Once selected, aptamers can be readily produced with high reproducibility
and purity by chemical synthesis. More importantly, aptasensors can be used in a wide variety of
sample matrixes, including non-physiological buffers and temperature conditions that would cause
denaturation of typical antibodies [12]. Owing to the above advantages, many different aptasensors,
such as fluorescent [13], colorimetric [14], electrochemical [4,15], and electrochemiluminescent [16-19]
approaches have been developed to date. It covers nearly all biosensing strategies.

Electrochemical aptasensors are attractive since they require low-cost portable instrumentation
and allow one to perform high-throughput, multi-analyte, and on-site analysis [4,20]. Therefore,
electrochemical aptasensors have been extensively applied in analysis of small biomolecules
(e.g., adenosine and ATP [21,22], cocaine [23,24]), proteins [25-27], disease pathogens [28-30], and
cancer cells [29,31,32]. Some metal ions, such as As(III) [33] or Pb(II) [34,35], can also be detected
using suitable aptasensors obtained by the SELEX procedure. In the past decades, many strategies to
enhance the response of the aptasensor on the basis of electrochemical signals have been developed.
Different functional nanomaterials were employed such as metal nanoparticles [36], semiconductor
nanoparticles [26,37,38], magnetic nanoparticles [39], polymeric nanoparticles [31], carbon-based
nanomaterials [40], and nanocomposite materials [22,41,42] in order to meet the growing demands
for ultrasensitive detection [43]. Additionally, other multiple amplification strategies, such as PCR,
strand-displacement amplification (SDA), hybridization chain reaction (HCR) amplification, rolling
circle amplification (RCA), and cyclic target-induced primer extension (CTIPE), are also utilized to
improve the sensitivity of electrochemical aptasensors [23,27,44,45].

1.2. Electrochemical Stripping Voltammetry

Stripping voltammetry is a unique voltammetric method for quantitative detection. It includes
two main steps: (i) an accumulation step, whose role is to concentrate analytes at the sensor surface;
and (ii) a detection step during which the reverse reaction of the first step occurs. Thanks to the
preconcentration step, stripping voltammetry shows higher sensitivity than direct methods, such as
cyclic voltammery, linear sweep voltammetry, or chronoamperometry [46-49]. Stripping voltammetry
can be used to detect nanoparticles/nanomaterials which are often used to enhance the sensitivity
of aptasensing. In these cases, the nanomaterials bound to the target or probe or electrode are first
dissolved in acid solutions (such as HNO3 and HCI) to release ions (such as Ag*, Pb?*, Cd?*, Cu?*)
which are, afterwards, detected by stripping voltammetry. The roles of the nanomaterial are: (i) to
give electrochemical signals by stripping analysis of the dissolved metals; (ii) to modify the surface
of the electrode for making much sensitive electrochemical transducers; and (iii) to immobilize
capturing probes [50]. Nowadays, mercury-based electrodes are scarcely used since Hg is recognized
as a toxic material. Many alternative electrodes, such as carbon electrodes, gold electrodes, silver
electrodes, iridium electrodes, and bismuth electrodes, have been studied for applications in stripping
voltammetry. We found an alternative dioctyl phthalate-based carbon paste electrode for stripping
voltammetry in 2012 [51]. It exhibits an extremely wide cathodic potential range and even higher
hydrogen evolution overpotential than bismuth electrodes. Kokkinos and his group reported a novel
microfabricated tin biosensor for stripping voltammetric analysis of DNA and prostate-specific antigen
(PSA) in 2013 [37]. They found that a microfabricated tin electrode works better than electroplated
mercury-film or bismuth-film electrodes on glassy carbon in electrochemical stripping analysis of DNA
and PSA. These significantly promote the development of stripping voltammetry.
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Nowadays, anodic, cathodic, and adsorptive stripping voltammetries are recognized as election
techniques for trace electroanalysis of heavy metal ions, such as Pb%*, Cd?*, Fe®*, Co?*, Mn?*,
Zn?*, As>* / As>*, and Sb>* [52-58]. Anodic striping voltammetry is an effective approach to achieve
multiple-detection of heavy metals simultaneously. Square wave and differential pulse stripping
voltammetric techniques have obviously higher sensitivity than linear stripping voltammetry [25,59-61].
Stripping voltammetry has been successfully combined with aptasensing to develop electrochemical
biosensors suitable to detect small biomolecules such as adenosine triphosphate (ATP) [61], drugs,
such as kanamycin [62], proteins, such as thrombin [63], and cancer and tumor markers; however,
further studies are required to improve and optimize the analytical performances and to widen
the applications.

Herein, we focus on the combination of aptamer and stripping voltammetry technology to
give a mini-review of the most recent developments on electrochemical aptasensors based on
stripping voltammetry.

2. Aptasensor Based on Stripping Voltammetry

2.1. Aptasensors for Simultaneous Detection of Small Biomolecules

The development of biosensor for sensitive and selective determination of important small
biomolecules, such as ATP, cocaine, and adenosine, has been extensively studied for several decades.
Quite a number of biosensors can only measure a single analyte. However, the simultaneous
detection of several analytes is desirable in many cases (e.g., diagnosis and environmental analysis).
Aptasensors based on stripping analysis are a sensitive method for multiplex analysis. For example,
Yuan and his group designed an electrochemical strategy for “signal on” and sensitive one-spot
simultaneous detection of multiple analytes, such as ATP and cocaine, using two quantum dot (QD)
labels [64]. It is a traditional sandwiched strategy, but it involves the self-assembly of two types of
thiol-modified primary target-binding aptamers, ATP binding aptamer (ABA) and cocaine binding
aptamer (CBA;) on the gold substrate (Figure 1). These two aptamers contribute to the specific binding
of its corresponding target ATP and cocaine, respectively. After simultaneous addition of ATP and
cocaine as well as their corresponding QD-conjugated secondary binding aptamers (PbS-ABA; and
CdS-CBA;), ATP and cocaine form a stable sandwiched complex with a QD-conjugated secondary
aptamer and primary binding aptamer. This leads to different square wave stripping voltammetric
signals via the measurement of released Pb?* and Cd?* after an acid dissolution process, enabling
simultaneous and sensitive detection of ATP and cocaine due to the inherent amplification feature of
the QD labels and the “signal on” detection scheme.
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Figure 1. Scheme of one-spot simultaneous detection of two small molecules ATP and cocaine on the
basis of square wave stripping voltammetry [64].
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Compared with a single nanoparticle electrochemical label, nanocomposites allow better
signal amplification strategies. Zhang and his group utilized QDs-AuNPs nanocomposite labels
in simultaneous detection of adenosine and thrombin. The strategy involved a thiol-modified
dual-aptamer DNA consisting of both an adenosine aptamer and thrombin aptamer (Figure 2) [22].
The thiol-modified dual-aptamer DNA was immobilized on the Au electrode surface via an Au-S
bond. CdS QDs-AuNPs with a reporter DNA complementary to the adenosine aptamer and PbS
QDs-AuNPs with a reporter DNA complementary to the thrombin aptamer were used for the detection
of adenosine and thrombin by Cd?* and Pd?*, respectively. In the absence of adenosine and thrombin,
CdS QDs-AuNPs were brought to the surface of electrode via DNA hybridization, resulting in a strong
Cd stripping peak. When adenosine and thrombin were added, the aptamer could bind tightly and
specifically to adenosine and form a tertiary complex. CdS QDs-AuNPs were removed from the surface
of electrode because of stronger interaction of adenosine with its aptamer, and PbS QDs-AuNPs were
attached to the surface of electrode due to the formation of the sandwich-type structure between
thrombin and its two aptamers. As a result, Cd stripping peaks decrease with increasing adenosine
concentrations and the Pb stripping peak increases with increasing thrombin concentrations, which
allows simultaneous detection of adenosine and thrombin. This strategy of barcode QD tags for
simultaneous detection of multiple small molecular analytes supplies an attractive route for screening
of small molecules in clinical diagnosis.
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Figure 2. Scheme of the sensing interface for simultaneous detection of adenosine and thrombin via
anodic stripping voltammetry [22].

These stripping voltammetric strategies mentioned above belong to the direct analysis of small
biomolecules. The backfilling strategy belongs to an indirect analysis. Yuan and his group developed
a multi-analyte aptasensor through a backfilling strategy for simultaneous detection of ATP and
lysozyme using aptamer/nanoparticle bioconjugates as labels [21]. In this backfilling strategy, CdS
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QDs and PbS QDs are firstly tagged with different DNA sequences, which are complementary with
an ATP aptamer and a lysozyme aptamer, respectively (Figure 3). If no ATP and lysozyme exist,
duplexes and 6-mercapto-1-hexanol are blocked on the gold substrate. After the addition of ATP and
lysozyme, tertiary aptamer/targets are formed and released from the gold substrate. At this time,
CdS QDs and PbS QDs tagged with different DNA are added and form backfilling hybridization
with thiol-modified DNAs on the gold substrate. This achieves simultaneous detection of ATP and
lysozyme by measuring the enhanced square-wave voltammetric stripping signals of the Pb>* and Cd?*.
This aptamer /nanoparticle-based backfilling strategy can improve the sensitivity via the signal-on
protocol compared with common target-induced displacement or conformational change signal-off
configuration. It opens opportunities for multiplexed clinical diagnosis of different molecules with
distinct sizes.
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Figure 3. Scheme of the aptamer/nanoparticle-based backfilling protocol for simultaneous detection of
lysozyme and ATP [21].

2.2. Aptasensors for Proteins

In bioassays, antibodies have been widely used in the analysis of clinical biofluid specimen,
such as urine and blood [50,65,66]. However, antibodies are not stable and may lose activity easily.
Aptamers are alternatives to antibodies for bioassays. They can specifically bind to a variety of target
molecules, such as proteins [36,39,67,68], drugs [62], small biomolecules [21,22], and cells [28,31,43,69].

In protein aptasensor research area, thrombin is a typical protein model investigated by many
researchers. Several works on protein aptasensors based on stripping voltammetry have been
reported [26,63,70-73]. Usually only one type of nanoparticles, such as QDs, are used as labels
for stripping voltammetric analysis of thrombin [73] but, compared with a single nanoparticle,
nanocomposite materials can obviously achieve signal amplification. Lin and his group reported
a novel electrochemical aptasensor for the determination of protein thrombin by anodic stripping
voltammetric analysis of Cd?* using ssDNA-labeled CdS NPs-AuNPs in 2010 [26]. In their strategy,
the first step is to obtain detection probe. Linker DNA ssDNA-labeled CdS nanoparticles (NPs) is
conjugated with AuNPs through one thrombin-related aptamer. Then, the sandwich type is formed
after the addition of target thrombin via another aptamer modified on the surface of gold electrode.
In this work, AuNPs and ssDNA-labeled CdS NPs conjugate served not only as a target recognition
probe for thrombin, but also as a tool of amplification. Numerous ssDNA-labeled CdS NPs were linked
with AuNPs, which enhanced the Cd?* stripping signals. Therefore, it achieved the determination
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of thrombin in the linear range of 1.0 x 1071% to 1.0 x 10~ M with a low detection limit of 0.55 fM.
This aptasensor was also confirmed to be able to distinguish the target thrombin from the interferents.
Xu and his group also utilized nanocomposite cadmium sulfide nanoparticles (CdS NPs) functionalized
with colloidal carbon particles (CPs) in an analysis of thrombin in 2011 [63]. The sandwich-type
assay of thrombin was developed by in situ growing of abundant CdS NPs on the surfaces of
monodisperse carbon particles (CdS/CPs) via square wave stripping voltammetric signals of the
released Cd?*. Both of these two works utilized nanocomposite materials as signal amplification
strategy. Additionally, Shumyantseva and his group developed two similar label-free stripping
voltammetric analyses of thrombin, respectively using Au* stripping signals 2008 [71] and using Ag™*
stripping signals in 2010 [72]. As shown in Figure 4 [72], a screen-printed electrode (SPE) modified
with AgNPs served as the sensing platform and the oxidation of AgNPs (Ag’—Ag") upon polarization
(+100 mV) supplied the detection signals for the proposed aptasensor. Aptamers were immobilized
onto the surface of SPE modified with AgNP via an S-Ag bond. In the presence of thrombin, the
anodic Ag* stripping peak was decreased. This direct detection strategy is label-free, simple, and fast,
and can be extended to other analytes or biorecognition elements.
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Figure 4. Scheme of label-free anodic stripping voltammetric detection of thrombin based on the
oxidation of silver upon polarization by the determination of AgNPs surface status [72].

Wang and his group took advantage of the signal amplification effect of the labeled CdS NPs with
the assistance of target protein-induced strand displacement and developed a sensitive electrochemical
aptasensor for thrombin (Figure 5) [68]. In this electrochemical aptasensor for thrombin, a single DNA
labeled with CdS nanoparticles was used as a detection probe. In the presence of thrombin, the aptamer
in the dsDNA preferred to form a G quarter structure with thrombin releasing one single strand in
the dsDNA sequence. In the G quarter structure, multiple guanines are organized around thrombin
in a four-stranded structure. After the addition of the CdS NPs labeled probe, the concentration of
thrombin is related to the amount of the captured CdS nanoparticles. After dissolving CdS particles,
the released Cd?* is determined by adsorptive stripping voltammeries and this amount is related to
the thrombin concentration, allowing reaching a detection limit for the protein of 4.3 x 1073 mol/L.

Xu and his group utilized AgNPs/graphene nanocomposite materials for the analysis of the
protein human immunoglobulin E (IgE) [42]. IgE plays an important role in allergic reactions
and other related diseases. Like other aptasensor of protein, a sandwich-type strategy was used.
However, the detection probe was a streptavidin-functionalized AgNPs/graphene hybrid linked
with biotinylated anti-human IgE antibody. Meanwhile, thiol-tagged IgE aptamer was used as the
capture probe. Owing to specific binding between the aptamer with IgE and the antibody with IgE,
a sandwich-type aptasensor for IgE was developed by a square wave anodic stripping voltammetric
signal from AgNPs/graphene nanocomposite materials. The high-loading ability of graphene for
AgNPs, combined with the unique electrical properties of graphene, contributed to the low detection
limit. It brought a dynamic range for IgE detection from 10 to 1000 ng/mL with a low detection limit
of 3.6 ng/mL. Furthermore, it is also a portable, simple, and inexpensive electrochemical biosensor for
IgE since a disposable screen printed electrode was used as a sensing platform.
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Figure 5. Scheme of the electrochemical aptasensor of thrombin based on target protein-induced strand
displacement using signal amplification of CdS NPs [68].

Silver staining is commonly used as a signal amplification strategy for detection methods based
on nanomaterial labels [41,66]. Xie and his group used gold label/silver staining in detection of
immunoglobulin G (IgG) with the low detection limit of 0.2 fg/mL [66]. In their strategy, silver ions
can be stained solely on the surface of catalytic AuNPs through chemical reduction of silver cations by
hydroquinone. A beforehand “potential control” in air, and then an injection of HNOj for dissolution
of the stained silver, enables rapid cathodic preconcentration of atomic silver onto the electrode surface
for anodic stripping voltammetry measurement of silver ions.

SPE is an appropriate electrode for clinical diagnosis because it can satisfy highly sensitive
and reproducible determination of target analytes, and meets the requirement for performing rapid
in situ analyses. Combining the advantages of SPE and those of electrochemical array technology,
SPE array technology shows great advantages in multi-analytes measurements. It has been used in
various analytical methods, such as heavy metal ion detection, enzymatic biosensors, immunosensors,
and DNA sensors [74,75]. Xu and his group further developed a multiplied protein aptasensor
for platelet-derived growth factor (PDGF-BB) and thrombin by constructing a SPE array chip
screen-printed electrode array in 2014 [25]. A sandwich-type strategy was utilized and an aptamer was
tagged with DNA-functionalized AgNPs aggregate (Figure 6A). It gave an amplified differential pulse
stripping voltammetry signal compared to the signal-labeled tag. Different aptamers for PDGF-BB and
thrombin were chosen to construct multiplied-protein detection using a SPE array chip (Figure 6B).
The novel SPE array chip achieved a wide linear range and low limit of detection in analysis of
PDGF-BB and thrombin.
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Figure 6. Scheme of (A) differential pulse stripping voltammetry detection and (B) multiplexed
detection of PDGF-BB and thrombin [25].
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2.3. Aptasensors for Cancer Cells and Diseases

Determining the extent of disease and planning appropriate therapies are essential for cancer
treatment at an early stage. A tumor marker is a substance abnormally expressed in response to
cancer. Different tumor markers can indicate different types of cancers with altered disease processes.
Breast cancer is a kind of cancer mainly occurring in the inner lining of the milk ducts or lobules with
different spread, aggressiveness, and genetic makeup. It has become the second most common type of
cancer after lung cancer, and the fifth common cause of cancer death [69]. Li and his group developed
a sensitive electrochemical aptasensor for the analysis of MCE-7 breast cancer cells by simultaneously
detecting two tumor markers, human mucin-1 (MUC1) and carcinoembryonic antigen (CEA), on the
surface of MCF-7 breast cancer cells in 2010 [69]. In their strategy, MCF-7 breast cancer cells were firstly
recognized by its aptamer immobilized on the surface of a gold electrode. Another tumor marker, CEA,
was subsequently captured by CdS nanoparticles (CdS NPs)-labeled anti-CEA. It achieved breast cancer
cell analysis by anodic stripping voltammetric signals of Cd*. It efficiently improved the accuracy
of the detection and avoidance of false-positive results due to low specificity. Similarly, B. Shim and
his group developed an ultrasensitive and selective electrochemical diagnosis of breast cancer marker
(HER2) and HER2-overexpressing breast cancer (SK-BR-3) on the basis of a hydrazine-Au NP-aptamer
bioconjugate in 2013 [41]. Human epidermal growth factor receptor 2 (HER2) is a key prognostic
marker and an effective therapeutic treatment target for breast cancer because it can be over-expressed
in 10%—-25% of breast cancers. In this strategy (Figure 7), anti-HER2 immobilized on the surface of an
electrode was used to recognize breast cancer (SK-BR-3). 2,5-bis(2-thienyl)-1H-pyrrole-1-(p-benzoic
acid) was self-assembled on AuNPs and the hydrazine-AuNP-aptamer bioconjugate was used as
a detection probe. During the detection process, the anti-HER2-immobilized probe, HER2, or SK-BR-3
breast cancer cells, and Hyd-AuNP-Apt bioconjugate form a sandwich-type structure. In order to
achieve ultrasensitive analysis of breast cancer, the silver-stained signal amplification was used.
The silver ion is selectively reduced by hydrazine. The deposited silver is analyzed via square wave
stripping voltammetry. This was the first report about the analysis of breast cancer cells utilizing
selective silver stain through interaction with the Hyd-AuNP-Apt bioconjugate. Differently, Zhu and
his group developed a competitive electrochemical sensor for anodic stripping voltammetric detection
of breast cancer by using aptamer-quantum dots conjugates (Apt-QDs) [76]. Amino modified aptamers,
which can specifically recognize MUC1 on the surface breast cancer cells, are firstly captured by the
thiolated complementary DNA (cDNA) anchored on the gold electrode surface. Then Apt-QDs are
formed through the interaction of amino groups with carboxyl groups in QDs. In the presence of breast
cancer cells, MUC1 protein could compete with cDNA to conjugate with Apt-QDs conjugates. It leads
to the decrease in the number of QDs retained at the electrode. After dissolving the remaining QDs,
the concentration of the obtained metal species is detected via anodic stripping and the concentration
of breast cancer cells is detected. The competitive electrochemical method is a good way to avoid false
positive signals.

In addition to breast cancer, acute leukemia is the most common pediatric malignancy and
remains the leading cause of disease-related mortality in children and adolescents. Zhu and his
group developed an aptamer-based competition strategy for ultrasensitive electrochemical detection of
leukemia cells (Figure 8) [77]. CCRF-CEM acute leukemia cells were chosen as model cells. The strategy
was based on a dual signal amplification based on Fe304 magnetic nanoparticles (MNPs) carrying
AuNPs and AuNP-catalyzed silver, which realized both as an electrosensor and cytosensor for target
cells. An aptamer was designed to bind specifically to target cells. A partial cDNA was used to match
the aptamer sequence. To fabricate the cytosensor, AuNPs loaded on Fe30, MNPs were prepared.
Fe304 MNPs acted as both the separation tool and the strong nanocarriers for loading AuNPs and
AuNP-catalyzed Ag deposition, which achieved signal amplification for the detection. After the
addition of target cells, they could compete efficiently with conjugated cDNA to bind specifically
with its aptamers. Therefore, the number of Fe304 MNPs carrying AuNPs and AgNPs retained
at the electrode were decreased. The dissolved Ag*, which was related with the number of target
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cells, were measured via square wave stripping voltammetry. The combination of the competitive,
hybridization-based, and square wave anodic stripping voltammetric sensing platform supplies
leukemia detection with high sensitivity, good specificity, desirable reproducibility, and acceptable
stability. It exhibits great clinical value in the early diagnosis and prognosis of leukemia.
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Figure 7. Scheme of square wave stripping voltammetric detection of tumor marker (human epidermal
growth factor receptor 2, HER2) and HER2-overexpressing breast cancer (SK-BR-3) [41].
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Figure 8. Scheme of competition strategy for ultrasensitive electrochemical detection of leukemia

cells using dual-signal amplification based on Fe304, MNPs carrying AuNPs and AuNP-catalyzed
silver [77].
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Zhu and his group developed both electrochemical aptasensor and cytosensor for selective
and ultrasensitive detection of cancer cells using aptamer-DNA concatamer quantum dot probes
by fabricating an supersandwich structure (Figure 9) in 2013 [78]. DNA concatamers are linear
polymeric structures formed by self-association of short DNA fragments through specific interactions.
The proposed supersandwich structure combined with numerous CdS QDs achieves significant signal
amplifications in aptasensors for cancer cells with the low detection limit of 50 cells/mL.
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Figure 9.  Procedures for (A) the fabrication of aptamer-DNA-concatamer-QDs probes,
(B) MWCNTs@polydopamine(PDA)@AuNPs composites. and (C) a supersandwich aptasensor for
cancer cells [78].

Multiple amplification strategies include PCR, SDA, HCR, RCA, etc. [43-45,79]. RCA is a simple
and powerful isothermal enzymatic process. A short DNA or RNA primer is elongated to form
a long, single-stranded DNA or RNA, assisted by a circular DNA template and unique DNA or RNA
polymerases [80]. Since the RCA product contains thousands of tandem repeats that are complementary
to the circular template, it leads to effective signal readout approaches, which are crucial to achieve
various analytical purposes. Just owing to the advantages of high speed, efficiency, and specificity, RCA
has been widely applied for signal amplification in analysis of DNA, protein, metal ions, and diseased
cells. Ding and his group reported a cascade signal amplification strategy for ultrasensitive detection
of cancer cell Ramos cells via combining RCA technique in 2012 [31]. In their strategy (Figure 10),
NHy-modified probe DNA and NH;-modified primer DNA were immobilized on the surface of
carboxyl-coated polystyrene microspheres (PSMs) to form a bio-bar code probe. The probe DNA
firstly hybridized partly with the Ramos cell aptamer modified on magnetic beads (MBs) to construct
a magnetic biocomplex. Carboxyl-coated MBs acted as the separation tool and the immobilization
matrix. When the RCA reaction was started, a large quantity of signal DNA tagged with CdS NPs
was added to the mixture. In this way, a long, single-stranded DNA which contains numerous
tandem-repeat sequences was synthesized. At the same time, a large number of CdS-DNA probes for
enhanced recognition were periodically assembled. But the double helixes between PSMs and MBs
conjugate were opened due to much stronger binding of aptamer to Ramos cells than that of ordinary
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double-stranded DNA. Therefore Ramos cell were separated by magnetic separation procedure and the
released Cd?* form separated CdS-DNA probes was measured through anodic stripping voltammetry.
This electrochemical aptasensor for cancer cells exhibited high sensitivity and specificity with the
detection limits of 10 Ramos cells/mL.

Frobeﬂll‘ \{
S “’7\

@&*M¥M MMMON“‘““’% L Q"""”’
ssananara o2

Signal DNA modified
NP

wn.n cds
= = = = = \/~. ,?g
— s dh o = =Y = = =
Coll
&)

<

e Wio N I T T
\_) i "’7 AR Eloctrochemical
detoction

\/\ QA LA LA AR AR EIV

Figure 10. Scheme of aptasensor for cancer cells via anodic stripping voltammetry [31].

Jiang and his group combined the RCA reaction with poly(thymine)-templated copper
nanoparticles (Cu NPs) for cascade signal amplification in ultrasensitive and highly-selective
electrochemical analysis of prostate cancer biomarker PSA in 2016 [32]. DNA-templated metal
nanoparticles, such as DNA-templated silver nanoclusters and DNA-templated Cu NPs, as novel-type
emerging signal reporters have attracted increasing interest in biosensors owing to their advantages,
including low toxicity, good biocompatibility, excellent optical properties, and facile integration
with DNA-based recognition and signal amplification strategies. Though DNA-templated Cu NPs
have been employed for the detection of small molecules, enzyme activity, nucleic acids, and metal
ions, this was the first time of applying poly(thymine) repeats for a poly(thymine)-templated Cu
NPs in electrochemical aptasensor of cancer markers. As shown in Figure 11, the RCA product
contained thousands of poly(thymine) repeats which were used to synthesize DNA-templated Cu
NPs. Once one PSA existed, one primer-AuNP-aptamer would be immobilized on the well and,
subsequently, thousands of poly(thymine) sequences would be generated from RCA. It led to the
synthesis of numerous DNA-templated Cu NPs and brought enhanced stripping voltammetric signals
of released Cu?*. It was a successful attempt at the ultrasensitive detection of PSA with a remarkable
detection limit of 0.020 fg/mL for DNA-templated Cu NPs applied in cascade signal amplification.

In addition to cancer, some diseases also attract great attention. Staphylococcus aureus (S. aureus),
one of the most important human pathogens, can cause different kinds of illnesses, from minor
skin infections to life threatening diseases [28,81]. Abbaspour and his group reported a sensitive
and highly-selective sandwich-type electrochemical detection of S. aureus using dual aptamers [28].
The primary aptamer was immobilized on the surface of MBs and the secondary aptamer, conjugated
to AgNDPs, acted as signal reporters to provide electrochemical stripping voltammetry characteristics.
After fast magnetic separation, S. aureus was determined by Ag* released via differential pulse
anodic stripping voltammetric measurement. It is a characteristic aptasensor for disease analysis,
combining magnetic separation and AgNPs-based signal amplification technology. Zhang and his

91



Chemosensors 2016, 4, 12

group developed a novel method for the determination of sulfate-reducing bacteria with the low
detection limit of 1.8 x 10? cfu/mL) by combining a graphene oxide sheet-amplified assay and
silver enhancement technology in 2011 [40]. They utilized graphene oxide sheets as promoters for
silver reduction into AgNPs by hydroquinone. It is a good example of silver stained-based stripping
voltammetry by utilizing the intrinsic catalytic property of graphene oxide sheets.
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Figure 11. Scheme of rolling circle amplification for stripping voltammetric analysis of prostate cancer
biomarker PSA [32].

3. Conclusions

In this article, a mini-review about the most recent developments in the field of aptasensors based
on stripping voltammetry is presented. In order to improve the sensitivity of aptasensors nanomaterials,
such as metal nanoparticles, semiconductor nanoparticles, and nanocomposite materials, were
employed. They can give electrochemical signals by stripping analysis of the dissolved metals, modify
the surface of the electrode to construct more sensitive electrochemical transducers, or immobilize
capturing probes. Multiple amplifications, such as RCA, are also powerful strategies to improve the
sensitivity of aptasensors. Moreover, some alternative electrodes, such as bismuth electrodes, tin
electrodes, and even screen-printed electrodes, were employed by researchers. All of these will greatly
promote the development of aptasensors on the basis of stripping voltammetry in single-target and
multi-target analysis of small biomolecules, proteins, disease markers, and cancer cells.
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The following abbreviations are used in this manuscript:

ABA ATP binding aptamer

Apt-QDs aptamer-quantum dots conjugates
ATP adenosine triphosphate

CBA cocaine binding aptamer
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cDNA complementary DNA

CEA carcinoembryonic antigen

CPs colloidal carbon particles

CTIPE cyclic target-induced primer extension
HCR hybridization chain reaction

HER2 breast cancer marker

IgE human immunoglobulin E

IgG immunoglobulin G

MBs magnetic beads

MCEF-7 The number of one type of breast cancer cells
MNPs magnetic nanoparticles

MUC1 human mucin-1

PCR polymerase chain reaction

PDGEF-BB platelet-derived growth factor

PSMs polystyrene microspheres

PSA prostate-specific antigen

QD quantum dot

RCA rolling circle amplification

S. aureus Staphylococcus aureus

SDA strand-displacement amplification
SELEX systematic evolution of ligands by exponential enrichment
SK-BR-3 HER2-overexpressing breast cancer
SPE screen-printed electrode
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Abstract: Protein analysis and quantification are required daily by thousands of laboratories
worldwide for activities ranging from protein characterization to clinical diagnostics. Multiple factors
have to be considered when selecting the best detection and quantification assay, including the
amount of protein available, its concentration, the presence of interfering molecules, as well as costs
and rapidity. This is also the case for lysozyme, a 14.3-kDa protein ubiquitously present in many
organisms, that has been identified with a variety of functions: antibacterial activity, a biomarker of
several serious medical conditions, a potential allergen in foods or a model of amyloid-type protein
aggregation. Since the design of the first lysozyme aptamer in 2001, lysozyme became one of the
most intensively-investigated biological target analytes for the design of novel biosensing concepts,
particularly with regards to electrochemical aptasensors. In this review, we discuss the state of the
art of aptamer-based electrochemical sensing of lysozyme, with emphasis on sensing in serum and
real samples.

Keywords: lysozyme; aptamers; surface modification; electrochemical methods

1. Introduction

1.1. Properties of Lysozyme and Its Importance for Daily Life

Discovered by Laschtschenko in 1909 [1] and named by Fleming in 1922 [2], lysozyme is
aremarkable protein. Also called muramidase or peptidoglycan N-acetylmuramoyl-hydrolase, lysozyme
is a ubiquitous enzyme (EC 3.2.1.17) present in various organisms [3-5], where it plays a vital role
(Figure 1). Next to some of its physico-chemical features, such as a high isoelectric point of 10-11,
a positive charge at neutral pH, excellent heat stability and stability in acid media [3], its antibacterial
activity plays an important role in the defense system in the human body [6], lysozyme being suggestively
called the body’s own antibiotic.

Lysozyme was also the first enzyme whose tridimensional structure was solved [7], showing
a globular structure with dimensions of 4.5 x 3.0 x 0.3 nm and a relatively small molecular weight
of approximately 14.3 kDa (human lysozyme is 14.6 kDa). It is found as a single polypeptide chain
consisting of 129-130 amino acid residues, in which lysine is the N-end amino acid and leucine the
C-end one. All of this together has made lysozyme a good model to study enzyme catalysis, protein
structure and interactions [8-11] or amyloid-fibrillation formation [12-14]. Lysozyme from hen egg
has become also a model protein for the pharmaceutical industry when it comes to the development of
new drug delivery systems or the design of innovative treatment strategies [15-17] (Figure 1).
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Figure 1. The relevance of lysozyme for protein science, medicine and industrial applications.

A rich and easily available source of lysozyme is the egg white of birds. In the hen egg white,
lysozyme accounts for 3.5% of the total egg white proteins. Hen egg lysozyme, considered as a safe
product by authorities in different countries (Austria, Australia, Belgium, Denmark, Finland, France,
Germany, Italy, Japan, Spain and the United Kingdom) with antibacterial action, has been used for many
years as a food preservative [4]. A major commercial use of lysozyme is in the production of some types
of hard cheese, where its addition prevents the growth of butyric bacteria [18,19]. In the wine industry,
lysozyme partially replaces sulfites and is added at doses of 250-500 mg/L to inhibit malolactic
fermentation and to stabilize the wine afterwards [20,21]. Residual levels of 0.06-327 mg/L were
found in lysozyme-treated wines [22,23], while in commercial cheeses, concentrations of 30.8-386.2
mg/kg were found to be present [24]. Lysozyme has also been used as an antibacterial agent during beer
production [25], to extend the shelf-life of meat [26] and shrimp [27], as an alternative to antibiotics [28,29]
in veterinary medicine or as anti-inflammatory drug in the treatment of wounds and infections [4,30].

Despite its proven utility, lysozyme can potentially trigger allergic reactions in sensitive individuals,
even in trace amounts [21]. Consequently, appropriate labeling rules have been established by regulatory
agencies for products containing egg white lysozyme. The importance of lysozyme sensing in real
samples is furthermore associated with human lysozyme being identified as an important biomarker
for several diseases [31].

In the human body, lysozyme is indeed widely distributed in tissues and body fluids with the
lowest levels found in urine (1.7-123 ng/mL) [32] and cerebrospinal fluid (7.7-84 ug/L) [33] and the
highest in gastric juice or mothers” milk (300 mg/L) [34] and tears (1267 + 58 mg/L) [35]. In the serum
of healthy people, concentrations in the range of 0.462-2.958 mg/L have been reported [33,35].

Increased levels of lysozyme in serum are an expression of monocyte/macrophage activity [36]
and were identified in various diseases, such as AIDS [37], pulmonary tuberculosis [38], sarcoidosis [39],
rheumatoid arthritis [40] and Crohn’s disease [41]. Additionally, the concentration of lysozyme in
cerebrospinal fluid helps distinguishing between viral and bacterial meningitis, with high lysozyme
levels pointing towards bacterial meningitis [33]. Urinary lysozyme levels have become an indicator of
damage to renal tubular cells with diagnostic value in monocytic or myelomonocytic leukemia [42,43].
However, only a few reports show the sensitivity and selectivity required for sensing in real biological
samples, achieved using different signal amplification strategies [44—47].

1.2. Quantification Methods

The classical method for determining lysozyme is based on the ability of lysozyme to clear
a suspension of Micrococcus lysodeikticus cells [31]. The activity of lysozyme in promoting the
dissolution of the cell wall depends on its ability to catalyze the hydrolysis of the 3-(1,4)-glycosidic
linkage between N-acetyl-D-glucosamine in the polysaccharide component of the bacterial cell wall.
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The decrease in turbidity correlates with the lysis of the cell wall and is recorded either by the
‘lysoplate’ method or by turbidimetric assays [31]. These approaches allow the quantification of <1 ng
lysozyme. However, the evaluation of the enzymatic activity needs a strict control of temperature,
pH and ionic strength; moreover, it is time consuming. The sensitivity of this method is strongly
dependent on the assay conditions and the presence of other substances in the samples that affect
the interaction of lysozyme with the medium. More recently, we developed a novel assay to sense
lysozyme in serum using Micrococcus lysodeikticus-modified graphene oxide-coated surface plasmon
resonance (SPR) interfaces [48]. In this approach, graphene oxide (GO) is integrated onto gold interfaces
using layer-by-layer deposition of a polycationic polymer and GO. Adsorption of whole cells of
Micrococcus lysodeikticus onto GO and blocking remaining GO sites with BSA (3%) gave a reproducible
non-fouling surface for the sensing of lysozyme in serum samples. The detection mechanism is based
on a sensitive monitoring of lysozyme-dependent desorption of Micrococcus lysodeikticus cells from the
sensor surface. This desorption, together with a significant change in morphology of the bacterial cell,
causes a characteristic decrease of the SPR signal with a limit of detection of 0.05 pg- mL~1! [48].

Other methods based on the quantification of the protein amount and not its enzymatic activity
have been reported, including electrophoretic [49], chromatographic [50,51] and immunoenzymatic
methods [52]. The ELISA technique is particularly promising for its high sensitivity, high specificity
and convenience, especially for the analysis of a large number of samples [53,54] with a detection limit
around 0.2 ug lysozyme/L.

Next to these approaches, in recent years, a few aptamer-based analytical methods have been
developed towards lysozyme recognition and detection [47,55-63]. Aptamers are small single-stranded
oligonucleotides (DNA or RNA) that are selected in vitro to bind with high affinity and specificity any
selected target of choice, from small-sized, such as metal ions [64], to large ones, such as cells [65].
Since aptamers possess numerous advantages over antibodies, such as high stability, resistance to
denaturation and degradation, as well as easy modification possibilities, they have found widespread
uses for bioanalysis [56,66,67]. One of the particularities of aptamers is the fact that their affinities
are not affected by labeling, offering thus generous opportunities for protein sensor designs with
improved analytical performances.

The ionic charge of lysozyme renders the protein suitable for the specific binding to DNA aptamers.
The first publications dealing with anti-lysozyme aptamers, selected by systematic evolution of ligands
by exponential enrichment (SELEX) are from Ellington and co-workers [68-70] (Table 1). Based on
these results, Kirby et al. [70] have developed a reusable bead-based electronic tongue sensor arrays
of anti-lysozyme aptamers for the detection of proteins, where fluorescence labeling is involved.
Using capillary electrophoresis-SELEX, a new lysozyme aptamer characterized by an order of magnitude
increased affinity was selected (Table 1) [71]. Based on these new bioreceptors, electrochemical sensors
emerged as alternative devices able to offer alternative lysozyme sensing strategies. Electrochemical
biosensors represent a commercially-proven concept, capable of delivering sensitive, miniaturized
and cost-effective detection of relevant analytes. Together with thrombin, lysozyme is widely used
as a model analyte for developing new electrochemical aptasensor assays. The opportunities brought
by electrochemical aptasensors for the bioanalysis of lysozyme are discussed in this review, putting
emphasis on their use for practical applications, particularly for lysozyme analyses in serum.

Table 1. DNA sequence of different lysozyme aptamers.

DNA Sequence Kyg/nM Reference
5'-ATCAGGGCTAAAGAGTGCAGAGTTACTTAG-3 31 [68]
5’ -GGGAATGGATCCACATCTACGAATTCATCAGGGCTAAAIGAG 29+5 [70]
TGCAGAGTTACTTAGTTCACTGCAGACTTGACGAAGCTT-3
5'-GCAGCTAAGCAGGCGGCTCACAAAACCATTCGCATGCGGC-3" 2.8 +0.3 [71]
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2. Aptamer-Based Electrochemical Lysozyme Sensors

The main characteristics of the aptamers used in lysozyme biosensors are summarized in
Table 1, starting from the first examples proposed by Ellington and co-workers [68,69], followed
by Tran et al. [71]. By using electrochemical impedance spectroscopy (EIS) on screen-printed carbon
electrodes [63], it was demonstrated that the lowest detection limit and wider linear range can be
achieved using the aptamer proposed by Tran et al. [71]. More recent studies showed that using
a mixture of two aptamer sequences with different affinities allows an improved control of the
sensitivity and linear range of aptasensors [72]. Taking into account these developments, future
aptasensors should include parallel experiments with more than one aptamer sequence present on the
biosensor surface for achieving optimized sensing.

Various electrochemical aptasensors, based on different assay formats, aptamer construction
strategies and detection methods have been developed for lysozyme sensing in samples, such as egg
white, wine, saliva, urine, serum and cancer cells, as summarized in Table 2 (see also the relevant
abbreviations’ list at the end of the paper).

Table 2. Electrochemical aptasensors developed for lysozyme sensing.

Sample Material Method LoD * Linear Range Comments Reference
Direct Assays
2.5% decrease in signal after
Serum VANCNT/NA/LBA DPV 100 fM 0.1-7 pM 2 weeks at 4 °C in buffer; [73]
RSD: 2.3%

o
Au/TiO,/3D1GO/ 90% of initial signal after

Egg white DPV 5.5 pM 0.007-3.5 nM 1 month; [74]
PPy/LBA RSD: 5.45%
Egg white Au/TiO,@PPAA/LBA EIS 1.04 pM 3.5 pM-7nM - [75]
Egg white SPCE/AuNPs/LBA SWV 21 fM 0.07-3.4 pM RSD: 4.2% [60]
84% of the original signal after
Egg white Au/AuNPs/LBA EIS 0.01 pM 0.1-500 pM 1 month in buffer at 4 °C; [76]
RSD: 2.11% (1 = 3)
Stable several days stored dry
Wine SPCE/LBA1 and LBA2 EIS 25nM 0.025-0.8 uM. at4°C; [63]
RSD: <3.8%
Chickenegg  oop ) hitosan-GR/LBA EIS 6 M 001-05pM - 1771
+ saliva
Saliva + 96.5% of initial activity after
urine + Au/Cu0@rGO@PpPG DPV pM 0.1-200 nM 15 days in buffer; [78]
plasma RSD: 4.8%
Eee white + 7.7% decrease in signal after
88 GCE/THH Au NCs/APT SWV 0.1 pM 0.1 pM-10 nM storage in buffer at 4 °C for [79]
serum
23 days
PGE/chitosan-GO/ Stable 1 week at 4 °C;
N/A LBA [1] EIS 28.53 nM - RSD% = 9.6% [61]
N/A ITO/PABA/SA/LBA EIS 14 nM - - [80]
18 nM 0.06-1.4 uM
(adenine) (adenine) RSD: 5.1% (guanine) and 6.8%
N/A CPE/LBA swv 36 nM (0.11-1.4 uM (adenine) [81]
(guanine) (guanine)
N/A MWCNT-SPE/LBA EIS 862 nM - - [82]
4.55% decrease in signal after
N/A GR-GCE/LBA [2] DPV 0.08nM  0.2nM-1040nM  storage at 4 °C for 10 days; [83]
RSD: 4.23%
4.48% decrease in signal after
N/A Fe;O3-GR-GCE/LBA EIS 11.1 pM 35pM-350nM  storage at 4 °C for 10 days; [84]
RSD: 4.23%
N/A GCE/O-GNs/LBA DPv 1pM 5.0pM-0.7nM - [85]
N/A MB/LBA ** CPSA 7nM - - [86]
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Table 2. Cont.

Sample Material Method LoD * Linear Range Comments Reference

N/A Au/LBA cv - 35nM-3.5uM - [87]

7.5% decrease after 24 days at

ITO/(Fc-PEI/CNTs/ room temperature in air; 2.25%

N/A Fc-PEI/LBA)3 prv 11.8pM  13.9pM-116 nM increase after 21 days in (88]
distilled water at 4 °C
Sandwich Assay
. SPCE/LBA/Lysozyme/ Stable 2 weeks at 4 °C;
Wine B AR /SAALD DPV 43fM 5 fM-5 nM RS 55 [44]
Competitive Assays
Serum Au/CD/DLAP1 + DLAP2 DpPV 64 pM 100-1000 pM - [89]
Stable 3 weeks at 4 °C;
Serum Au/MeB-cDNA/LBA SWV 16.4 pM 0.1-100 nM RSD: <5% [90]
. 7.7% decrease after storage in
Urine Au/LBA-(DNA-Fc) SWV 0.45 nM 7-30 nM buffer at 4 °C; for 23 days [91]
84% of the original signal after
Egg white ASIG]/“\BA/TCA/AUNPS/ cv 0.1 pM 5pM-1nM one month at 4 °C; [46]
¢ RSD: <4.3% (1 = 5)
Egg white Au/cDNA/LBA LSW 1pM 1.0pM-1.1nM  RSD <4.2% (n =5) [92]
Ramos DNA machine, o
cancer cells  CdS NP-DNA /LBA ** DPASV 0.52 pM 1 pM-80 nM RSD < 6.1% (n =3) [93]
75% signal
Au/TBA and LBA/
N/A SWV - decrease for - [94]
(PbS-Lys and CdS-Thr) 0.07 M
Au/DNA1/BiDNA/ Stable for 2 weeks in distilled
N/A DNA3-AuNPs cv 0.7nM - water at 4 °C RSD: 4.6% %]
15% decrease in original
N/A Au/p-ATP-AuNPs/ SWV 0.1 pM 0.1 pM-1nM signal after 1-month in [47]
(LBA/Fc-cDNA) ;
buffer solution
N/A Au/cDNA/LBA EIS 70 pM 0.2-4.0 nM RSD: 3.7% [62]
GCE/Au/(Fc-cDNA/ . Ion and I ¢ decreased by 7.9%
N/A LBA TWJ) swv 0.2nM 0.2-100nM 0 4 18 5% after 2 weeks %6l

* A molecular weight of 14.3 kDa for lysozyme was used to convert concentration units from g/L into M; ** not
an aptasensor, but an aptamer-based assay with electrochemical detection; N/A: measurements done with
lysozyme standard solutions in buffer.

2.1. Surface Immobilization of Aptamer Ligands

The immobilization of the analyte-specific ligand on the sensing interface is a key step to achieve
selective detection [97]. The use of an efficient immobilization method is crucial to ensure adequate
stability and optimum surface coverage, however, carefully avoiding lowering the affinity of the aptamer
for its target. To ensure that Ky is not affected upon aptamer immobilization, the effective dissociation
constant of the immobilized aptamer-lysozyme complex should remain constant. For instance, in [90],
for the immobilized aptamer, a K4 value of 30 nM was measured, which compared well with that
measured in solution, namely 31 nM [68].

The immobilization strategies used for aptamers for lysozyme are the following:

1. adsorption or -7 stacking interactions between the DNA bases of the lysozyme aptamer and
graphene oxide-modified interfaces (Figure 2A) [83-85]

2. covalent linkage of the aptamer to carboxylic-acid functions present on the electrode surface
(Figure 2B) [44,63,77]

3. binding of thiolated aptamers to gold electrodes or particles (Figure 2C) [46,62,76,87,94]

4. click chemistry between azide-modified gold particles and alkyne-terminated aptamers (Figure 2D) [60]

5. electrostatic interactions between the negatively-charged phosphate backbone of the
aptamer and positively-charged materials (Figure 2E), such as polypyrrole, Fe,O3 and
ferrocene-appended poly(ethyleneimine) (Fc-PEI) in a layer-by-layer approach or amine-rich films
of plasma-polymerized propargylamine in a Cu,O@rGO@PpPG-modified gold electrode [74,78,84,88]
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6.  affinity binding based on biotin-avidin [80] or host-guest interactions [89] (Figure 2F)

7. hybridization to a partially complementary DNA strand, previously immobilized on the electrode
surface (Figure 2G) [96]
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Figure 2. Schematic illustration of different strategies for the modification of electrical interfaces
with aptamers.

For Case (1), polarization of carbon paste electrodes (CPE) at +0.5 V for 2 min [81] or
modification via drop casting with reduced graphene oxide (rGO) [83], rGO/Fe,O3 or rGO/Orange
II nanocomposites [84,85] results in interfaces with the ability to strongly interact with aptamers via
-7t stacking.

For Strategy (2), an appropriate number of carboxylic functional groups can be introduced on
the electrode surface by modification with nanocomposites of graphene oxide-chitosan [61,77], or
reduction of diazonium salts of p-aminobenzoic acid on carbon electrodes [44,63], or by attaching
vertically-aligned nitrogen-doped carbon nanotubes (VA-NCNTs) [73]. Rohrbach et al. modified
screen-printed graphite electrodes with multi-walled carbon nanotubes (MWCNTs) containing about
5% carboxylic acid groups [82]. Another strategy relied on covering a Au electrode with hollow TiO,
spheres and a film of polyacrylic acid [75], where polyacrylic acid provided the carboxyl groups for
aptamer immobilization, while the hollow TiO, spheres enabled increased surface area for higher
aptamer loading and improved electrical characteristics.

The majority of electrochemical aptasensors for lysozyme used thiolated aptamers on gold
electrode, that is following Strategy (C) [46,62,87,91,94]. To increase the aptamer loading, a popular
approach relies on modifying the electrodes with Au nanoparticles [47,76].

By using click chemistry (Strategy D), Xie et al. used AuNPs electrodeposited on screen-printed
graphite electrodes and modified with a self-assembled monolayer of 10-azidodecane-1-thiol [60],
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to form a “clickable” interface with alkyne-terminated lysozyme aptamers (see Figure 3A). Compared to
direct immobilization of thiolated aptamers on the AuNPs-coated electrode, this approach allowed
a 3.4-fold increase in the analytical signal for a concentration of 10 pg/mL lysozyme, so increasing
the sensitivity of the sensor. The higher aptamer coverage (3.3 x 10! molecules cm 2 for aptamer
“clicked” on SAM versus 2.2 x 10! molecules cm~2 for simple chemisorption of thiolated aptamer) was
claimed to be the origin of the improved performances [60]. The potential of the “clickable” interface
as generic support for an aptasensor array was further illustrated by efficient immobilization of three
different aptamers (for lysozyme, cocaine and thrombin) [60].
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(D)

Figure 3. (A) Schematic of screen-printed electrodes modified with gold nanoparticles
and subsequent surface modification (reprinted with permission from [60]); (B) schematic of
TiO, /3Dgraphene/polypyrrole aptasensor for lysozyme detection together with SEM and TEM images
of the nanocomposite (reprinted with permission from [74]); (C) surface modification of the VA-NCNT
electrode through electroreduction of 4-carboxyphenyl diazonium salt formed in situ followed by covalent
immobilization of neutravidin and interaction with the biotinylated lysozyme aptamer; (D) HRTEM
image of modified VA-NCNTs (scale bar 2 nm) [73].

More recently, electrodes modified with a TiO, /3D graphene/polypyrrole nanocomposite [74]
proved to be an interesting alternative for lysozyme sensing. The aptamer was immobilized via
a combination between 7-7 stacking interactions with 3D graphene (Figure 2A) and adsorption onto
the positively-charged polypyrrole (Figure 2E). The hollow TiO, spheres provided a large surface,
porous support for 3D-graphene and polypyrrole, acting synergistically with these two materials to
facilitate the immobilization of significant amounts of aptamer (Figure 3B).

Affinity interactions (Case F) were exploited for attaching a labeled lysozyme aptamer to
an electrode either firmly, by taking advantage of strong biotin-avidin binding (Figure 2F) or more
loosely via host-guest interactions. In the case of VA-NCNTs, a detection limit as low as 100 fM with
alinear range up to 7 pM could be achieved by first grafting 4-carboxyphenyl radicals to the VA-NCNTs
using a standard procedure involving the reduction of 4-carboxybenzenediazonium cations to generate
aryl radicals (Figure 3C), followed by neutravidin linking and integration with biotinylated lysozyme
aptamers. Interestingly, this strategy results in a functionalized layer both on the lateral sides and tip
(Figure 3D) of the carbon nanotubes, suggesting that VA-NCNTs are uniformly modified throughout
their length, which might be one of the reasons for their high sensitivity towards lysozyme.

A weaker binding between a dabcyl-labeled aptamer and a 3-cyclodextrin-modified electrode
via host-guest interactions (Figure 2G) laid the basic principle for a multiple use aptasensor, where
easy regeneration of the aptasensor surface was achieved simply by re-incubation with dabcyl-labeled
aptamer after each lysozyme measurement [89].

2.2. Electrochemical Assay Formats: Direct, Sandwich and Competitive Assays

In order to translate the lysozyme-aptamer binding event into a measurable electrochemical
signal, various techniques have been employed, including cyclic voltammetry (CV), differential pulse
voltammetry (DPV), square wave voltammetry (SWV) or electrochemical impedance spectroscopy (EIS)
using direct, sandwiched or competitive assays (Figure 4). Indeed, the formation of a lysozyme-aptamer
complex leads to changes in the electrical properties at the sensor/solution interface, which translate
into either an improvement or a hindered access of a reporter probe to the electrode surface. This is
reflected quantitatively in a change in the charge transfer resistance at the interface, which can be
determined by EIS, or a change in the magnitude of the oxidation/reduction current of the reporter
probe, measurable by voltammetric methods (Figure 4). Voltammetric methods, such as SWV or DPV,
are generally more sensitive [47]. They have also the advantage of delivering a unique “signature” of
the electroactive species used as reporters based on their oxidation/reduction potential. Provided that
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their oxidation/reduction potentials are separated enough so that their electrochemical signals can be
resolved, several electroactive labels have been used to detect multiple proteins with the same sensor.
For instance, aptasensors for dual detection of lysozyme and interferon gamma [90] or thrombin [89,94]
have been developed based on this principle.
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Figure 4. Electrochemical aptasensors’ detection schemes of lysozyme: (A) direct assay by recording the
conformational changes of surface-linked aptamers upon lysozyme binding, which results in a decrease
in electrostatically-bound Ru(NH;3)s]** detectable by CV (e.g., as illustrated in [87]); (B) formation
of the aptamer-lysozyme complex creates a barrier for the electron transfer of (Fe(CN)g]*~/3~ in
solution proportional to lysozyme concentration and detectable by EIS [63]; (C) sandwich assay for
lysozyme analysis using amplification with a lysozyme antibody labeled with alkaline phosphatase [44];
(D) competitive assay where free lysozyme in solution displaces quantum dot-tagged lysozyme,
previously bound to surface-immobilized aptamer (e.g., as illustrated in [94]).

Positively-charged ruthenium hexamine used in [87] (Figure 4A) and negatively-charged
ferricyanide are widely investigated for reporting on aptamer recognition events. Ruthenium hexamine
binds electrostatically to the negatively-charged phosphate backbone of DNA. The magnitude of the
reduction peak of [Ru(NHj3)6]%* can be used to determine the amount of surface linked aptamer [87]
and additionally can be a direct measure for lysozyme: the difference in current intensity due
to [Ru(NHj3)6]?* reduction before and after sensor incubation with lysozyme correlates with the
concentration of lysozyme in the sample. Figure 5A shows one example of the direct detection of
lysozyme on aptamer-modified interfaces using EIS [63]. The change in the electrical properties
at the sensor/solution interface was exploited for a comparison of the analytical performances of
two aptamers and quantitative detection with detection limits of 25 nM for the aptamer selected by
Tran et al. [71] and 100 nM for that reported by Cox and Ellington [68]. To assemble the aptasensors,
screen-printed graphite electrodes were modified with diazonium salts produced in situ in order to
introduce carboxylic groups on the electrode surface. Next, amine-ended aptamers were covalently
immobilized on the surface. A comparison of the aptasensors revealed that both can be applied to
lysozyme analysis in wine. However, somewhat improved sensitivity and a wider linear range were
observed using the aptamer selected by Tran ef al. [71] (linear range: 0.025-0.8 uM) with respect to the
aptamer selected by Cox and Ellington [68] (linear range: 0.1-0.8 uM).
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Figure 5. (A) Surface modification scheme and Nyquist plots for bare electrode (a), modified with
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(2 mM) [63]; (B) surface modification and DPV signal after incubation with anti-lysozyme antibody
and avidin-ALP coupling via biotin-avidin affinity for lysozyme sensing (reprint with permission
from [44]).

Although simple, practical and label-free, these aptasensors lack the required sensitivity for more
demanding applications, such as the detection of lysozyme in biological samples or of trace amounts of
lysozyme in wine. Moving forward from the above direct assay, a sandwich between the surface linked
aptamer, the captured lysozyme and a biotinylated anti-lysozyme antibody has been recently proposed
to enhance the sensitivity of the sensor (Figure 4C) [44]. Labeling the assembly with avidin-modified
alkaline phosphatase (“ALP”) and the addition of the enzyme specific substrate 1-naphtyl phosphate
(“1-NPP”) (Figure 5B) allow the indirect quantification of lysozyme, by recording the current response
upon the formation of the electrochemically-active product, 1-naphtol. This assay exhibited a detection
limit of 4.3 M [44], a substantial improvement from the limit of detection of 0.1 uM reported previously
for the direct assay by EIS [63]. This improvement was due mainly to the power of signal amplification
based on enzymatic labels, but also to the higher sensitivity of DPV compared to EIS. The gain in
sensitivity comes with a cost in complexity, price per assay and inconvenience associated with limited
enzyme stability; these should be all considered before choosing the “right” aptasensor design for
a particular application.

Next to the direct and sandwich assays, competitive detection schemes (Figure 4D) allowed
sensitive lysozyme sensing. The sensing principles applied rely on:

1. displacement of partially complementary and labeled DNA (ferrocene, AuNPs, etc.) from surface
linked lysozyme binding aptamer (LBA) by lysozyme (signal-off sensor) [46,47,91,98]

2. displacement of dabcyl and metallic NPs-labeled lysozyme binding aptamers forming
a host-guest complex with cyclodextrin in the presence of lysozyme and subsequent release
of NPs in solution [89]

3. displacement of LBA from its methylene blue-tagged DNA complex in the presence of lysozyme,
resulting in a conformational change of methylene blue-tagged DNA into a hairpin structure;
this brings methylene blue closer to the electrode surface, leading to an increase of its signal
(signal-on sensor) [90]
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4. displacement of LBA from its complex with DNA upon lysozyme addition (signal-off sensor) [46,62,95]

5. electrochemical stripping of lysozyme/quantum-dots complex [94]

6. desorption of lysozyme aptamer from rGO/Orange II-modified GCE, reversing the blocking
effect and reestablishing efficient electron transfer from graphene-adsorbed aromatic dye Orange II [85]

Competitive detection schemes are typically used with regenerable sensors, where in order
to revert to the characteristics of the original interface, the aptasensor needs simply to be
re-incubated in fresh aptamer solution at the end of each measurement [62,89]. An ingenious detection
strategy for multiple protein detection relied on immobilization of dabcyl-labeled-aptamer-modified
metal nanoparticles (DLAPs) on a 3-cyclodextrin-modified electrode by host-guest affinity [89].
Thrombin and lysozyme aptamers were labeled at the 3’ end with dabcyl, which is a typical “guest” for
the B-cyclodextrin “host”. At the 5’ end, the thrombin and lysozyme aptamers were labeled with CdS
and PbS nanoparticles, respectively. The aptamers were captured at the electrode surface by host-guest
interaction through their dabcyl label. Upon binding the target proteins, the aptamers were released
from the B-cyclodextrin-coated surface. The detection of bound proteins was done through dissolution
and electrochemical analysis of nanoparticle labels. Successful regeneration of initial aptasensing
surface was demonstrated for eight regeneration cycles with no loss in activity, simply by incubating
the sensors in 0.1 mM DLAP solution for 30 min. Moreover, the applicability of the aptasensor in the
biomedical field was demonstrated by the analysis of human serum samples.

Note that competitive assay formats are particularly useful for devising generic interfaces that
could be adapted to various analytes, allowing one to exploit generic amplification/detection schemes.
All multi-analyte detection schemes developed so far that include lysozyme detection are based on
competitive testing [89,90,94,95]. One of the most interesting approaches makes use simultaneously of
both a “signal-on” and a “signal-off’ mechanism for dual detection of lysozyme and interferon gamma
(IEN-y) [90]. The aptasensor is intended as an analytical tool in the diagnosis of acute leukemia and is
built by immobilizing on a Au electrode two reporter DNA probes, one labeled with ferrocene (Fc) and
the other one with methylene blue (MB). The Fc-probe and the MB-probe are designed to specifically
hybridize with the IFN-y and lysozyme aptamer, respectively. In the presence of target proteins IFN-y
and lysozyme, the aptamer is released from the respective DNA duplex, and the reporter probes suffer
conformational changes, leading to decreased oxidation current for Fc and increased oxidation current
for MB, according to a “signal-off” and a “signal-on” mechanism, respectively.

Sensor arrays with hybridized DNA probes allow fulfilling the requirements of high-throughput
and multi-analyte testing in the biomedical field. Consequently, starting from the aptasensors for
dual analyte detection of lysozyme and adenosine, thrombin and interferon gamma [89,90,94,95],
the development of novel sensor arrays in conjunction with competitive detection schemes can be
anticipated for the near future for the simultaneous electrochemical detection of various analytes,
including lysozyme.

2.3. Evaluation of Selectivity, Reproducibility and Storage Stability

The selectivity of the electrochemical aptasensors was proven by challenging them with
excess quantities of other proteins (e.g., bovine serum albumin, thrombin, immunoglobulin G,
hemoglobin, myoglobin, casein, cytochrome C) tested either in individual solutions or in mixtures with
lysozyme [44,46,61,74,76,77,79,82,84,89-91]. Some authors went further and proved also the selectivity
of the lysozyme aptamer sequence by performing measurements with an identical sensor in which the
aptamer was replaced by a scrambled DNA sequence [81,82,87]. For example, the current decrease in
the adenine oxidation signal, taken as the analytical signal in the aptasensor developed by Rodriguez
and Rivas [81], was only 2.7% with a scrambled sequence as compared to 87.6% for the lysozyme
aptamer [81].

Most sensor platforms reported in the literature showed a good repeatability. In a typical
example, the relative standard deviation of the determined charge transfer resistance was 4% for
six replicate measurements of 5 pug/mL lysozyme, using the same impedimetric aptasensor [80].
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Aptasensors’ reproducibility was also good as proven by an RSD of around 5% for several sensors
fabricated in parallel [80]. These results are particularly important for complex sensors involving
nanomaterials/nanocomposites and manual steps of preparation. For example, an RSD of 4.23%
(n = 6) was reported for sensors based on GCE modified with graphene/Fe,O3; and aptamer [84],
while an RSD of 5.45% (n = 10) was obtained for Au electrodes modified with a nanocomposite
of hollow titanium dioxide nanoballs, three-dimensional reduced graphene oxide and polypyrrole
(TiO, /3D-rGO/PPy) [74].

Moreover, most aptasensors reported satisfactory storage stability with less than a 16% decrease
in the analytical signal at 4 °C over 2 weeks—1 month [44,47,74,76,91]. While in some cases, sensor
development targeted single-use [63], there were a few aptasensors for which multiple regeneration
cycles were performed without affecting the magnitude of the analytical signal (less than 10%
decrease for 3-5 regenerations) [46,62,89,90]. The reproducibility, storage stability and regeneration
figures advanced in the literature for lysozyme aptasensors support their further development for
commercial applications.

2.4. Comparison of Electrochemical Lysozyme Sensors to Other Detection Schemes

To put the performance of electrochemical aptasensors for lysozyme into perspective, Table 3
summarizes the sensing characteristics of other lysozyme biosensing platforms. When compared
to all of the different electrochemical assays (Table 2), it is clear that electrochemical platforms are
complementary to optical methods, such as SPR and even MALDI-TOF analysis. Surface-enhanced
Raman spectroscopy (SERS) has currently the lowest reported detection limit, being 1 aM. The best
performing electrochemical sensor showed a detection limit of 4.3 fM [44] and is based on a sandwich
format (Figure 3C). Interestingly, DPV on GCE modified with AuNPs and an iminodiacetic acid ligand
proved to be also highly sensitive [98].

Table 3. Sensitivity of methods besides aptamer-based electrochemical ones for the detection
of lysozyme.

Detection Method Ligand Limit of Detection Reference
SPR Aptamer 0.5 nM [55]
DPV IDA-Cu complex 60 fM [98]
MALDI-TOF MS Aptamer 1nM [99]
RLS Aptamer 1pM [100]
ELISA Antibody 0.1 nM [32]
SERS Aptamer 1aM [101]
Turbidimetry Micrococcus lysodeikticus 0.13 nM [102]
HPLC-FLD - 10 nM [103]

3. Applications of Current Electrochemical Aptasensors for Lysozyme Sensing

Choosing the optimum electrochemical detection for a particular practical application requires
consideration of lysozyme levels typically encountered in the targeted type of sample, in conjunction
with aptasensor simplicity, stability and any requirement for sensor regeneration. For clinical
applications [73], testing the performance of the different sensors on real samples is of ultimate
necessity. Approximately half of the electrochemical aptasensors for lysozyme developed so far were
applied for real sample analysis (Table 2). Interestingly, all of these examples were reported in the
last five years, in line with the general trend of increased focus on applications of electrochemical
aptasensors observed, among others with aptasensors devoted to food safety. It is important to
note that the levels of lysozyme in various types of real samples vary over a wide range, which are,
however, within the detection range of aptasensors (Table 4). This proves the general applicability of
the lysozyme aptasensing concept for a variety of samples.
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Table 4. Level of lysozyme determined using electrochemical aptasensors.

Sample Analyzed Lysozyme/uM Reference
serum 0.62-0.66 [90]
serum (healthy patient) 0.22 [73]
serum (IBD patient) 0.78 [73]
saliva (3 patient samples) 5.17 [77]
urine 0.01-0.03 [91]
egg white 218 [60]
egg white 239 [77]
egg white 263 [46]

In most cases, egg white was the preferred matrix to prove the aptasensor’s real-life applicability.
Only two recent studies include the detection of lysozyme in spiked serum [89,90], while other
reports concern saliva [77], urine [91], Ramos cancer cells [93] or wine [44,63]. This is linked to
the complexity of samples: besides possible interfering compounds evaluated at an early stage
during aptasensor development in buffer solutions, other challenges encountered in real matrices
concern non-specific adsorption of sample components to the sensor surface; moreover, the high
ionic strength of some samples can affect negatively the binding between lysozyme and aptamers.
Various solutions have been devised for circumventing such problems. Efficient blocking of nonspecific
adsorption is typically performed by incubation of Au-based aptasensors with short hydroxylated
thiols, such as 6-mercapto-1-hexanol [60,87,90], while, for carbon-based interfaces, blocking with
0.1%-1% solutions of BSA [44,63,88] or IgG [81] is preferred. Moreover, a washing step with buffer
(sometimes containing 1% Tween-20, [87,95]) performed after incubation of the aptasensor with the
sample solution further alleviates problems due to non-specific binding [44,46,60]. To ensure reliable
and quantitative determination of lysozyme in real samples, the simplest approach is to dilute samples
with suitable electrolyte buffer in order to match the linear range of the aptasensor. However, this comes
at the expense of possible errors associated with huge dilution factors. For example, many authors
claimed high sensitivity for lysozyme detection, using egg white as the test sample. However, one could
note that egg white contains the highest amount of lysozyme among all samples summarized in Table 3,
namely around 240 uM (3.4 mg/mL). Considering an aptasensor for which the upper linearity limit
is set to 0.5 pM [77], the estimated sample dilution factor required for lysozyme analysis is 4 x 108.
Zhang et al. [75] compared the results obtained for several dilutions of egg white across the linear
range of the aptasensor. Non-specific binding was observed for samples diluted to 50 ng/mL or higher
concentrations, while diluting the sample to 1 or 10 ng/mL (dilution factor of 3 x 10° or higher) led to
agreement between aptasensor responses for egg white and standard lysozyme solutions, respectively.
As per the available literature data, dilution with buffer does represent an appropriate sample
preparation step for serum, saliva or urine prior to analysis with the electrochemical aptasensors [78].
Instead, in wines, lysozyme binds to phenolic compounds [104], and a pre-treatment of wine with
salt and surfactant was required to dissociate the complex. In another example, Ramos cancer cells
analyzed by an aptamer-based electrochemical assay required trypsinization, centrifugation, washing,
lysis and filtration through a 0.22-um membrane before lysozyme analysis [93]. What is still lacking
to make these sensors accepted by clinicians and analytical laboratories is that besides some notable
exceptions [78,91], the studies did not include any comparison to standardized procedures, such as
ELISA or HPLC, to confirm the results and validate the assay, and the accuracy was estimated solely on
spiked samples and by comparison with levels reported in the literature for various types of samples.

4. Conclusions and Perspectives

Since the first aptamer for lysozyme had been proposed in 2001, a large amount of different
electrochemical-based aptasensors have been developed over the years. Routinely, such sensors
achieve a picomolar detection limit, with some even reaching the low femtomolar concentration range.
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There is an urgent need for moving beyond research by developing new concepts for achieving even
better sensitivity and selectively, in order to bring some of the current sensors into real biomedical
applications. Clearly, next steps in this direction might include:

(i) Sensor designs and use of materials compatible with large-scale manufacturing technologies for
producing commercial aptasensors. The good analytical characteristics and reproducibility of
lysozyme aptasensors produced by manual, multiple step procedures is promising. Several types
of electrodes modified with proteins, mediators and nanomaterials, produced by screen-printing
and ink-jet printing, are already available commercially and could be used as a generic basis for
lysozyme and other aptasensors;

(ii) Experimental confirmation of the appropriate storage stability of the aptasensors for commercial
purposes. Aptamers are inherently more stable compared to antibodies, for example; however,
with the lysozyme aptasensors developed so far, storage stability beyond one month remains to
be investigated;

(iii) Generic approaches appropriate for high throughput, multi-analyte testing. Lysozyme analysis
might prove highly beneficial in the context of the multiplexed sensing of various disease biomarkers.
Going in this direction, electrochemical aptasensors have been developed for dual detection of
lysozyme and interferon gamma, aiming to diagnosis acute leukemia [90]. An illustration of the
potential of generic platforms was provided by an aptasensor array based on eight screen-printed
electrodes modified with AuNPs, coated with azide-ended thiols, onto which three different aptamers
(for lysozyme, cocaine and thrombin) were immobilized by click-chemistry [60]. Reconciling the
need for a short analysis time with the simultaneous demand for a high sensitivity of detection
could come from new signal amplification strategies. Among others, recent approaches based on
nanomaterials, such as graphene [105] or nanoceria [106], show promising potentialities;

(iv) Validation of novel aptasensors in comparison with methods currently used in clinical and
analytical laboratories, such as ELISA and HPLC. So far, only three studies reported comparative
results obtained with the aptasensor and by classical methods [73,78,91]. In the particular case of
lysozyme, a comparison with other methods should be made with caution, since some methods
measure the amount of enzymatically-active lysozyme, while others determine the total amount
of protein. Moreover, differences between results provided by methods based on very different
principles, e.g., chromatographic separation and affinity, are not uncommon [107].

Although many of the studies regarding lysozyme as a disease biomarker date back to the
1970s-1980s, currently, lysozyme analysis is not routinely performed in biochemical laboratories.
Moreover, the most widely-used tests rely on ELISA analysis. Recent developments in biosensing
research illustrate the applications of aptasensors for the dual detection of lysozyme and other
important analytes, such as adenosine [95], thrombin [89,94] and interferon gamma [90]. The usefulness
of aptasensors for serum analysis of patients with inflammatory bowel disease was recently
demonstrated [73]. Consequently, new studies focused on the parallel analysis and correlations
between disease biomarkers and lysozyme levels in biological samples are expected to boost research
efforts tapping into the applicative potential of electrochemical aptasensing of lysozyme in the
biomedical field.
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Abbreviations

The following abbreviations are used in this manuscript:

AuNPs

B-AB

BiDNA

CD

CPE

CPSA

Cu, O@rGO@PpPG

Ccv
DLAP
DPASV
DPV
DTT
EDC
EIS

Fc
FLD
GCE
GO
GR

IDA-Cu/AuNps/GCE

ITO

IFN-y

LBA

MCH
MeB-cDNA
MWCNTs-CS
NHS

O-GNs

p-ATP

PABA

PEI

PGE

RLS

SA-ALP

SERS

SPCE

SWV

TBA
TCA/AuNP/ssDNA
(THH) AuNCs
TiO,@PPAA
TiO, /3D-rGO/PPy

TPA

TW]J
VANCNT
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Abstract: Immunosensors are analytical platforms that detect specific antigen-antibody interactions
and play an important role in a wide range of applications in biomedical clinical diagnosis, food safety,
and monitoring contaminants in the environment. Field-effect transistors (FET) immunosensors have
been developed as promising alternatives to conventional immunoassays, which require complicated
processes and long-time data acquisition. The electrical signal of FET-based immunosensors is
generated as a result of the antigen-antibody conjugation. FET biosensors present real-time and rapid
response, require small sample volume, and exhibit higher sensitivity and selectivity. This review
brings an overview on the recent literature of FET-based immunosensors, highlighting a diversity of
nanomaterials modified with specific receptors as immunosensing platforms for the ultrasensitive
detection of various biomolecules.

Keywords: biosensors; immunosensors; field-effect transistors; immunoFET; antigen-antibody;
nanomaterials

1. Introduction to Immunosensors

Biosensors are defined as analytical devices combining functional materials or biological elements
for the selective detection of an analyte. The recognition system consists of biological receptors,
for instance: enzymes, cellular receptors, antibodies, nucleic acids, microorganisms, or artificial
biomimetic materials, all equipped with biochemical mechanisms for recognition. Moreover, these
biodevices are capable of providing quantitative or semi-quantitative analytical information by forming
specific biological recognition complexes such as enzyme-substrate, antigen-antibody, etc., which are
able to convert the biochemical changes into a measurable signal by means of a physicochemical
transducer system [1,2]. Immunosensors are biosensors that detect either the sensitive biological
elements antibodies or antigens through the event of formation of specific antigen-antibody complexes.
The detection of antibodies is preferred and these biological elements are often properly immobilized
on the surface of the transducer [3].

An antibody (Figure 1, top-left inset) is a large protein in a “Y” shape that consists of highly ordered
sequences of hundreds of amino acids. Specifically, the antibody molecule structure is composed of
two heavy polypeptide chains (molecular weights of 50 kDa) and two light chains (molecular weights
of 25 kDa) linked by disulfide bonds. The chains have both constant and variable regions and the
antigen-binding takes place at light and heavy variable domains, forming the hyper-variable regions
of the antibody, known as the complementarity determining regions (CDR). The constant region is
generally preserved from one antibody to another class, while the CDR show a great diversity of
sequences [4,5].
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Figure 1. Scheme outlining an immunoFET operating in solution. Top-left inset represents an antibody
structure, which is basically composed of two light and two heavy chains linked by disulfide bonds (red
lines). Nanomaterials are embedded on the gate region as the semiconductor channel of a FET-based
biosensor. Specific antibodies for antigen recognition are immobilized on the nanomaterial surface.
The binding of positively charged target molecules on a p-type channel causes depletion of charge
carriers (holes) and decrease in conductance, while in an n-type channel, the positively charged
molecules result in accumulation of charge carriers (electrons) and increase in conductance.

Antibodies are glycoproteins produced by the immune system to identify and neutralize foreign
substances to the body, known as antigens. Antigens are molecules or particles capable of initiating
an immune response, therefore triggering the production of antibodies. The antibodies, in turn, identify
and bind to antigens with extremely high specificity, and a minor change in the chemical structure of
an antigen can dramatically reduce its affinity for an antibody. Thus, the antibody must be specific,
have a stable and strong interaction with the antigen, and be able to detect the target analyte at the
required concentration range, ensuring the sensitivity and reliability of an immunosensor [5-8].

Polyclonal antibodies are generated by multiple immune cells and can bind to the antigen target
through a large number of epitopes (specific antigen regions where antibodies bind). Polyclonal antibodies
are cheap and facile to produce, however they lack specificity. Monoclonal antibodies are produced from
immune cells identical to the parent cells and recognize specific epitopes of an antigen, thus conferring
higher selectivity than polyclonal. There is a plethora of commercially available antibodies and their
production is generally mediated by immunizing an animal with a foreign infection to produce
an immune response [5,9].

Immunosensors may be useful to monitor and quantify the functioning of the immune system,
detecting the presence of specific antibodies or antigens in body fluids; therefore, they can be considered
as promising tools in clinical diagnosis applications. The analytes may also include microorganisms
such as viruses and bacteria, which find an important role in food safety, and pollutants such as
pesticides and herbicides, that are valuable in environmental monitoring.

Immunosensors can be divided in two groups: labeled and label-free. The labeled immunosensors
are designed in a way that the immunoreaction is measured through the detection of the labeling of
a molecule with labels such as luminescent, fluorescent, radioactive, and epitope tags [3]. For example,
the most utilized enzyme immunoassay in clinical analysis and residual analysis in environmental and
food samples is the label-based enzyme-linked immunosorbent assay (ELISA) [10]. The ELISA test
basically consists of translating the recognition event between a specific enzyme-labeled antibody and
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an antigen into a colorimetric, chemiluminescent, or electrochemical signal [11,12]. Radioimmunoassay
(RIA) is also used in clinical diagnosis and involves the use of radiolabeled antigens or antibodies [13].
Despite the reliability and high sensitivity of conventional immunoassays, they suffer from drawbacks
such as the demand for relatively large volumes of sample, long incubation periods, complicated
laboratory apparatus, needing to be carried out by highly trained laboratory staff, and requiring
multiple labeling strategies that would not interfere with the antigen-antibody interactions [5].
On the other hand, the label-free immunosensors allow the direct monitoring of immunoreactions by
measuring physicochemical changes induced by the antigen-antibody complex formation, being more
attractive as alternatives amongst traditional immunoassays.

The transduction platforms convert the chemical or physical changes induced by selective
antigen-antibody interactions into a quantifiable signal. Signal transducing can be performed by
different transducing mechanisms. The most employed transducers in immunosensors are related
to the measurement of electrons, photons, and masses, thus including electrochemical, optical, and
piezoelectric systems, respectively. Biodevices based on electrochemical transducing platforms are the
most exploited so far because of their simple principle of measurement. The antigen-antibody complex
formation generates an electrical signal that can be measured by different means. In general terms,
electrochemical transducers comprise: amperometric/voltammetric, conductimetric, potentiometric,
impedance, and semiconductor field-effect principles; which measure changes in: current, modulation
of conductance, potential or charge accumulation, electrical impedance, and either the current or the
potential across a semiconductor in response of a binding process at the gate surface, respectively [9].

The optical transducers operate by means of an optical signal (color or fluorescence) or changes in
optical properties such as absorption, reflectance, emission, etc. promoted by the biorecognition event.
Lastly, piezoelectric transducers detect a mass increase induced by the antigen-antibody complex, which
can be detectable by piezoelectric devices such as a quartz crystal balance or a microcantilever [2,14].

Although there are many kinds of transducing mechanisms, this review is concerned with
immunosensors whose transducing system is based on the field-effect transistors (FET). Such transducers
are considered charge-sensitive devices and present several associated advantages such as excellent
sensitivity and selectivity, label-free detection, real-time response, cost-effective fabrication, and ease of
miniaturization and integration in electronic chips, making them excellent interfaces towards point-of-care
(PoC) systems, as well as reusable and portable immunosensing devices. The focus of this review is the
description of recent developments and current trends in FET-based immunosensors using nanomaterials
as sensing platforms for different application fields. For a more thorough comprehension, we refer to
several reviews on immunosensor principles [3,5,14], antibody engineering [4,6], transduction systems in
immunosensing [5,14-16], basic mechanisms of FET sensors [17], and FET-based biosensors [18,19].

2. FET-Based Immunosensors

FET-based sensors have been exploited for decades since the first reports on ion-sensitive
field effect transistors (ISFET) by Bergveld et al. [20-23]. FET-based biosensors operate by means
of an electrical field modulating charge carriers across a semiconductor material. Such sensors are able
to directly convert specific biological interactions into electrical signals. In the standard configuration
of a FET, the electric current flows along a semiconductor channel connected to the source and drain
electrodes. A third electrode, the gate contact, which is capacitively coupled to the device through
a thin dielectric layer (typically SiO;), modulates the conductance between these two electrodes [20,24].

A FET-based sensor detects potential changes on its gate surface. The FET device characteristics
can be assessed by the transfer curve, which is the plot of the current across drain-source electrodes (Ips)
as a function of the gate voltage (V) at a constant drain-source voltage (Vps) [25-27]. A FET-based
biosensor usually operates in solution. In this case, the conductance between source and drain
electrodes is modulated by a gate voltage applied in the electrolyte solution by means of a reference
electrode placed on the top of the channel. In this configuration, the surface charge in an electrolyte
attracts counter-ions forming the electric double layer (Debye layer) [26,28].
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The semiconductor determines the type of charge carriers that can accumulate or deplete in the
channel, thus the current flow can either be the result of movement of holes (“p-type”) or electrons
(“n-type”). For example, the application of positive voltage on the gate of a p-type channel FET results
in depletion of charge carriers and a decrease in conductivity, whereas the application of negative
voltage leads to accumulation of charge carriers and an increase in conductivity [28,29]. There is a great
diversity of FET biosensors but we focus in this review on the FET-based immunosensors, whose
concept was introduced by Shenck in 1978 [30]. In an immunoFET, which is shown schematically in
Figure 1, the gate region is biofunctionalized by immobilizing antibodies or antigens on its surface,
allowing direct analyte-binding upon the device surface. Since antibodies and antigens are mostly
charged molecules, the biorecognition event imparts an electrical field, which modulates the charge
carrier flow between source and gate, generating an electrically detectable signal [31,32]. Thus, the
changes in conductance induced by the antigen-antibody binding can be measured and correlated to
the analyte concentration [33].

ImmunoFET features simplicity of use and production, portability, high sensitivity (detecting
picomolar and femtomolar levels of an analyte), utilizes a small volume of sample (in the microliters
range), has low operating costs, and enables real-time analyte detection and quantification [34].
The exquisite sensibility of immunoFET is due to the fact that these sensors act as a combination of
a sensor and an amplifier, in which the biorecognition channel is in direct contact with the analyte and
the occurrence of only a single biological event is capable of causing a pronounced current change in
the sensing channel [35,36].

Under ideal conditions, an immunoFET is able to detect target biomolecules in biochemically or
clinically meaningful range of concentrations, which can vary in the order of sub-fM to uM, achieving
very low detection limits. Ideal conditions include full antibody coverage, capacitive interface, highly
charged antigens, and low ionic strength buffers [18]. However, in real conditions, samples contain
rich levels of salts and species of non-interest. Therefore, these immunosensors present practical issues
in transducing the antigen-antibody immunoreaction into a measurable signal and the direct sensing
has proven to be challenging [37].

It was argued that an immunoFET is able to detect only charge or potential changes occurring
within the Debye layer [21]. According to the Debye theory, an increase in ion concentration reduces
the Debye length due to charge screening by counter-ions [38]. Thus, the Debye screening length, which
is a physical distance where the charged analyte is electrically screened by the ions in the medium,
strongly affects the immunosensor sensitivity in high ionic strength buffers. The Debye length (Ap) in
an electrolyte is given by the following equation [39]:

- EoskaT
AD*”ZNAqZI’ @

where ¢) corresponds to the vacuum permittivity; ¢, is the relative permittivity of the medium; kg is
the Boltzmann constant; T is the absolute temperature; N is the Avogadro number; g is the charge on
an electron; and I is the ionic strength of the solution.

Therefore, Ap is dependent on the ionic strength of the electrolytic buffer solution. To summarize,
it decreases as the ionic strength increases, and a short Debye length implies a lower sensitivity
because the FET sensor cannot detect the analyte-binding beyond the Debye length, as illustrated
in Figure 2a. For instance, in a physiological solution (biological fluids such as blood, serum, urine,
etc.) or undiluted phosphate-buffered saline solution (PBS buffer, ion concentration of 0.15 M), the
dimensions of some antibodies (10-12 nm) are large enough to surpass the thickness of the Debye
length (~0.8 nm) at the electrolyte-immunosensor interface. In this case, the analyte charges will be
at a farther distance from the surface than the Debye length and will be shielded from the sensing
channel by buffer counter-ions [17,40]. However, the poor sensitivity caused by the enlargement of the
Debye layer can be overcome by pretreating the analyte solution, which may include conditioning
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steps of centrifugation, filtration, and dilution to low ionic strength (ion concentration lower than
1072-1073 M) prior to analysis [41], and then a measurable effect by an immunoFET can be observed.

(a) Low ionic strength

=" High ionic strength

"

O Y VN

(b)

(i) ‘ii' i Debye length

(C) [ Y 2. ... Debye Iength

Figure 2. Antibodies (Y shape) immobilized on the gate region. Antigens (spheres) are bound
to antibodies and the dashed lines indicate the Debye length position. (a) The Debye length is
dependent on the ionic strength of the electrolytic buffer and it increases with the reduction of solution
ionic strength. A measurable analyte-binding may occur only within the Debye length; (b,c) show
alternative methods for antigen detection in high ionic strength solutions, without sample desalting;
(b) (i) the antibody was cleaved by enzymatic digestion; and (ii) the antigen was brought within
the Debye length [40]; (c) a more realistic representation of antibody alignment on the surface of
an immunoFET showing random orientation of antibodies relative to the sensing surface, implying
that some analyte-binding may occur within the Debye length [42].

The classical assessment described above evidences the dependence on proximity of the analyte
to the device surface for an immunoFET proper function [19-23,43]. However, conceptual flaws
concerning this model have been revised. In this context, Elnathan et al. demonstrated the direct
detection of cardiac troponin I (cTnl) myocardial infarction biomarker without the need for sample
desalting by bringing the antigen within the Debye length [40]. Their approach was based on
fragmentation of antibody units, allowing the biorecognition event to occur in closer proximity
to the silicon nanowire (SiINW) sensing surface, and consequently within the Debye screening length
(Figure 2b). The authors cleaved antibodies by enzymatic digestion in order to remove parts that
were not required for the antigen-binding and the fragments were able to directly detect cTnl with
a sensitivity limit down to pM, without the need of biosample desalting. Casal et al. discussed that
antibodies were highly flexible structures that can adsorb to surfaces via a nearly random distribution
of their structural domains, and can also be variably oriented in relation to the surface [42]. Therefore,
the analytes can bind to antibodies in a distribution of orientations and distances from the sensing
surface, implying that some analyte charges would be held within the Debye length, and consequently,
the analyte should be detected by the immunoFET even in a high ionic strength condition (Figure 2c).
The authors supported their assumption demonstrating multiple immunoFETs able to detect human
and murine chemokines in physiologically relevant high ionic strength buffers [42].
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3. Trends in FET-Based Immunosensors Using Nanomaterials as Sensing Platforms

Nanostructured materials have attracted a great deal of attention in their application for
developing novel FET-based biosensing devices with enhanced sensibility and selectivity [5,34,44].
Owing to nanoscale dimensions (1-100 nm), nanomaterials exhibit tunable and unique physicochemical
properties which are not observed in their bulk counterparts, including high specific surface area, high
aspect ratio, increased chemical and thermal stability, and remarkable electrical properties. In addition,
various biocompatible nanomaterials have their dimensions comparable to a range of biomolecules,
facilitating their use for immunocompounds immobilization.

Nanomaterials are capable of modifying the exposed gate region of FET-based immunosensors,
thus improving the immobilization of bioreceptors and the signal transducing [44]. Properties like
the high aspect ratio allow the atoms to be located at or close to the gate surface, and as the biological
recognition is related to the physical signal across the whole device, the device sensitivity is improved
as a result of the increased surface-to-volume ratio. In addition, some nanomaterials can easily be
chemically modified with specific sensing elements. Therefore, the use of nanomaterials as sensing
platforms offers excellent interface perspectives for biological recognition, facilitating the attachment of
biomolecules and allowing the scaling of microelectronics down to the nano level, which consequently
enables the design of immunosensors with enhanced performance.

Recently, an increasing number of immunosensors using nanomaterials such as carbon nanotubes,
graphene, nanowires, metal and metal oxide, and nanohybrids as semiconducting channel have been
reported [44—-46]. In this review, we highlight recent advances on the incorporation of nanomaterials on
the gate surface of FET-based immunosensors applied to biomedical clinical diagnosis, environmental
monitoring, and food safety fields. We consider the most important semiconducting nanomaterials
for immunosensing purpose over the past five years. Selected reports outlining the exploitation of
these nanomaterials in composing the sensing platform of FET immunosensors are discussed in the
following sections.

Tables 1 and 2 assess the successful application of various types of nanomaterials in the fabrication
of FET-based immunosensors. Recent reports were carefully examined on the basis of target analyte,
electroactive nanomaterial, range of concentrations, and detection limit. Table 1 shows several FET
immunosensors relevant to clinical biomedical diagnosis. It is evident that a great diversity of
disease biomarkers can be detected through immunoFET devices, opening new paths for early-stage
diagnosis of serious diseases such as cancer. For instance, prostate specific antigen (PSA), a prostate
cancer biomarker, was ultrasensitively detected by using immunoFET devices based on different
nanomaterials such as silicon nanowires (SiNW) [47,48], graphene [49], molybdenum disulfide
(MoSy) [50,51], etc. The lowest detection limit of PSA was achieved by a FET device based on SINW
1 fg-mLfl) [47]. Detection of tumor biomarkers for breast cancer [52,53], hepatic carcinoma [54], oral
squamous cell carcinoma [55], pancreatic cancer [56], and bladder cancer [57] have also been reported.
Moreover, other disease biomarkers related to cardiovascular diseases [58-60], thyroid hormone [61],
venous thromboembolism [62], Alzheimer [63], and diabetes [64,65] have been detected with very low
detection limits.

Table 2 evidences the ultrasensitive detection of pathogenic microorganisms associated with human
health and food safety, such as Salmonella [66,67] and Escherichia coli [68-71] bacteria, rotavirus [72] and
bacteriophage [69] viruses, and parasitic protozoan [73]. For example, graphene-based FET devices
were found to detect only 10 colony-forming units per milliliter (CFU-mL~') of E. coli bacteria [68,70]
whereas a cerium oxide (CeOx)-based FET device was able to achieve a limit of detection (LOD) as low
as 2-3 cells of Salmonella typhimurium per mL [67]. Table 2 also depicts the application of immunoFET
devices for detecting environmental contaminants such as pesticides [74], herbicides [75], toxins [76],
and phytopathogens [77].
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3.1. Silicon Nanowires

Silicon nanowires (SiNW) are semiconducting one-dimensional (1D) nanostructures with
cross-sectional diameters of nanometers and length of micrometers, which can exhibit either p-type
or n-type conductivity [92-94]. SINW are attractive materials in FET-based biosensors design due to
their high surface-to-volume ratio, which enables the sensors ultrasensitive detection capability [95,96].
SiNW FET-based biosensors were firstly reported in 2011 by Cui et al. [97]. The authors demonstrated
that p-type boron-doped SINW modified with biotin detected streptavidin protein down to picomolar
concentration range.

FET biosensors based on SINW have been employed as promising clinical diagnostic platforms.
For example, Huang et al. developed a novel SINW-FET biosensor for the detection of PSA
biomarker in human serum [48]. The SINW were fabricated by the polysilicon sidewall spacer
technique, which is cheaper than the electron beam lithography. Figure 3a depicts top-view scanning
electron microscopy (SEM) images of such SiNW-FET devices. The SINW surface was modified with
3-aminopropyltriethoxysilane (APTES) to convert silanol groups into amines for glutaraldehyde
functionalization. Then, the aldehyde groups present on glutaraldehyde molecules were connected to
the amine groups to form the linker between APTES and anti-PSA antibodies. The transfer curve of
such n-type SINW-FET sensor showed that the drain-source current (Ips) was controlled by the gate
voltage (V) (Figure 3b). The device exhibited excellent electrical performance, and the Ipg versus
drain-source voltage (Vps) depended on the applied V¢ (Figure 3c). Human serum was pretreated
by filtration, desalting, and buffer exchange prior to PSA detection in order to keep proper pH and
ionic strength of serum proteome. The electrical responses from the measurement of various PSA
concentrations in desalted human serum are shown in Figure 3d and the immunosensor was able to
detect PSA levels in concentrations as low as 5 fg:-mL~!.

Alpha-fetoprotein (AFP) and carcinoembryonic antigen (CEA) markers high expression levels
have been associated with primary hepatic carcinoma (PHC). In this context, Zhu et al. developed
SiNW-FET with polydimethylsiloxane (PDMS) microfluidic channels for the simultaneous detection
of both AFP and CEA biomarkers in desalted human serum [54]. SINW surface was treated with
APTES and glutaraldehyde before the AFP and CEA antibodies immobilization by covalent bonding.
Bovine serum albumin (BSA) was used as a blocking agent for non-specific binding. The negatively
charged AFP and CEA enhanced the conductivity of the p-type SINW. The dual-channel setup
demonstrated the potential use of SINW-FET for multiple tumor markers detection in concentrations
down to fg:mL ™! and ng-mL 1.

Cardiac troponin I, a very sensitive biomarker for acute myocardial infarction, was detected by
a label-free SINW-FET biosensor [60]. Anti-cTnl antibodies were immobilized on the SINW surfaces for
measuring the ¢Tnl in a range of concentrations from 0.092 ng-mL~" to 46 ng-mL~!. Higher sensitivity
of cTnl detection was reported by Kim et al. [59]. The authors demonstrated a SINW honeycomb-like
structure for nanowire configuration. The geometry of honeycomb nanowires provided increased
surface area rather than straight nanowire configuration, improving the probability of binding events
between antigen and antibody, and enabling superior intrinsic electrical performance of biosensors.
The devices showed n-type behavior and presented LOD of 5 pg-mL~!, which was about 8-fold smaller
than the value previously reported by Kong et al. [60].

As aforementioned, the detection mechanism of FET-based biosensors is hampered in samples of
high ionic strength and efforts for bringing the antigen-antibody binding within the Debye layer have
been reported [40]. Puppo et al. got rid of the Debye screening problem by performing the electrical
measurements on dried samples after the antigen-binding coupling [98]. The authors developed
a SINW-FET sensor for the detection of vascular endothelial growth factor (VEGF), a pathological
angiogenesis factor. Increasing concentrations of VEGF caused increase in conductance, leading to
detection in the concentration range of fM.
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Figure 3. n-type SiNW-based FET immunosensor for detection of PSA biomarker. (a) SEM images of
a SiNW-FET sensor; (b) Electrical characteristics (Ipg x Vg curves) of the SINW-FET device; (¢) Output
characteristics (Ipg x Vpg curves) showing a dependence on the controlled V; (d) Normalized current
x time for SINW devices to detect various PSA concentrations in desalted human serum. No electrical
response was observed for serum without PSA. Reprinted with permission from Huang et al. [48].
Copyright 2016 American Chemical Society.

3.2. Carbon Nanotubes

Carbon nanotubes are cylindrical carbon structures with diameters of nanometers and high
length/diameter ratio [99]. Multi-walled carbon nanotubes (MWCNT) consist of multiple rolled
graphite sheets [100] while single-walled carbon nanotubes (SWCNT) are single-atom rolled graphitic
layers [101,102]. Carbon nanotubes are exciting 1D materials due to their structure-dependent electronic
and mechanical properties. Their physical properties are strongly dependent on the way that graphitic
sheets are wrapped to form the tubes (chirality), causing them to exhibit metallic or semiconducting
characteristics [99]. In particular, SWCNTs have been explored as promising building blocks in the
construction of FET-based immunosensors with improved sensibility [58,69,76,80-82,103]. SWCNTs
display high electron transfer because all carbon atoms are present in their surface. In addition,
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SWCNTs surface can be easily modified, giving various possibilities for non-covalent and covalent
immobilization of antigens or antibodjies.

For instance, Justino et al. reported an immunoFET based on SWCNT functionalized with
C-reactive protein (CRP) antibodies for detecting CRP, an inflammatory biomarker related with
cardiovascular diseases [58]. The anti-CRP antibodies were non-covalently immobilized directly
on the surface of SWCNT and the devices were capable of detecting CRP in the broad range of
concentrations from 10~# to 10? pg-mL_l. In addition, the LOD of such devices (10~* pg-mL_l) was
2-3 orders lower than conventional immunoassays. Sharma et al. reported a SWCNT-FET sensor
for detecting the prostate cancer biomarker osteopontin (OPN) [80]. SWCNTs were deposited on
transparent glass substrates by dielectrophoresis, allowing the direct alignment of the nanotubes
at room temperature. The SWCNT surface was treated with 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC)/N-hydroxysuccinimide (NHS). Then, the covalent immobilization of monoclonal
antibodies specific for OPN occurred through the binding with NH, groups of NHS succinimide
ester on the SWCNTs. These devices were incubated with Tween 20 to avoid non-specific binding.
The electrical measurements showed a linear behavior after each step of functionalization of the
SWCNT-FET device, indicating a good ohmic contact between SWCNTs and source/drain electrodes.
Immunosensors exhibited a highly linear resistance change over a range of concentrations (1 pg-mL ™
to 1 ug-mL~!) of the prostate cancer biomarker OPN in human serum and PBS buffer, being 3-fold
more sensitive than the conventional ELISA immunoassay, with a LOD of 0.3 pg-mL’l.

Horizontally aligned SWCNTs grown on quartz substrates were applied as sensing platform for
measuring interleukin-6 (IL-6), a protein that acts as pro-inflammatory cytokine and anti-inflammatory
myokine [81]. The highly specific binding of the IL-6 analyte to the antibodies in the gate region caused
a change in the drain current, which was measured as an electrical signal. The devices exhibited low
detection limit (1.37 pg-mL~"), good selectivity (no responses for BSA and cysteine), and excellent
stability (no electronic degradation after storage for up to three months).

Carbon nanotubes-based FET immunosensors are also able to detect microorganisms such
as bacteria and viruses. Garcia-Aljaro et al. reported an immunoFET based on SWCNT for the
detection of human pathogens Escherichia coli O157:H7 bacteria and bacteriophage T7 viruses [69].
The sensing platform was composed of parallel aligned SWCNTs functionalized with 1-pyrene
butanoic acid succinimidyl ester (PBASE), in which monoclonal antibodies were covalently attached.
The immunosensor exhibited a linear response for both bacteria and viruses increasing concentrations,
achieving LOD of 10° colony forming units per milliliters (CFU-mL~') and 103 plaque forming units
per milliliter (PFU-mL '), respectively. The biosensor showed a better performance for bacteriophage.
This result can be attributed to the decreased size and different morphology of such viruses in
comparison to bacteria, which enabled a better and faster diffusion of bacteriophage in the solution
towards the antibodies.

Small molecules, either charged or uncharged, cannot be detected by the conventional configuration
of an immunoFET, where the biorecognition event between the analyte and the immobilized
molecules takes place at the gate sensing surface. In this case, the analyte binding does not produce
a measurable conductance change because of the lack of charge or depletion in the semiconductor
channel [103]. Therefore, the displacement represents a successful strategy for detecting such target
analytes. For example, Tliti et al. described a label-free FET immunosensor based on SWCNT for
the ultrasensitive detection of stress biomarker cortisol in saliva [82]. SWCNTs were covalently
functionalized with a cortisol analog (cortisol-3-CMO-NHS ester) followed by covalent conjugation with
monoclonal anti-cortisol antibodies (large size and charged proteins). This chemiresistive biosensor was
able to detect small size and uncharged cortisol molecules because the antibody bound to the SWCNT
functionalized with cortisol analog was stripped/displaced, provoking a large change of the device
resistance/conductance and a LOD of 1 pg-mL~! [82]. Tan et al. also fabricated a label-free immunoFET
based on SWCNT by the displacement assay of the immobilized antibodies [91]. The immunosensors
were able to detect the small molecular mass microcystin-LR (MCRL), a toxin released by cyanobacteria
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in surface waters, with high sensitivity and specificity along with a detection limit of 0.6 ng-L~!.
Park and co-workers applied a SWCNT immunoFET for the detection of a small molecule of
2,4,6-trinitrotoluene (TNT), a compound used as ammunition/explosive [76]. It is a harmful chemical to
soil and groundwater and can cause severe environmental contaminations. The authors also employed
the displacement mode/format to develop the SWCNT-based immunosensor. The biosensor detected
TNT with good selectivity and LOD of 0.5 ppb.

3.3. Graphene

Graphene consists of a honeycomb lattice of carbon atoms arranged in a two-dimensional (2D)
array in which atoms are covalently linked through sp? hybridization. Actually, graphene is the
building block of different carbon allotropes: single layer sheets can be enrolled in carbon nanotubes,
wrapped in fullerenes, and stacked in three-dimensional graphite [104,105]. Graphene has attracted
much attention because of its remarkable properties, including high surface area (~2630 m?.g~1),
carrier mobility (~200,000 cm?.V—1.s71), electrical conductivity (~10*S.cm™1), optical transmittance,
and Young’s modulus of ~1 TPa [106-108]. Its notable electronic and optical properties are due
to electron confinement and absence of interlayer interactions, whereas its distinct mechanical and
chemical properties are explained by geometrical effects and high surface-to-volume ratio [109].
These exceptional set of properties are particularly useful for the development of electronic sensors
with high signal-to-noise ratio. Moreover, graphene is a zero bandgap semiconductor and shows
ambipolar field-effect when incorporated in the configuration of a FET, since the Fermi level can be
modulated by the application of a voltage between graphene and the transistor source [110-112].

This 2D nanomaterial presents some advantages beyond other nanostructures in FET-based sensors
design. For example, graphene exhibits high specific surface area that can be easily functionalized for
specific interactions, and providing an increased contact area for detection. Graphene is biocompatible,
which helps to maintain the activity of antibodies; has excellent conductivity, which enhances the electron
transfer at the electrode surface, improving the sensibility; and exhibits ambipolar characteristics [105],
being able to detect both positive and negatively charged biomolecules. Additionally, as each carbon
atom of the 2D structure is directly exposed to the environment, any biological recognition event
occurring at the gate surface will generate an electrical perturbation in the surrounding, thus improving
the sensibility of the biosensor [113].

Graphene has been employed as sensing platform of FET immunosensors for detecting various
disease biomarkers. For example, Jung et al. developed a graphene FET sensor for detecting a pancreatic
cancer biomarker, carbohydrate antigen 19-9 (CA 19-9). Graphene was grown by chemical vapor
deposition (CVD) technique and transferred by a novel method to the sensor substrate, free from
remaining polymer residues. The cleaner surface resulted in higher p-doping, higher channel mobility,
and significantly enhanced sensitivity [56]. Prostate cancer biomarker, PSA/«x-1-antichymotrypsin
(PSA-ACT) complex, was detected by a FET sensor based on reduced graphene oxide (RGO), a chemically
derived graphene [49]. RGO nanosheets were self-assembled on an aminated substrate and monoclonal
PSA antibodies were immobilized on this channel. Immunoreactions caused a linear shift of gate
voltage, with a LOD as low as 100 fg~mL’1‘

Graphene-based FET sensors are also capable of detecting foodborne and waterborne pathogens
such as bacteria. Huang et al. demonstrated an immunosensor based on CVD graphene to detect
E. coli bacteria [70]. Graphene was deposited on a quartz substrate. Anti-E. coli antibodies were
immobilized on the graphene surface through a linker molecule (PBASE), which provided an ester
group to react with amino groups of antibodies. Non-specific binding was prevented by ethanolamine
and Tween 20 was used to passivate the uncoated regions of graphene (Figure 4a). Figure 4b
exhibits the transfer curves of the graphene-based FET sensor after each functionalization step,
demonstrating the ambipolar characteristics of graphene. Such a biosensor operating at the p-type
region exhibited a significant conductance increase after exposure to various E. coli concentrations (from
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0 to 10° CFU-mL ') (Figure 4c). No response was triggered after exposure to Pseudomonas aeruginosa
bacteria, indicating high specificity (Figure 4d).
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Figure 4. (a) Scheme showing a graphene-based FET sensor operating in an electrolyte solution for
detecting E. coli bacteria. Bacterial cells were attached to antibodies immobilized onto the graphene
surface; (b) Transfer curves (Ipg x V) of the graphene-FET sensor. Graphene exhibited ambipolar
characteristics; (¢) Ips X Vpg curves of graphene FET devices on various E. coli concentrations; (d) Ipg
x Vpg characteristics of devices after incubation with P. aeruginosa, demonstrating high specificity of
detection. Reproduced from Huang et al. [70] with permission from The Royal Society of Chemistry.

Chang et al. reported a graphene-based FET device to detect the most pathogenic strain of E. coli
bacteria, known as E. coli O157:H7 [68]. The authors fabricated FET devices by a solution process in
which graphene oxide nanosheets were self-assembled on the substrate and subsequently reduced by
thermal annealing. The conductance of the devices increased with increasing concentrations of E. coli
cells, achieving a detection limit as low as 10 CFU-mL ™. Such a device operated in the p-type region
and the conductance increase was induced by the highly negatively charged bacterial cells. Pathogenic
rotavirus was detected by a p-type FET biosensor based on micropatterned RGO (MRGO-FET) [72].
Specific antibodies for rotavirus were covalently immobilized all over the RGO surface. As the virus
concentration increased, the drain-source current proportionally decreased. The device was able to
detect rotavirus in a concentration as low as 10?2 PFU-mL !, which is lower than the concentrations
detected by the conventional ELISA method.

The most toxic and carcinogenic food toxin, aflatoxin (AFB1), was sensitively detected by
a graphene-based FET sensor developed by Basu et al. [90]. Electrophoretically deposited RGO films
were integrated as active channel into the FET device. The high sensitivity of devices was possible
because of enhanced biomolecule immobilization capability of RGO. AFB1 was detected in the sub-fM
range, measured with a LOD of 0.1 fg-mL~1.

Okamoto et al. reported a graphene-based FET sensor that allows the antigen-antibody reaction to
occur within the electrical double layer in a buffer solution of high ionic strength [114]. Graphene was
produced through the mechanical cleavage of graphite and the monolayer’s surface was modified
with antigen-binding fragments (Fab). Fab is the binding site component of conventional antibodies
and presents a size of approximately 3 nm. Thus, it is considered that the immunoreaction may occur
inside the Debye length. Heat-shock proteins were used as target proteins to interact with Fab and
were detected with high specificity and sensitivity by the immunoFET device.
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3.4. Molybdenum Disulfide

The 2D layered material molybdenum disulfide (MoS,) belongs to the class of transition metal
dichalcogenides and features unique optical and electronic properties that have triggered great interest
in the application of FET-based sensors [115]. The layers are held together by weak van der Waals forces
and a pristine MoS, monolayer presents only ~0.65 nm thick [116]. Unlike graphene, a gapless material,
monolayer MoS, exhibits a direct energy bandgap of ~1.9 eV which lowers leakage current and turns
it an emerging material for designing highly sensitive FET biosensors [51,108,117]. Furthermore, the
2D MoS, semiconductor offers high surface-to-volume ratio, facilitating surface functionalization and
doping; high transparency, flexibility, and mechanical strength, making it an appealing material for
flexible and transparent biodevices [116].

The first demonstration of the biofunctionalization of MoS, nanosheets for designing
a liquid-phase FET biosensor was reported by Wang et al. [51]. The authors fabricated a FET device
for real-time detection of PSA cancer biomarker. Specific antibodies for PSA protein recognition were
immobilized onto the MoS, film surface. The n-type device conductance increased upon PSA binding
to antibody receptors. The novel immunosensor showed LOD of 375 fM as well as high selectivity,
exhibiting no response towards non-target proteins.

The detection of the same cancer biomarker was also reported by Lee et al. [50]. The team
presented a MoS;-FET biosensor that does not require a dielectric layer due to the hydrophobicity
nature of MoS,, which allows the direct adsorption of antibodies and an improved sensitivity of the
device. Figure 5a displays the schematic representation of this FET immunosensor, showing antibodies
immobilized on the MoS; nanosheets sensing area and PSA antigen selectively bound to the antibodies.
Figure 5b exhibits the sensor response to various concentrations of PSA, which was detected with
aLOD as low as 1 pg-mL~!, a value much lower than the clinical cut-off.
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Figure 5. (a) Scheme showing the structure of the FET immunosensor based on MoS, nanosheets as
sensing channel. PSA antibodies are physiosorbed onto MoS; and the antigen is selectively bound to
the antibodies; (b) Transfer curves of the MoS,-FET immunosensor under different PSA concentrations.
The analyte binding caused current increase. Lee et al. are fully acknowledged for the images [50].

3.5. Titanium Dioxide

The biocompatibility combined with the environmentally friendly character of nanostructured
titanium dioxide (TiO;) make this material an excellent perspective interface for the development
of biosensing devices [118]. Moreover, TiO; nanomaterial has a large specific surface area, shows
a wide bandgap energy (between 1.8 and 4.1 eV), and possesses the ability of accepting electrons,
thus the electrons resulting from the bioreceptor-analyte coupling can be gathered by TiO, [119].
Chu et al. demonstrated a FET immunosensor based on TiO, nanowires for the detection of rabbit
immunoglobulin G (IgG) protein [120]. Specific antibodies for rabbit IgG were encapsulated on the 1D
TiO, surface by the electrochemical polymerization of polypyrrole propylic acid in order to immobilize
antibodies on specific regions. Biomolecules needed to be encapsulated because the material surface
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stability hinders the directly immobilization of antibodies or antigens. The target protein was detected
in the range from 119 pg-mL~! to 5.95 ng-mL~!, with the application of a drain-source voltage of 5 V.

3.6. Zinc Oxide

Nanostructured zinc oxide (ZnO) is a semiconductor with a wide bandgap energy of 3.37 eV [121].
ZnO is a suitable material for biosensing applications due to its biocompatibility with low toxicity
to humans and a high isoelectric point. It has been explored in the detection of enzymes, antibodies,
DNA, etc. [122,123]. Recently, a highly sensitive and selective FET immunosensor based on ZnO was
reported [53]. A thin ZnO nanofilm (50 nm thick) was grown onto the gate region to act as an n-type
channel and monoclonal antibodies were biofunctionalized on it. The drain current increased as
a function of the antigen concentration increase and EGFR, a biomarker overexpressed by breast cancer
tumors, was detected with a LOD as low as 10 fM.

3.7. Hybrid Nanomaterials

The performance of FET-based biosensors can be tuned by incorporating other nanomaterials
(metal, oxides and semiconductor nanoparticles) on the nanostructured channel to obtain a hybrid
structure. Nanoparticles-based hybrid nanomaterials have gaining significant attention because they
offer the possibility to combine the individual properties in one material, resulting in a novel material
that may exhibit synergistic properties, contributing to improve the selectivity and sensitivity of
biosensors [24,31].

The presence of nanoparticles on the nanomaterial surface increases the specific surface area,
providing an even larger surface for recognizing an analyte, thus resulting in amplified signal
transduction response and higher conductivity. The improved sensitivity of these hybrid-based
sensors is also associated with increased interfacial capacitance caused by the capacitive coupling
between the nanoparticles and the nanomaterial platform [124]. For instance, Mao et al. demonstrated
the electrical protein binding detection by an immunosensor based on MWCNT decorated with
gold nanoparticles-antibody conjugates [125]. The gold nanoparticles labeled with anti-horseradish
antibodies were attached onto MWCNT surface through non-covalent binding. Biological recognition
events between antibodies and horseradish peroxidase antigens caused changes in the drain current
and proteins were found to be accurately detected in the order of 1 fM.

In a further work, Mao and co-workers reported the first highly sensitive and selective FET-based
biosensor using RGO decorated with gold nanoparticles-antibody conjugates for protein detection
(Figure 6a). Gold nanoparticles of 20 nm average size conjugated with IgG antibodies were immobilized
on a thermally obtained RGO surface. The binding event of recognizing IgG target induced significant
changes in electrical measurements of the device, achieving a detection limit as low as 2 ng-mL~! [126].
In another effort to develop a new method to design a FET graphene-hybrid biosensor, the same
research team switched the RGO sensing platform to vertically-oriented graphene sheets which were
directly grown on the substrate (Figure 6b). Graphene was also functionalized with gold nanoparticles
conjugated with antibodies and the devices were able to detect IgG protein again with high sensitivity
(down to 2 ng-mL~1) [127].

Hybrid sensors have a great potential to detect a wide variety of proteins for disease diagnosis.
In this direction, Myung et al. demonstrated a novel FET immunosensor based on RGO encapsulated
nanoparticle for detecting breast cancer biomarker [52]. Graphene oxide layers enwrapped silicon
oxide nanoparticles functionalized with APTES by electrostatic interactions. Then, the hybrid
graphene-nanoparticles were assembled at the gate region and specific monoclonal antibodies for
human epidermal growth factor receptor 2 (HER2) and EGFR protein biomarkers were immobilized on
its surface. The p-type device presented a decrease in conductance upon biomolecule target binding,
with LOD of 1 pM for HER2 and 100 pM for EGFR. Kwon et al. fabricated a FET immunosensor for
human immunodeficiency virus (HIV) detection using graphene-conducting polymer nanoparticle
arrays nanohybrids [86]. The close-packed carboxylated polypyrrole nanoparticles (CPPyNP) of
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approximately 20 nm in size increased the surface area, resulting in a synergistic effect. The biomarker
HIV-2 gp36 antigen (HIV-2 Ag) was covalently anchored to the nanoparticles surface and allowed HIV
antibodies recognition in a concentration as low as 1 pM.
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Figure 6. Representative schemes of FET immunosensors based on hybrid nanomaterials combined
with corresponding SEM images of nanohybrids proposed by Mao and co-workers in different
reports: (a) reduced graphene oxide decorated with gold nanoparticles-antibody conjugates [126];
and (b) vertically-oriented graphene sheets functionalized with gold nanoparticles conjugated with
antibodies [127].

Zhang and co-workers developed a renewable FET immunosensor based on a graphene-TiO,
hybrid for detection of D-Dimer, a venous thromboembolism biomarker [62]. The FET device was
fabricated by assembling a nanocomposite of RGO functionalized with TiO, nanoparticles (TiO,@RGO)
onto a RGO surface in order to form a sandwich architecture on the sensing channel. The biodevice
was capable of detecting the D-Dimer biomarker with excellent sensibility and specificity, achieving
LOD of 10 pg-mL*l in PBS buffer and 100 pg-mL*1 in serum, respectively. The reusability of the
hybrid immunosensor was performed by irradiation of ultraviolet light to photocatalytically clean the
organic molecules on the surface.

3.8. Other Nanomaterials/Other Reports of Interest

Starodub et al. fabricated a FET immunosensor based on CeOy as the gate surface to detect
Salmonella typhimurium, a bacterium that causes food poisoning [67]. Thin CeO layers were deposited
on the gate region by electron beam evaporation. S. typhimurium was detected with sensitivity of
2-3 cells-mL ™. The overall time of analysis was reduced from 30 min to 15-20 min by immobilizing
specific antibodies labeled with horseradish peroxidase enzymes onto the gate surface, without
altering the device sensitivity. Moreover, the devices were found to be reusable for up to five times
without signal decrease by simply treating them with an acidic solution for the destruction of the
antigen-antibody bindings.

Wu et al. proposed a FET sensor based on silicon nanobelt to detect prostate cancer biomarkers [88].
The n-type Si nanobelt immunoFET device was fabricated by functionalizing the nanobelt surface with
APTES, glutaraldehyde, and antibodies specific for PSA recognition. The authors observed a decrease
in drain current as a function of increasing PSA concentration, achieving a LOD of 5 pg-mL~".
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The sensitivity of the device was enhanced by introducing arginine molecules between APTES and
glutaraldehyde, providing a more effective space region for antigen binding, and PSA was detected in
concentration levels as low as 50 fg-mL ™.

A FET immunosensor based on gold nanoparticles capped with self-assembled monolayers (SAM)
of alkanethiol molecules deposited onto a gold surface was fabricated for detecting hemoglobin-Alc
(HbAlc), an important index for diabetes [65]. HbAlc antibodies were stably immobilized on SAM
by the end functional groups of thiols. Gold nanoparticles played an important role in the sensor’s
sensitivity because they possess high surface-to-volume ratio, thus offering more sites to immobilize
biomolecules. The immuno device was capable of detecting the antigen in concentrations in the order
of ng-mL~1.

Conventional FET sensors based on SiINW exhibit very low LOD, however they suffer from
device instability, device-to-device variations, and discrete dopant fluctuations. An alternative to
these drawbacks was demonstrated by using silicon nanogratings (5iNG) rather than SINW [64].
The SiNG devices were fabricated using p-doped silicon-on-insulator substrates that were subjected to
etching steps, thermal surface oxidation, and annealing. The biodevices presented higher electrical
stability and reproducibility when exposed to buffer solution, being capable of detecting insulin,
a diabetes-related hormone, with LOD down to 10 fM, both in buffer and diluted human serum.

C-reactive protein was ultrasensitively detected by a FET immunosensor based on an organic
semiconductor surface composed of poly-3-hexyl thiophene (P3HT) [89]. Monoclonal anti-CRP
antibodies were immobilized by physical adsorption onto the gate without any previous surface
treatment. The transfer characteristics of the immunosensor showed a reduction in current with
increasing concentrations of CRP and a LOD of 2 pM.

Multiplexed FET immunosensors are able to give insights on differential diagnosis. For instance,
Cheng et al. reported a multianalyte immunoFET capable of detecting two lung cancer tumor
markers [128]. Both cytokeratin 19 fragments (CYFRA21-1) and neuron-specific enolase (NSE) were
quantitatively detected at the same time. The microdevice was fabricated through two FET integrated
on the same chip and each transistor gate was biofunctionalized with different specific antibodies.
CYFRA21-1 and NSE were detected with LOD of 1 and 100 ng-mL~?, respectively. These results
suggest a potential to easily identify different lung cancer types.

Label-free FET sensing also plays an important role on the early infection detection of agriculture
plagues. Citrus tristeza virus and Xylella fastidiosa bacterium were detected by a FET biosensor using
n-type indium phosphide (InP) as a biosensing platform [77]. InP substrate was aminated and PEGylated
prior to the antibodies immobilization. The immunoFET detected phytopathogens with sensitivity of
2 nM, this value being comparable with highly sensitive biosensing electrochemical approaches.

4. Aptamers Instead of Antibodies

Aptamers consist of artificial oligonucleotide sequences (peptides or nucleic acids) which can
recognize and bind to a wide range of targets including amino acids, proteins, enzymes, peptides,
metal ions, small chemicals, viruses, and even cells with remarkable specificity and affinity [129].
Aptamers are produced through the in vitro selection and amplification of populations of random
sequence oligonucleotide libraries, known as the SELEX process (selection evolution of ligands by
exponential enrichment) [130].

This new class of synthetic molecules was first reported in 1990 [130,131]. Aptamers are known
as antibody mimics and they have drawn much attention as promising alternatives to conventional
antibodies in the design of novel FET-based immunosensors. Aptamers are capable of offering some
advantages over antibodies: as they are synthetic molecules, they are chemically produced with high
accuracy and reproducibility, without the use of animals or cell cultures; their production is less
expensive and time-consuming than the whole process to generate specific monoclonal antibodies; and
they exhibit high chemical stability in several buffer conditions, without losing bioactivity [129,132,133].
The greatest advantage of using aptamers instead of antibodies is their small size (approximately
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1-2 nm), a property that makes them shorter than the Debye length. Therefore, the biorecognition
event between the target analyte and the aptamer may occur within the electrical double layer, even in
physiological solutions of high ionic strength, resulting in improved sensitivity and a broader range of
analytes [134].

Recently, various FET-based immunosensors using aptamers immobilized on nanomaterial
sensing channels were reported [135-143]. For instance, So et al. firstly demonstrated a FET biosensor
based on SWCNT using aptamers as bioreceptors. Thrombin aptamers were covalently immobilized
onto the surface of SWCNT previously treated with carbodiimidazole-activated Tween 20 (CDI-Tween).
The SWCNT-FET sensor presented a conductance decrease upon aptamer-target binding, being
able to detect thrombin, a coagulation protein, with a LOD of 10 ng-mL~! [140]. Maehashi et al.
fabricated a SWCNT-FET immunosensor for immunoglobulin E (IgE) detection [137]. IgE is a protein
overexpressed by individuals with immune deficiency diseases. SWCNT channel was covalently
modified with anti-IgE aptamers using PBASE as a linker molecule. The presence of IgE caused
a sharp decrease in the drain-source current, indicating that the recognition event occurred inside
the Debye layer. The dissociation constant for the reactions between aptamers and IgE was found
to be 1.9 x 1072 M. Ohno et al. reported the detection of the same protein (IgE) by a graphene-FET
immunosensor [138]. Anti-IgE aptamer DNA oligonucleotides of approximately 3 nm in size were
covalently immobilized on the graphene channel surface through a linker molecule (PBASE). The
drain current was found to be directly dependent on the IgE concentration and a dissociation constant
of 47 nM was estimated.

FET sensors using aptamers have been employed for the detection of disease biomarkers.
For example, the detection of VEGF for cancer diagnosis was demonstrated by a SINW-FET sensor
modified with VEGF RNA aptamers [136]. Charged VEGF molecules on the surface of SINW acted as
electrically positive point-charges in both p-type and n-type SINW-FET sensors. They were detected
with LOD of 1.04 nM and 104 pM for n-type and p-type SINW-FET, respectively. Interferon-gamma
(IFN-y) can be used as a biomarker to diagnose infectious diseases like tuberculosis [135]. This cytokine
was sensitively detected through a graphene-FET immunosensor using IFN-y DNA aptamers
immobilized on the graphene surface. The binding of IFN-y caused an increase in current across
the graphene channel with increasing concentrations of IFN-y, achieving LOD as low as 83 pM.
Abnormal levels of CEA tumor marker were detected by a FET sensor fabricated using carboxylated
polypyrrole multidimensional nanotubes (C-PPy MNTs) conjugated with CEA-binding aptamers [139].
The FET-aptasensor presented a p-type behavior since the drain-source current increased with the
application of negative gate voltages. CEA was ultrasensitively detected, with a LOD of 1 fg-mL ™,
being a value 2-3-fold lower than those previously reported.

Aptamer-based sensors are able to directly detect small molecules and weakly charged analytes.
For example, Wang et al. reported a graphene-FET device to detect the small molecule steroid hormone
dehydroepiandrosterone sulfate (DHEA-S) [141]. The sensing surface was prepared by anchoring
a short DNA sequence complementary to the aptamer onto the graphene surface, thus forming
an aptamer—-DNA anchor hybrid layer. The analyte (DHEA-S)-aptamer binding changes the aptamer
conformation, releasing the aptamer from the graphene surface, and consequently inducing changes
in graphene conductance. DHEA-S biomarker was detected with high specificity, achieving a clinically
relevant detection limit (44.7 nM). Their findings demonstrate the potential of an aptamer-based FET
sensor to detect other important low-charged small molecules in the biomedical field.

5. Conclusions and Future Perspectives

This review presents recent trends on FET-based immunosensors for the label-free detection
of a broad range of analytes. The most recent reports have demonstrated a growing interest on
the application of various nanomaterials such as silicon nanowires, carbon nanotubes, graphene,
molybdenum disulfide, and others as sensing channels of FET-based devices. Nanostructured materials
exhibit excellent physicochemical properties including high specific surface area and chemical
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stability, which make them attractive platforms for immobilizing specific antibodies to design novel
FET immunosensors with improved specificity and sensitivity. These nanomaterials-based FET
immunosensors have shown very low detection limits towards biomolecules such as protein disease
biomarkers, pathogenic microorganisms like bacteria and viruses, and environmental pollutants like
toxins, pesticides, and herbicides.

The detection of analytes in low ionic strength buffers and desalted serum by FET immunosensors
has been described. However, the direct detection of antigen-antibody reactions in physiological
solutions without sample pretreatment has proven to be a challenging undertaking. Therefore, the use
of aptamers instead of antibodies has been reported as an alternative to bring the biorecognition event
within the electrical double layer even under high ionic strength conditions.

In summary, research regarding FET-based immuno devices appreciably increased in the last
years, demonstrating countless opportunities to explore these biosensors as promising alternatives to
conventional immunoassays, especially for the early-stage detection of disease biomarkers. The use of
nanomaterials as sensing channels enables the design of immunosensors with enhanced performance,
opening new prospects in the development of highly sensitive, miniaturized, and unlabeled immuno
devices for PoC applications and simultaneous multiplexed immunoassays.
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Abbreviations

The following abbreviations are used in this manuscript:

Ap Debye length

AFB1 aflatoxin

AFP a-fetoprotein

APTES 3-aminopropyltriethoxysilane

BSA bovine serum albumin

CA 199 carbohydrate antigen 19-9

CDR complementarity determining regions
CEA carcinoembryonic antigen

CeOy cerium oxide

CPPyNP carboxylated polypirrole nanoparticles
CRP C-reactive protein

cTnl cardiac troponin I

CVD chemical vapor deposition
CYFRA21-1 cytokeratin 19 fragments

DHEA-S dehydroepiandrosterone sulfate

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
EGFR epidermal growth factor receptor
ELISA enzyme-linked immunosorbent assay
Fab antigen-binding fragments

FET field-effect transistor

HER2 human epidermal growth factor receptor 2
HBsAg hepatitis B marker

HIV human immunodeficiency virus

InP indium phosphide

Ips drain-source current

IFN-y interferon-gamma

IgE immunoglobulin E
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IgG immunoglobulin G

IL-6 interleukin-6

1L-8 interleukin-8

ISFET ion-sensitive field effect transistor

LOD limit of detection

MCRL microcystin-LR

MoS, molybdenum disulfide

MWCNT multi-walled carbon nanotubes

NHS N-hydroxysuccinimide

NSE neuron-specific enolase

OPN osteopontin

P3HT poly-3-hexyl thiophene

PBASE 1-pyrene butanoic acid succinimidyl ester

PBS phosphate-buffered saline

PDMS polydimethylsiloxane

PoC point-of-care

PSA prostate specific antigen

PSA-ACT Prostate specific antigen/ al-antichymotrypsin

RIA radioimmunoassay

RGO reduced graphene oxide

SAM self-assembled monolayers

SELEX selection evolution of ligands by exponential enrichment

SEM scanning electron microscopy

SiNG silicon nanogratings

SINW silicon nanowire

SWCNT single-walled carbon nanotubes

TiO, titanium dioxide

TNF-« tumor necrosis factor «

TNT 2,4 6-trinitrotoluene

Vps drain-source voltage

VEGF vascular endothelial growth factor

Vg gate voltage

ZnO zinc oxide
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Abstract: Mycotoxin are small (MW ~700 Da), toxic secondary metabolites produced by fungal
species that readily colonize crops and contaminate them at both pre- and post-harvesting. Among all,
aflatoxins (AFs) are mycotoxins of major significance due to their presence in common food
commodities and the potential threat to human health worldwide. Based on the severity of illness
and increased incidences of AFs poisoning, a broad range of conventional and analytical detection
techniques that could be useful and practical have already been reported. However, due to the variety
of structural analogous of these toxins, it is impossible to use one common technique for their analysis.
Numerous recent research efforts have been directed to explore alternative detection technologies.
Recently, immunosensors and aptasensors have gained promising potential in the area of sample
preparation and detection systems. These sensors offer the advantages of disposability, portability,
miniaturization, and on-site analysis. In a typical design of an aptasensor, an aptamer (ssDNA or
RNA) is used as a bio-recognition element either integrated within or in intimate association with the
transducer surface. This review paper is focused on the recent advances in electrochemical immuno-
and aptasensing platforms for detection of AFs in real samples.

Keywords: aflatoxins; electrochemical techniques; aptasensor; biosensor; food

1. Introduction

With the increasing incidence and stubbornly high mycotoxin mortality around the world,
the earlier diagnosis of mycotoxin contamination has drawn significant attention. The presence of
mycotoxin in food and feed due to their associated toxic effects on human health and the environment
has now became a primary concern [1]. Mycotoxins are the toxic fungal metabolites produced by
fungi (micromycetes and macromycetes) under specific conditions of temperature and moisture [2].
The optimal condition of temperature for mycotoxin—producing molds ranging between 24 °C and
35 °C and a relative humidity of >70%. Toxicity of these metabolites in human and warm-blooded
animals is commonly known as mycotoxicosis. More than 300 mycotoxins (aflatoxins, ochratoxins,
trichothecane) commonly exist, but only some of them are practically important. Among all, the
most commonly studied groups of mycotoxins are aflatoxins (AFs). Initially, AFs were isolated and
identified after the death of young turkeys on poultry farms in England, which were found to be
related due to the consumption of a Brazilian peanut meal. AFs are the difuranocoumarin derivatives
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mainly produced by Aspergillus parasiticus, Aspergillus flavus, and rarely by Aspergillus nomius [3].
AFs are often present in corn, peanuts, nuts, almonds, milk, cheese, and wide varieties of agriculture
foodstuffs and beverages [4,5]. They have been classified based on their fluorescent properties under
ultraviolet light (365 nm) and chromatographic mobility into different structural analogs, such as
B-group (cyclopentane ring, blue fluorescence), G-group (lactone ring, yellow-green fluorescence),
and a metabolite of B-group known as AFM1 and AFM2 (Figure 1). Among AFs, AFB1 is the most
common and highly toxic contaminant responsible for more than 75% of all AF contamination in food
and animal feed [6]. Subsequent exposure of AFB-contaminated feed to lactating animals leads to
secretion of AFM1 and M2 in milk through the hydroxylation reaction mechanism. AFM1 and AFM2
are quite stable during milk pasteurization, as well as dairy product processing, which may persist to
the final stage during human consumption [7-9].

e
H;C

e

AFG1 AFG2

Figure 1. Structure of commonly found aflatoxins (AFs).

1.1. Toxicity of AFs

The biotransformation of AFB1 comprises the derivatives of AFM1, aflatoxin-exo-8,9-epoxide,
AFQ1. Among them, the AFM1 and AFQ1 are less reactive and easily eliminated from the body through
urination [10]. However, aflatoxin B1-8,9-exo-epoxide is a known mutagen, which is electrophilic
in nature and capable of forming covalent bonds with nucleophilic sites of macromolecules, such
as nucleic acids and proteins [11]. These covalent bond formations determines the formation of
aflatoxin BI-DNA adducts, which results in mutagenic and carcinogenic effects of AFB1, such as
G—T transversion mutation and attacks on the guanine base of DNA. This introduces the mutation
in the normal cells and formation of various types of carcinomas in humans, especially in liver [12].
Typically, the AFB1 mutation can cause hepatocellular carcinoma, point mutation, inversion of base
sequences (DNA and RNA), and destruction of protein structures [13]. The epoxide attacks at the
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position of seventh (7th) guanine nitrogen (both DNA and RNA), altering the hybridization of nucleic
acids and transcription process. AFB1 has a negative impact on carbohydrate metabolism, which
results in the reduction in hepatic glycogen and increased blood glucose levels. Although the toxic
effects of AFM1 are less than that of AFBI1, nevertheless, it causes the oxidative damage due to
intracellular radical generation, DNA intercalation, base impairment, teratogenicity, birth defects, and
genetic mutation [14].

According to the report of the Food and Agricultural Organization (FAO) on mycotoxin published
in 2004, globally 99 countries had fixed the maximum stringent limits for mycotoxins in food and
food products. In 2012, the Rapid Alert System for Food and Feed (RASFF) declared the AFs as one
of the principle hazards in European Union [15-17]. To minimize the production losses and ensure
the safety of human health, the European Commission (EC) has established the maximum stringent
limits for most of the mycotoxins in food and food products as mentioned in the Commission Regulation
(EC number 1881/2006), as well as through methods of sampling and analysis for their control (EC number
401/2006) [18,19]. Table 1 summarizes the permissible limits of aflatoxins in food by different agencies
such as; European Union (EU), US Food and Drugs Administration (USFDA), the Codex Alimentous
Commission (CAC), and the Food Safety and Standards Authority of India (FSSAI) [18,20].

Table 1. The regulatory standard for aflatoxins (AFs).

Maximum Permissible Level

Matrix
EU USFDA CAC FSSAI
. . 25 pg/mL
Milk and Milk (AFM1) 500 pg/mL 500 pg/mL 500 pg/mL
based products S S (AFM1) (AFM1) (AFM1)
50 pg/mL
(AFM1)
Nuts and dried food M 20 pg/kg-Total Not specified 30 ug/kg
10 ug/kg-Total
Groundnuts & dried 2 ug/kg (AFB1)
fruits and their 20 ug/kg-Total 15 ug/kg-Total 30 ug/kg
processed products 4 pg/kg-Total
Cereals M 20 pg/kg-Total Not specified 30 nug/kg

4 ug/kg-Total

1.2. Monitoring of Aflatoxins (AFs)

AF contamination seriously influences the quality of agricultural production, animal feeds, food
quality, and other dietary products with potential threats to the human health and the environment,
due to economic losses. Considering the above facts, the rapid, sensitive, and accurate detection of AF
contamination in food and feed products, agriculture, and exposure levels in the human body require
regular screening and risk monitoring. The reported classical methods for AFs detection are based
on the chromatographic techniques, such as thin-layer chromatography [21-23], high-performance
liquid chromatography [24,25], liquid chromatography coupled with mass spectroscopy [26-28],
high-performance liquid chromatography coupled with fluorescence detection [29-31], and liquid
chromatography/atmospheric pressure chemical ionization mass spectrometry (LC/APCI-MS) [32].
However, the inherent properties involved in the chromatographic techniques, such as long and
complicated sample pre-treatment procedures, expensive instruments, and the requirement of
trained technicians, limits their wider utility in high-throughput and on-site analysis of samples.
The traditional immunoassays, mainly enzyme-linked immunosorbent assay (ELISA) are commonly
used to detect AFs. However, the disadvantages involved in the immunoassay, such as long reaction
time, difficulty in the automation of the process, in vivo production of antibodies and low sensitivity
in different assays, decrease their involvement in real samples analysis. Some innovation and
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enhancement in the development of immunoassay such integration of nanomaterial, miniaturization
have been reported. Meanwhile, the emergence of biosensing techniques has been witnessed as
an alternative to the above problems. In the present review, we will discuss novel electrochemical
biosensors and assay platforms for the detection of aflatoxins in different food matrices.

2. Biosensors (as an Alternative Tool)

A biosensor is a compact analytical device used for the detection of a target analyte based on
optical, thermal, piezoelectric, and electrochemical signal generation, which are generated by the
interaction between the recognition element and analyte of interest [33]. The molecular recognition
elements are, consequently, the key for biosensors since their binding affinity and specificity greatly
influences the sensor performance. Initially, the recognition elements (antibodies, enzymes, isolated
receptors, etc.) were isolated from living organism i.e., goats, mice, horses. The antibodies were
generated by animal immunization when it responds to the different antigens such as toxins,
drugs, chemicals, virus particles, spores, and other foreign substrates [34]. Currently, synthetic or
bio-engineered recognition elements are available in the laboratory, including antibodies, enzymes,
molecularly-imprinted polymers, and lectins with the improved features of selectivity and specificity
in biosensing. The specific and selective interaction between a particular antibody and an antigen is
the basic principle involved in immunoassays. The results obtained from these immunoassays must
be reproducible and repeatable in order to enable proper detection of analytes. Depending upon
the technique used, immunosensors can be optical [35], mass-sensitive [36], and electrochemical [37].
Among these, electrochemical immunosensors are widely used, since they involve comparatively
inexpensive, simple, and easy to use instruments. Immunosensors based on screen-printed electrodes
(SPEs) are very convenient to use as they are easy to fabricate, portable, suitable for mass production,
and provide inexpensive kits for the rapid and accurate detection and quantification of antigens
and antibodies in a sample matrix. However, this is possible only when such a system is thoroughly
characterized, well optimized, and immobilized on the surface of the electrodes.

Unfortunately, these recognition elements exhibit certain limitations. For instance, the antibodies
and enzymes are sensitive to working pH and temperature, which is reflected in the short shelf
life and irreversible denaturation [38]. The need of animal immunization for antibody production,
which often involves the animal suffering, batch to batch variation, and difficulty in labeling of the
specific recognition site, decreases the wide utility of antibodies. Finally, due to the requirement of
immobilization and extensive washing in antibody-based affinity assays, it is difficult to carry out the
homogeneous assays [39]. Therefore, it is highly desirable to seek the alternative ligands or recognition
elements as a new platform for biosensing and analytical applications.

Aptamer

In the last decades, aptamers have attracted tremendous interest in therapeutic and bioanalytical
applications, either used as an active separation material in chromatography or as recognition
material in biosensing applications to replace commonly-used bio-receptors [40-45]. Aptamers are
synthetic oligonucleotides sequences (30-100 nucleotides) with high affinity and specificity to recognize
their cognate target molecules, ranging from small ions to large peptides. Upon target recognition,
the aptamer folds into a specific 3D structure known as the antiparallel G-quadruplex aptamer complex
form. Most of the aptamers are obtained through a combinatorial process called a systemic evolution
of ligands by exponential enrichment (SELEX) from vast populations of random sequences. In SELEX,
a random oligonucleotides library is exposed to the specific analyte of interest under a set of pH,
ionic strength, and temperature conditions. However, it is difficult to optimize the SELEX parameters
and select the aptamer sequence with high binding efficiency but, once optimized, it will reflect the
sensing environment for the detection of target molecules [46]. The effect of structural analogs or
interference against target molecules might hinder the aptamer synthesis. The selection of complex
real matrices such as extracts, food, or bacterial samples for testing, ensure that the synthesized
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aptamer has the potential to work in real samples and detect mycotoxins. Considering these factors,
there remain a number of mycotoxins for which aptamers could be selected. Another potential
advantage of aptamer technology over the antibody is that the selection of oligonucleotides sequences
can be rationally determined and altered to optimize molecular recognition performance. The high
binding sequences can be partitioned from the sequences lacking affinity against the target. For small
molecules, such as mycotoxins, the SELEX is often achieved by the immobilizing of target molecules
to a solid phase or beads, allowing the easy removal of unwanted sequences through multiple
washing steps. As recognition elements, aptamers offer many advantages over conventional antibodies.
Due to their small size, high affinity, specificity, ease of denaturation, high stability (especially DNA
aptamers), ease of modification, and labeling, aptamers have gained significant potential for developing
practical, inexpensive and robust biosensing platforms [47,48]. Even though the promising potential
of aptamer-based sensing strategies exist in the food industry, therapeutics, and clinical diagnostics,
only a few aptamer-based products are commercializedThis review surveys the recent literature
dealing with immuno- and aptasensors for AF detection. These studies can open the way to novel
analytical devices of commercial interest with several advantages, such as miniaturization, portability,
disposability, low sample requirement, and suitability for practical and on-site applications.

3. Electrochemical Immunosensors for AFs Detections

In the existing literature, several electrochemical immunosensing platforms have been reported for
AFB1 and AFM1 detections. Firstly, an indirect competitive ELISA was performed on SPE electrodes
using DPV analysis for AFB1 detection. The presented method was successfully applied for detection of
AFBI in barley samples with high sensitivity and good recoveries. The SPE-based ELISA showed better
analytical performance than spectrophotometric ELISA with a LOD of 30 pg/mL [49]. After one year,
a direct HRP-linked chronoamperometric immunosensor was developed for detection of AFM1 in milk
samples [50]. Obtained results showed that, using SPEs, AFM1 can be measured up to 25 pg/mL with
a dynamic working range between 30 and 160 pg/mL. Meanwhile, in a study by Parker et al., it was
concluded that the presence of divalent ion (calcium) is highly recommended to stabilize the milk
samples on metal electrodes [51]. For multi-analyte determinations, a competitive ELISA combined with
96-well screen-printed microplate-based multichannel electrochemical detection was developed for AFB1
detection in corn samples using intermittent pulse amperometry (IPA) [52]. The author reported a LOD
of 30 pg/mL with the high throughput ELISA procedure. In the last decades, nanomaterial-based signal
amplification strategies for conventional ELISA and electrochemical detection have been applied for
AFM1 detection [53,54]. For AFB1 detection, an impedimetric immunosensor based on colloidal gold and
silver electrodeposition for AFM1 detection was developed by Vig et al. [55]. The signal amplification
was carried out by silver electrodeposition using chronoamperometry. The results of calculating charge
transfer resistance (EIS signal) correspond to the amount of AFMI present. Obtained results were
further compared with linear sweep voltammetry (LSV) measurements. In the same context, an indirect
enzymatic immunosensor for AFB1 detection was fabricated on gold electrodes using signal amplification
strategies based on silver electrodeposition. LSV measurements were carried out to quantify the metal
silver, which corresponds to the amount of AFB1 in rice samples [37]. Bacher et al., reported a label-free
impedimetric immunosensor based on antibody-coupled silver wire for detection of AFM1 in milk
samples [56]. The anti-AFM1 mAb and AFM1 interaction were quantified on the basis of impedance
change at 10 mV potential. The developed sensor has the highest sensitivity with a LOD of 1 pg/mL
with an analysis time of 20 min. In order to miniaturize and improve the sensitivity and selectivity of
a conventional electrode system, a gold microelectrode array was used as a platform for AF analysis.
Parker et al., reported the development of direct competitive ELISA based on the gold microelectrode
array for direct analysis of AFM1 in milk samples [57].

Integration of nanotechnology or nanostructures in biosensing applications improves the
analytical performance of the electrochemical biosensing methods owing to their high surface
area impact ratio, excellent surface catalytic activity, ease of preparation, and bioconjugation [58].

149



Chemosensors 2017, 5, 1

Glassy carbon electrodes (GCEs) or modified GCE surfaces have been widely used for preparing
electrochemical immunosensors for AF detection. After capturing the analyte on the sensor surface,
the electrochemical signal change is measured by DPV, EIS, and amperometry measurements [59-62].
Similarly, single-walled carbon nanotubes (SWNTs) have also been widely used in the development
of electrochemical immunosensing platforms. For AFB1 detection in corn powder, an AFB1-BSA
immobilized conjugate on SWNTs/chitosan-modified GCE surfaces was used for development
of an electrochemical-based indirect competitive immunoassay [63]. Graphene oxide (GO), has
been used for fabricating electrochemical immunosensors for mycotoxin detection. Recently, GO
based electrochemiluminescent and EIS immunosensors have been developed for AFM1 and AFB1
detection [64,65]. Immunosensing platforms reported for AF detection based on electrochemical signal
generation have been summarized in Table 2.

Table 2. Summary of literature reports describing electrochemical immunosensors for aflatoxins detection.

Analyte Method LOD Matrix Reference
AFB1 ELISA with DPV 30 pg/mL Barley [49]
AFM1 Amperomertic 25 pg/mL Milk [50]
AFB1  intermittent pulse amperometry (IPA) 30 pg/mL Corn [52]
AFM1 EIS 15ng/L Milk [55]
AFB1 Lsv 0.06 ng/mL Rice [37]
AFM1 EIS 1 pg/mL Milk [56]
AFM1 EIS 8ng/L Milk [57]
AFB1 DrVv 0.07 ng/mL - [58]
ABMI DPV 0.2 ng/mL PBS [59]
0.7 ng/mL - [60]
AFB1 EIS 0.01 ng/mL Bee pollen [61]
AFB1 Amperometric 0.05ng/mL  Human serum and grape samples [62]
AFB1 DPV 3.5 pg/mL Corn powder [63]
AFM1 Electrochemiluminescent (ECL) 0.3 pg/mL Milk [64]
AFB1 EIS 0.5 pg/mL Corn samples [65]

4. Aptamer-Based Sensing Strategies for Aflatoxins (AFs) Detection

Recently, aptamer sequences possessing a high affinity for AFs (different structural analogs) have
been reported in either publications or patents (Table 3) [66-70]. In the present scenario, the problems
associated with the analysis of complex samples, such as blood, serum, and cellular extracts, have
been solved using electrochemical biosensors [71,72].

Table 3. Aptamer sequences for aflatoxins (AFs).

Aptamer Base Pair
Target Length Sequences (No.) Sequences Kd mM) Ref.
GTTGGGCACGTGTTGTCTCTCTGTGTCTC
0 16 GTGCCCTTCGCTAGGCCCACA N-R. [66]
AFB1 AGCAGCACAGAGGTCAGATGGTGCTAT
80 26 CATGCGCTCAATGGGAGACTTTAGCTG 1129 £1.27 [67]
CCCCCACCTATGCGTGCTACCGTGAA
AGCAGCACAGAGGTCAGATGCTGACA
AFB2 80 26 CCCTGGACCTTGGGATTCCGGAAGTT 9.83 £ 0.99 [68]
TTCCGGTACCTATGCGTGCTACCGTGAA
21 7 ACTGCTAGAGATTTTCCACAT N.R. [69]
AFM1 ATCCGTCACACCTGCTCTGACGCTG
72 24 GGGTCGACCCGGAGAAATGCATTCC 35.6 £26 [70]

CCTGTGGTGTTGGCTCCCGTAT
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In the last decades, the development of electrochemical aptasensing platforms has gained
considerable attention in the analysis of target analytes. Immobilization of aptamers on the electrode
surface is highly important. Several immobilization techniques, such as thiolation, diazonium
coupling, and click chemistry, are reported [73-75]. Among all, diazotization coupling provides better
immobilization impact due to the lack of leakage of bio-recognition elements on storage. The generation of
the electrochemical signal corresponds to the amount of analyte present. The electrochemical aptasensors
can be easily modified and offer the advantages of high sensitivity, selectivity, stability, compatibility
with microfabrication, disposability, portability, high detection speed, and the requirement of low sample
volume. Based on these advantages, electrochemical sensors appear to be well suited for practical
applications. In the last decade, a large number of papers and reviews have been published in this field.

Electrochemical Aptasensors for AFs Detection

In recent years, the development of aptasensors for detection of toxins and environmental
pollutants has gained significant attention. The merging of aptamer capabilities and the versatility
of nanomaterials has opened new strategies for the amplified detection of mycotoxins. The various
developed electrochemical aptasensors for AFs detection has been summarized in Table 4. Nguyen et al.
have reported the label-free electrochemical aptasensor for detection of AFM1 [69]. For the construction
of electrochemical aptasensor, a Fe3O4 polyaniline (Fe3O4/PANi) film was polymerized on the
interdigitated electrode (IDE) for AFM1 detection. Immobilized aptamers as affinity capture reagents,
and magnetic nanoparticles for signal amplification were employed in construction of sensing platform.
For AFM1 quantification, label-free and direct measurements of the AFM1 aptamer on the Fe3O4/PANi
interface were carried out using cyclic (CV) and square wave voltammetry (SWV). The developed
aptasensor showed a LOD of 1.98 ng/L with a good sensitivity in the range 660 ng/L. Later, the
aptasensor performance was successfully demonstrated in milk samples. A DNA biosensor based
on the interaction of AFM1 and a self-assembled metal supported lipid bilayer membrane (s-BLMs)
and its effect on DNA hybridization was reported [76]. The interactions of AFM1 with s-BLMs was
composed of egg phosphatidylcholine, responsible for an increase in ion current, which corresponds
to the concentration of toxin. The presence of ssDNA causes an increase in ion current across s-BLMs,
whereas the current decrease is due to the formation of double-stranded DNA (dsDNA). The captured
signal decreases in the presence of the toxin and increases the time to reach equilibrium. This aptasensor
provided the rapid (<1 min) detection and the low detection limit (0.5 nM) of AFM1 based on the
measurements of the initial rate of hybridization. Dinckaya et al. reported the development of an
impedimetric DNA biosensor for detection of AFM1 in milk and dairy products [77]. The DNA
biosensor was constructed by covalent immobilization of the thio-modified single-stranded DNA
(ss-HSDNA) on the gold surface using self-assembled monolayer. Using impedance spectroscopy,
a detection limit of 1-14 ng/mL was obtained.

Very recently, an impedimetric aptasensor for detection of AFMI1 was reported by
Istamboulie et al. [78]. In this work, the hexaethyleneglycol-modified oligonucleotides (seven base
pair sequences) of anti-AFM1 aptamer were immobilized on the diazotized screen-printed carbon
electrode (SPCEs) via a carbodiimide coupling reaction. The fabricated aptasensor was characterized at
each step using CV and EIS using ferri/ferrocyanide as a redox probe. A dynamic range of 2-150 ng/L
AFM1 was obtained with a LOD of 1.15 ng/L. For real sample analysis, a simple filtration through
a 0.2 mm polytetrafluoroethylene (PTFE) membrane was carried out to allow the determination of
AFM1 in milk samples.
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Table 4. The reported literature based on electrochemical aptasensors for detection of Aflatoxins.

Target Method Used Limit of Detection (LOD) Matrix Ref.
Cyclic (CV) and square .
AFMI wave voltammetry (SWV) 198 ng/L Milk [69]
AFM1 Amperomertic 0.5 nM Milk [76]
AFMI Electrochemical impedance NR. Milk (7]
spectroscopy (EIS)
AFM1 CV and SWV 1.98 ng/L Milk [78]
AFB1 CV and EIS 0.40 £+ 0.03 nM peanuts-corn snacks [79]
. ts, cash ts,
o LN e e
EIS 0.05 nM Y
AFB1 EIS 012 ng/mL (seqA) Alcoholic beverages [81]
0.25 ng/mL (seqB)
AFB1 SWV 0.6 x 10~* ng/L Corn [82]

Castillo et al. reported the development of an electrochemical aptasensor using polyamidoamine
PAMAM dendrimers for AFB1 detection [79]. For sensor fabrication, a single-stranded (ss) amino-
modified DNA aptamer highly specific to AFB1 was immobilized on the assembly of a multilayer
framework of immobilized PAMAM dendrimers on the gold electrode. The CV and EIS measurements
were performed to capture the signal response by means of redox indicators: K[Fe(CN)g]3~/4~.
The aptasensor allowed AFB1 determination in the range of 0.1-10 nM AFB1. The sensor possesses
the LOD of 0.40 4 0.03 nM, with a stability of 60 h at 4 °C. In previous years, the use of mediators,
such as methylene blue, ferrocene, ferri-ferrocyanide, and methylene green in the electrochemical
sensor has been successfully reported for a decrease in potential and amplification of signals [83-86].
Previously, an electrochemical aptasensor based on the electropolymerization of neutral red on the
electrode surface for detection of AFB1 has been reported by Evtugyn et al. [80]. The aptasensor
was prepared using covalent immobilization of anti-AFB1 DNA aptamer to the polycarboxylated
macrocyclic ligand immobilized (Thiacalix arene A) on an electropolymerised layer of neutral red,
which acts as a redox probe (Figure 2). For quantitative measurements of AFB1, CV and EIS
measurements were carried out. The developed aptasensor showed a LOD of 0.05 nM with EIS
in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) binding buffer. It was reported that
the developed protocol provides the enhancement in stability of the surface layer and improved
reproducibility of the voltammetric signal in multiple food matrices, such as peanuts, cashew nuts,
white wine, and soy sauce.

e =

Electro Binding of Immobilization Incubation of
polymerization  Thiacalix arene A of aptamer analyte (AFB1)
® BN o=
Neutral Red (NR) ~ ThiacalixareneA  Aptamer  (AFBI)

Figure 2. Schematic representation of an electrochemical aptasensor used for determination of AFB1
using electropolymerized modified electrodes (scheme illustration from [80]).
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Very recently, a label-free EIS aptasensor for the detection of AFB1 in alcoholic beverages [81].
An EIS aptasensor was fabricated over SPCEs via immobilization of anti-AFB1 aptamer using
a diazonium coupling mechanism (Figure 3). In this work, the two different sequences of an anti-AFB1
aptamer were used and compared for their analytical performance. On incubation of AFB1, a dynamic
detection range from 0.125 to 16 ng/mL was obtained with a LOD of 0.12 and 0.25 ng/mL for seqA
and seqB. The performance of the EIS aptasensor was successfully demonstrated in alcoholic beverages
(beer and wine samples) with recoveries between 92% and 102%. The developed aptasensor offers the
advantages of disposability and portability for on-site analysis. Among the reported electrochemical
techniques, one important strategy is the designing of a switchable on-off electrochemical aptasensor,
which results in a signal upon target recognition depending upon conformational changes. However,
for the “signal-off” electrochemical sensor, it is generally recognized that the suppression of the signal
alters the sensitivity and specificity of the developed platforms [87]. Presently, to effectively avoid
the inherent drawbacks of signal-off biosensors, the integration of different amplification approaches
became attractive, such as in vitro DNA amplification. Based on the above facts, an enzyme-based
signal amplification electrochemical aptasensing platform for ultrasensitive detection of AFB1
has been reported by Zheng et al. [82]. In this work, a heteroenzyme-based two-round signal
amplification electrochemical aptasensor approach was designed for AFB1 detection. In the first round,
the telomerase-based amplification led to the generation of a high current signal, which increases the
detection range (Figure 4), whereas in the second round the EXO Ill-based amplification led to the
generation of an observable signal response corresponding to the trace concentrations of AFB1. Based
on the advantage of the two-round signal amplification strategy, the sensitivity and detection range of
proposed electrochemical aptasensors were greatly improved.

0.__OH % Incubation @@
Diazotization using EDC:NHS activation o, M o w with target

oIt 0__Nit

electrngrafting —_—
Aptamer immobilization \J'\ K] \:\J L:‘
Modified SPCE H, Aptamer immobilized Aptasensor incubated
electrode (Aptasensor) with analyte

Figure 3. Schematic representation of an electrochemical aptasensor used for determination of AFB1
using diazotized SPCEs (scheme illustration from [81]).
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Aptamer  Stemloop Blocking of Immobilization ‘
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gold immobilized surface integrated with
electrode aptamer AuNPs
AFB1
=3 * Second

=3 round
4 amplification
1 y
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Figure 4. Schematic representation of two signals amplified signal on an electrochemical aptasensor
for AFB1 detection (scheme illustration from [82]).
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5. Safety Notes

AFs are highly carcinogenic and should be handled with extreme care. After use, the AF-contaminated
labwares must be decontaminated with an aqueous solution of sodium hypochlorite (5%). The AFs are
subject to light degradation; therefore, the samples must be protected from daylight and standards
must be stored in amber-colored vials. For aqueous solutions of AFs, the use of non-acid-washed
glassware may result in the loss of AF, thus, special attention and precautions should be paid in
cleaning new glassware, which should be soaked in dilute acid (10% sulfuric acid) for several hours
and then thoroughly rinsed with distilled water to remove all of the traces of acid [88,89].

6. Conclusions and Future Perspectives

Various analytical methods employed in the analysis of aflatoxins in agricultural, food, crops,
and feeds have been reported. Over the well-established antigen-antibody-based (immunosensor)
detection systems, the aptamer-based (aptasensors) strategies have been explored due to their inherent
practical benefits over the antibodies as recognition elements. Preferably, a detection method should be
able to detect the target analyte at very low levels with high specificity. In this context, immunosensors
with a very high level of analytical performance; lower LODs, high stability with high precision and
accuracy, has been reported. Despite of their numerous advantages, the immunosensors still require
some improvements for better analysis of food and environmental samples, whereas the in vitro design
and selection of the aptamer sequences allow the unparalleled control over binding conditions and
possible cross-reactivity. The SELEX experiments can be carefully designed, including the counter
selections against toxins or other possible interferences. Additionally, the selection of aptamer directly
in complex matrices, such as extracts from the crops or food, could help to ensure their reliable
performances in real-world samples. Considering these factors, there is scope to explore the SELEX
process for selection of aptamer against a series of mycotoxins for which aptamers are not known.

It is worth noting that although many sensitive methods have been described for the analysis
of AFs, based on electrochemical signal generation. The EIS aptasensors offers the advantages of
disposability, portability, miniaturization, and on-site analysis. Therefore, the development of simple,
label-free, rapid, and sensitive tools that are based on electrochemical responses can provide versatile,
portable, sensitive, and accurate devises for AFs on-site detection. The discussed signal amplification
strategies possess the significant potential to overcome bottleneck in the traditional signal-off biosensor.
One of the major breakthrough studies could be the integration of signal amplification strategies with
sensing platforms based on screen printed electrodes.
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Abstract: This work describes the investigation of a label-free immunosensor for the detection of
aflatoxin By (AFB). CD-trodes (electrodes obtained from recordable compact disks) were used as
low-cost and disposable transducers after modification with a self-assembled monolayer (SAM) of
lipoic acid. The anti-aflatoxin B; antibody was immobilized via EDC/NHS activation, followed by
blocking with bovine serum albumin and immunoassays with AFB;. The optimization of analytical
parameters and the detection were carried out using electrochemical impedance measurements.
Using chemometric tools, the best conditions for the immunosensor development were defined
as: anti-AFB; antibody at 1:2000 dilution and surface blocking with 0.5% bovine serum albumin,
both incubated for 1 h, and antibody-antigen immunoreaction for 30 min. The impedimetric
immunosensor showed a linear range from 5 x 107 to 1 x 1077 mol-L~! (1.56-31.2 ng-mL 1),
limit of detection and limit of quantification, respectively, 3.6 x 1071 and 1.1 x 10~?mol-L~!
(0.11 and 0.34 ng-mL~!). The proposed immunosensor was applied to analyze peanut samples.

Keywords: aflatoxin B;; immunosensor; electrochemical impedance spectroscopy

1. Introduction

Aflatoxin By (AFB,) is a toxic metabolite produced by fungi Aspergillus flavus and A. parasiticus that
is characterized by acute toxicity, teratogenicity, mutagenicity, and carcinogenicity [1]. The acute effects
are observed mainly in the liver; they can result in necrosis, hemorrhage, injury, fibrosis, cirrhosis,
and cancer. This toxin infects a wide range of agricultural products [2], especially peanuts, corn, wheat,
rice, nuts, dried fruits, among others.

The detection of aflatoxin in food and feed is usually performed by instrumental methodologies
based on synchronous fluorescence spectrometry [3], high-performance liquid chromatography
with amperometric detection [4], fluorescence detection [5], thin layer chromatography [6],
or immunochromatographic assay [7]. An alternative is offered by the use of immunosensors, due to their
sensibility, stability, and ease of handling. In this case, the antibodies are immobilized on an electrode
and must maintain their biological activity on the transducer [8]. One of the procedures is based on
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the formation of a self-assembled monolayer (SAM) on the electrode surface [9], which consists
of the interaction of a highly-organized organic molecule layer on the surface and one of the
functional groups of the selected organic molecule having the function of providing the biological
material’s immobilization (e.g., enzymes, proteins, nucleic acid, antibody, etc.) via the free functional
group of SAM [10]. Organic monolayers with a sulfur group on the electrode surface are of great
interest, because the sulfur binds strongly to the gold surface and the reactive functional group
is maintained free for the immobilization of biological molecules [11]. Surface Plasmon resonance
devices [12], conductometric [13], fluorometric [14], and amperometric [15,16] biosensors indicated
good performance. Related to the impedimetric immunosensor for AFB, the literature registered the
immobilization of antibody on Pt, glassy carbon, and gold electrode, as displayed in Table 1.

Table 1. Comparison of the performances of different impedimetric immunosensors for the
determination of aflatoxin By (AFBy).

Matrix Dynamic Range LOD! Ref.

Pt electrodes modified with polyaniline and polystyrene

— L1 -1

sulphonic acid 0-6mg-L 01 mg-L (7
Silica gel-ionic liquid biocompatible film on the glassy 0110 ng-mL’l 0.01 ng-mL’l [18]
carbon electrode
1,6—hexaned1t'hlol, c_01101dal Au, and aflatoxin Bj—bovine 0.08-100 ng-mL ! 0.05 ng-mL~1 [19]
serum albumin conjugate on a gold electrode
Graphene oxide on Au electrode 0.5-5 r\g«mL’1 0.23 ngmL’1 [20]
Graphene/polypyrrole/pyrrolepropylic acid composite film 10 fg-mL~1-10 pg-mL~" 10 fg-mL—! [21]
on glassy carbon electrode
Poly(amidoamine) dendrimers of fourth generation 1 . .
immobilized on gold electrode covered by cystamine 0.05-3.1 ng-mL 0-12ng-mL 22]

2 o
MWCNT < /ionic liquid composite films on glassy 0.1-10 ng-mL "1 0.03 ng-mL ! 23]
carbon electrode
Poly(ophenylenediamine) electropolymerized film modified 1 Y
gold three-dimensional nanoelectrode ensembles 0.04-8.0 ng-mL 0.019 ng-mL. (24]
Screen-printed interdigitated microelectrodes modified with 500 ng-mL’l 5 ng»mL’l [25]

3-Dithiobis-(sulfosuccinimidyl-propionate) and Protein G

1 LOD = Limit of detection, > MWCNT: multi-walled carbon nanotubes. * Original value of dynamic range:
0.1-10 nmol-L =" and LOD: 0.4 nmol-L ™.

This work reports the development of an impedimetric immunosensor for the determination
of aflatoxin Bj, through gold CD-trode (electrode obtained from recordable compact disks)
surface modification with a self-assembled monolayer (SAM) of lipoic acid activated via
EDC (1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide) /NHS (N-hydroxy succinimide) for the
immobilization of anti-aflatoxin By antibody. CD-trodes can be easily obtained by simple treatment
of wasted gold CDs to obtain cheap but efficient electrochemical sensors [26,27]. The optimization
of the experimental parameters involved in the development of the CD-trode sensor was performed
chemometrically, by means of full factorial design. The proposed biosensor was applied to determine
the antigen in peanut samples.

2. Materials and Methods

2.1. Reagents

69%—-70% HNO3, 95%-98% H,SO4, methanol, and chloroform were purchased from J. T. Baker
(Phillipsburg, NJ, USA). 1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide (EDC) was obtained from
Fluka (Buchs, Switzerland). Lipoic acid (CgH140,S;), N-hydroxy succinimide (NHS), aflatoxin
By (AFB;) from Aspergillus flavus, anti-AFB; antibody from rabbit, bovine serum albumin (BSA),
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NaH,;PO,-H,0, NaHPO4, K3Fe(CN)g, KyFe(CN)g, CuSO4-5H,0, and KCl were purchased from Sigma
(St. Louis, MO, USA). Ultra-pure water (resistivity 18.2 MQ)-cm) was used to prepare the solutions.

2.2. Apparatus and Electrochemical Cell

The electrochemical measurements were carried out using a potentiostat/galvanostat AUTOLAB
PGSTAT 302 with impedance module FRA 2 (frequency response analyzer) and software version
4.9.005. The experiments were carried out using a one-compartment electrochemical cell with a volume
of 5mlL, and a three-electrode system: gold CD-trode (Ageom = 0.071 cm? and active area of 0.091 cm?,
estimated from by Randles-Sevik equation [28]), Ag | AgCl | KCl,y and platinum wire (Ageom = 4 cm?)
as work, reference, and auxiliary electrodes, respectively.

2.3. Construction of Gold Electrode (AuCD-Trode)

The working electrode was constructed from a recordable compact disc (Mitsui Archive Gold
CD-R 100) containing a gold film with thickness between 50 and 100 nm, using a previously reported
procedure [26]. Briefly, to access the metal layer of the CD-R, concentrated HNO3; was added to the
surface; after 5-10 min, the protective layers were totally removed and the gold surface was washed
thoroughly with distilled water [26]. The CD-R was cut and the working area of the electrode (E, ) was
pre-set with perforated galvanoplastic tape. The electrical contact of the CD-trode was a laminated
copper wire fixed and insulated with polytetrafluoroethylene (PTFE) tape. The characterization of the
AuCD-trode as an electrochemical transducer was done previously [27]. CD-trodes are disposable,
so they were used only once. A scheme of CD-trode is shown in Figure 1.

PTFE
tape

Electrical

contact Galvanoplastic

tape
Figure 1. Scheme of modification of the gold CD-trode surface. PTFE: polytetrafluoroethylene.

2.4. Immunosensor Development

Scheme 1 shows the schemes of the different steps of modification of CD-trode to obtain the
impedimetric immunosensor [29,30].

oH
A (»/////l< CHCHN-CoN(CH) RH(CH), (Jk %
b8 Gpoloacity
s

s H
|
u Au
(NHS)

NH,

(Antibody)

Scheme 1. Scheme of the gold CD-trode surface modification.
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The first step in the development of an impedimetric immunosensor (Scheme 1-1) is the addition
of 10 pL of 1 x 1073 mol-L~! lipoic acid prepared in ethanol/water solution (1:10) to the gold
CD-trode surface and incubation for 2 h to form a SAM [31]. According to literature, both thiol and
disulfide groups interact with gold [11]. For the immobilization of biological material on the SAM,
it was necessary to activate the carboxyl group of the lipoic acid with 10 pL of 0.4/0.1 mmol-L~!
EDC/NHS prepared in deionized water that was added on the surface of the modified electrode,
and the incubation time was 60 min (Scheme 1-2) [32]. The immobilization of the anti-AFB; antibody
(Scheme 1-3) was performed by adding 10 pL of antibody solution prepared in 0.01 mol-L~! phosphate
buffer solution (pH 7.4) with different concentrations and incubation times on the modified electrode.
In order to avoid unspecific interaction, the electrode surface was blocked with 10 pL of 0.5% bovine
serum albumin (BSA) prepared in 0.01 mol-L~! phosphate buffer solution (pH 7.4) containing tween
20 (PBS-T) for 60 min. Finally, 10 uL of aflatoxin By, prepared in 0.5% BSA solution, was added on
the immunosensor surface and incubated for 30 min. The incubation steps were performed at 25 °C.
After each incubation time at different steps of modification, the electrode was washed by immersion
in ultra-pure water three times for 10 s under stirring.

The analysis of factorial designs results was conducted with statistical and graphical analysis
software MINITAB® Release 15, developed by Minitab Inc., State College, PA, USA. All experiments were
carried out in triplicate and the reproducibility was evaluated statistically by the MINITAB® software.

After the construction of the immunosensor, a standard solution of AFBj—prepared in
0.01 mol-L~! phosphate buffer solution at pH 7.4 containing 0.5% BSA—was added to the electrode,
and the affinity reaction was monitored.

2.5. Electrochemical Measurements

In order to clean and homogenize the surface, the CD-trodes were submitted to pretreatments
with 10 voltammetric cycles in 0.5 mol-L~! sulfuric acid in the potential range between +0.2 and +1.5 V
at100 mV-s~1.

The impedance spectra were obtained by applying a sine wave of 10 mV (rms) on Eocp from
100 kHz to 100 mHz and recording 10 points/frequency decade. Measurements were performed in
0.1 mol-L~! phosphate buffer solution pH 7.0 containing 1.0 x 107> mol-L~! Fe(CN)¢>~/4~ redox pair.
All electrochemical measurements were done in triplicate at 25 £ 2 °C in a Faraday cage. The value of
charge transfer resistance (Rct), calculated from the Nyquist plot, was used as parameter related to the
response of the immunosensor. These values were obtained for each experiment. The real impedance
(Zye) of the frequency in the maximum of the semicircle was taken; it is the solution resistance (Rn)
plus half of the charge transfer resistance. Therefore, the Rt can be defined by Equation (1) [33].

Ret = 2Zpe — ZRQ (l)

2.6. Extraction of AFB; from Peanut Samples

The immunosensor was applied to AFB; analysis in peanut samples. The toxin extraction from
the sample was carried out as follows: 50 g of ground raw peanuts were mixed with 270 mL of
methanol and 30 mL of 4% KCl in a blender for 5 min, followed by filtration through a qualitative filter
paper. Then, the filtrate was mixed with 150 mL of 10% CuSO4-5H,0 and celite for 5 min, and then
filtered again on filter paper. The filtrate was mixed with water (1:1), and the aflatoxin extracted with
10 mL of chloroform. Another aliquot of chloroform was added to the aqueous solution. The organic
phases were mixed and dried in a water bath at 40 °C [34]. The dried aliquots were re-suspended with
1.0 mL methanol and diluted in 0.01 mol-L~? phosphate buffer solution (pH 7.4, containing 0.5% BSA)
and analyzed.
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3. Results and Discussion

3.1. Chemometric Study of Antibody, BSA, and AFB; Concentrations and Incubation Time

The first step in the development of the immunosensor concerned the optimization of the
concentration of anti-AFB; (1:2000 and 1:500, or 0.0017 and 0.0067 pg-puL 1) and its incubation time
(1 and 12 h). When the antibodies were incubated for 1 or 12 h, the results indicated almost the same
value of R, and the capacitive circle presented no inductive loop [35]. This means that one hour of
incubation is enough.

The concentration of the anti-AFB; antibody and incubation time optimization were performed by
full factorial design of type 22. The Pareto plot in Figure 2a shows that the most important parameter
is the antibody dilution (D), while the incubation time of the solution (tjn.) and interactions between
factors (Dap and tinc) on the modified CD-trode do not have great influence on the impedance
measurements. The influences of the high and low levels of each variable were also determined.
The lines shown in Figure 2b express the trend of the R values when changing the parameter from
low to high level. The line with higher slope indicates the most influential parameter of the system;
thus, the dilution presents the greater influence to the system. The 1:2000 dilution of the antibody with
1 h of incubation tended to result in higher impedance value.

2.365

Dilution -

Time -

(@)

T

0 1 2
Standardized Effect
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T T
0.0005 0.0020 1 12

Figure 2. (a) Pareto plot: the influence of parameters on immobilization of Ab-AFB; on modified
CD-trode with a self-assembled monolayer (SAM). Dy, = dilution of anti-AFB; antibody and
tincub. = incubation time; (b) Trend of Rt to high and low levels of each variable.
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The optimization of bovine serum albumin and aflatoxin By concentration and incubation time of
antigen were investigated by means of full factorial design of type 23. In Figure 3a, the Pareto plot
shows that the most important parameter is the AFB; concentration, followed by incubation time
of the antigen. The BSA concentration and interactions between the factors have little influence on
the response of the system. The plot in Figure 3b indicates that at high AFB; concentration, R is
higher when the incubation time is 30 min, because these were the parameters that tended to higher
values. As the variation of the BSA concentration does not present influence, the 0.5% concentration
was adopted. To evaluate the incubation time of BSA, different times were studied: 30, 40, and 60 min
(data not shown). The Rt values for 30 and 40 min of incubation were quite similar to the R of
the previous modification step (Au-SAM-Ab). However, with 60 min of incubation, the R value
was higher than the previous step, and the reproducibility of the measurements was better. Thereby,
the incubation time of 60 min was used for the blocking step.

2.120

AFB1

BSA+AFBI -
Time

BSA
BSA+Time
AFB1+Time
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BSA AFB1 Time

34
324
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ni e e
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Figure 3. (a) Pareto plot: the influence of parameters on immobilization of AFB; antigen on
the immobilized antibody on the SAM; (b) Trend of R to high and low levels of each variable.
Cpsa = bovine serum albumin concentration, Capp; = aflatoxin By concentration, and tj,p, = incubation
time of aflatoxin Bj.

Figure 4 presents the Nyquist diagram for the various steps of the construction of the optimized
immunosensor: SAM layer, active SAM layer, antibody layer, blocking with BSA, and interaction of
antigen with the immunosensor. The figures indicate that each layer deposition on the immunosensor
surface increases the impedance of the system. This increase is due to the changes of the electrical
characteristics of the gold/electrolyte interface.
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Zre (m)

Figure 4. Nyquist plot in 0.1 mol-L~! phosphate buffer solution pH 7.0 containing 1.0 x 10~ mol-L ™!
Fe(CN)¢3/*4~ for unmodified CD-trode (0), modified CD-trode with 1.0 x 103 mol- L1 lipoic acid (e),
CD-trode with carboxyl group of SAM activated with EDC/NHS (A), CD-trode with anti-AFB;
antibody immobilized on active SAM (m), Ab immobilized and blocked with 0.5% BSA and 60 min of
incubation (0), and CD-trode with 1.0 x 10~7 mol-L~! AFB; on the Ab with 30 min of incubation (V).
Eocp vs. Agl AgClIKCl(g,y). Inset: Zoom of high frequency data.

3.2. Analytical Curve

After optimization of all steps for the development of the impedimetric immunosensor,
an analytical curve was constructed from 5.0 x 107 to 1.0 x 10~7 mol-L™! (1.56-31.2 ng-mL~1)
as shown in Figure 5. The curve presented a linear range with a correlation coefficient of 0.99858,
and the limits of detection and quantification of 3.6 x 1071 and 1.1 x 10~ mol-L~! (0.11 and
0.34 ng-mL 1), respectively.

064 v—874+576x10"x
0.5-
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C._x10°/molL"

AFB1

Figure 5. Analytical curve of AFB; using impedimetric immunosensor (1 = 3).

3.3. Application in Peanut Samples

Impedimetric immunosensors were applied to three different samples of raw peanuts, provided
by a food industry that performs quality analysis to verify the eventual contamination of the products
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with aflatoxin. According to the supplier industry, two of these samples were contaminated with
AFBq, and in the third one the concentration level was unknown, but below the limit established by
the Brazilian National Agency of Sanitary Surveillance (20 pug of total aflatoxin in 1 kg of peanut).
Table 2 shows the AFB; concentration for each sample, analyzed by interpolating in the analytical
curve. Samples A and B presented levels around three times above the limit set by Brazilian legislation.
In sample C, a concentration of 25 pug-kg ! was detected by the sensor, which is slightly above the
legal limit. This contrasts the datum determined previously by the producer, using classical analytical
procedures. This could indicate a better sensitivity of the sensor with respect to standard methods,
however we cannot exclude a possible growth of Aspergillus sp. and subsequent production of aflatoxin
during storage, because of the long time interval elapsed between the two analyses (around 7 months).

Table 2. AFB; concentration values found in peanuts samples (1 = 3).

Sample  Concentration x 10 °/mol-L~!  Concentration/ug-kg !

A 13+1 65+ 6
B 13.3£0.6 67 £3
C 50+03 25+1

4. Conclusions

On the proposed methodology, the dynamic range is 0.16 to 3 ng-mL~! and LOD 0.35 ng-mL~".
In comparison with data reported in previous literature, displayed in Table 1, the performances of the
CD-trode sensor are comparable with those obtained with some of the immunosensors previously
described in the literature [20,22,25], but with the advantage of being based on the use of disposable
and low-cost CD-trodes. These preliminary results are encouraging in order to progress with an
in-depth validation of the sensor, in particular concerning matrix effects and recovery tests.
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1. Introduction

Since the first electrochemical biosensor for glucose detection, pioneered in 1962 by Clark and
Lyons [1], research and application in the field has grown at an impressive rate and we are still
witnessing a continuing evolution of research on this topic [2].

According to the definition recommended by IUPAC some years later [3], a biosensor is
a self-contained device that is capable of providing specific quantitative or semi-quantitative analytical
information using a biological recognition element (biochemical receptor) that is in direct spatial
contact with the transduction element.

The easiest and perhaps most efficient way to favor the exchange of chemical information between
a biomolecular recognition layer and a signal transducer is to immobilize the former directly on the
surface of an electrochemical transducer, namely an electrode.

Initially, major research and application efforts were devoted to developing biocatalytic
electrochemical sensors [4,5], aimed at exploiting the specificity of the reaction between an enzyme and
its substrate to typically detect (in the simplest case) the latter as the analyte [6]. In the 1980s-1990s,
the first examples of immunochemical reactions being used for electrochemical sensing were proposed
by Heineman and Halsall [7], to be followed by the first proposal of electrochemical immunosensors
where antibodies were immobilized on the electrode surface [8].

These biosensors exploit the specificity of the antigen (Ag)-antibody (Ab) interaction in order to
detect one of the two partners as the analyte. For instance, the Ag can be immobilized on the electrode
to capture the Ab or vice-versa. In order to achieve electrochemical detection by this approach,
it is necessary to use a label which should be electroactive itself or able to generate or consume an
electroactive molecule. By exploiting the long-lasting know-how developed for ELISA assays, the most
commonly used labels in electrochemical immunosensors are enzyme labels. Following this approach,
many sensors have been developed to detect a number of disease markers [9].

Recent research trends in the field of affinity biosensors are indeed moving beyond the above
described ELISA-based approach, and new directions are being explored.

On one side, many studies are aimed at developing and applying novel capture agents,
not necessarily belonging to the antibody category. Aptamers represent a successful example of efficient
capture molecules as an alternative to antibodies. Aptamers are single-stranded oligonucleotides which
act as biorecognition elements for proteins and other molecules. An aptamer for a specific target is
selected from a large pool of random RNA or DNA sequences by the so-called SELEX (systematic
evolution of ligands by exponential enrichment) methodology and is amplified by the polymerase
chain reaction [10,11].

On the other hand, the possibility to avoid the use of enzyme labels appears very attractive in
order to simplify detection schemes, avoiding complex functionalization procedures.
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All this recent progress in the field of affinity biosensors has also led to the applications of
affinity biosensors being widened to areas not necessarily of biomedical interest, extending to
environmental [12] and food control [13].

2. The Special Issue

This Special Issue compiles eleven contributions and offers a platform on which to present
recent developments in the field of electrochemical immunosensors and aptasensors, outlining future
prospects and research trends.

The use of advanced capturing agents as an alternative to “classical” antibodies constitutes the
focus of three original research articles. Marrazza and coworkers [14] propose the use of affibodies
immobilized on magnetic particles to detect, with screen printed electrodes, the human epidermal
growth factor receptor 2 (HER2) which is overexpressed by breast cancer cells. De Wael et al. [15]
study the immobilization of aptamers on core-shell nanoparticles for improving the electrochemical
detection of bacteria. Aptamers are also studied by Casalis and coworkers [16] who exploit an approach
based on atomic force microscopy to control the bioaffinity properties of the sensor at the nanoscale.
A miniaturized electrochemical cell for electrochemical impedance spectroscopy is developed and
tested for thrombin detection.

Three review papers set the state-of-the-art on the use of aptamers for different biosensing
purposes. The review by Oliveira-Brett and Chiorcea-Paquim [17] deals with the electrochemical
characterization of four-stranded guanine structures (G-quadruplex), discussing the development of
G-quadruplex aptasensors and hemin/G-quadruplex biosensors with peroxidase activity. Szunerits,
Vasilescu et al. [18] review recent research on the development of aptamers-based electrochemical
sensors suitable to detect lysozyme, an ubiquitous protein with antibacterial activity; this protein is
also a potential biomarker for several diseases and can act as an allergen in foods. The review by
Qi, Xu and coworkers [19] presents and discusses recent research aimed at combining aptasensing
with stripping voltammetry. This combination offers interesting analytical prospects for the sensitive
detection of a variety of analytes, from small biomolecules to proteins and cancer cells.

Electrochemical detection methods, as alternatives to voltammetry, amperometry or even
electrochemical impedance spectroscopy, are discussed by de Moraes and Kubota [20], who reviewed
the recent literature on immunosensors based on field effect transistors (FETs). The electrical signal
of FET immunosensors is generated as a result of the antibody—antigen conjugation. FET biosensors
allow real-time and rapid response, exhibiting high sensitivity and selectivity for analysis in small
sample volume.

The applications of affinity sensors to food analyses and control are also a hot topic and, in this
Special Issue, four papers deal with the exploitation of the analytical potentialities of immunosensors
for this purpose. The review by Marty and coworkers [21] presents the state-of-the-art in the field of
aflatoxin (AF) detection with affinity biosensors. Mycotoxins are toxic secondary metabolites produced
by fungal species that can colonize and contaminate crops. Among them, aflatoxins (AFs) are of
major significance because of their possible presence in many food commodities, thus constituting
a potential threat to human health. The paper discusses and compares the characteristics and analytical
performances of sensors for AF detection based on antibodies or aptamers as capture reagents.

Three research papers deal with the development of immunosensors for food control, trying to
push the frontiers by using non-conventional electrode systems.

Pingarron, Campuzano and coworkers [22] present a novel magnetic beads-based immunosensing
approach for the rapid and simultaneous determination of the main peanut allergenic proteins, namely,
Ara h 1 and Ara h 2. The use of dual screen-printed carbon electrodes and the H202 /hydroquinone
system allowed interestingly low detection limits to be reached, suitable for detecting the two allergens
in food extracts and wheat flour.

Yamanaka, Foguel et al. [23] propose the use of the so-called CD-trodes as transducers for
the label-free immunosensing of aflatoxin B1 (AFB1). The CD-trodes are obtained by recycling
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Au-compact discs (CDs), by the suitable removal of the polycarbonate outer layer. The electrode is then
functionalized with anti-AFB1 using a self assemble monolayer of lipoic acid as an anchoring agent.

Moretto, Ugo et al. [24] apply ensembles of nanoelectrodes (NEEs), prepared by template
Au deposition in nanoporous membranes, to detect, in food integrators, immunoglobulin IgY from
hen-eggs yolk. Anti-IgY is immobilized on the polycarbonate templating membrane which surrounds
the Au nanoelectrodes, achieving high antibody loadings while keeping unaltered the extremely low
detection limits typical of NEEs.
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