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The presented work describes a simple label-free electrochemical immunosensor for the determination of
tetracycline (TC). The functioning of the sensor was based on the electrostriction of a antibody-
terminated thiol layer self-assembled on a gold electrode surface, serving as a dielectric membrane.
The intensity of electrostriction was correlated with the amount of TC captured through an affinity reac-
tion with its specific antibody, and was followed in the form of capacitance-potential curves. The process
of the immunosensor construction was optimized using electrochemical impedance spectroscopy (EIS).
The chemisorption time of the thiol, the duration of the TCAb immobilization and its concentration were
Antibacterial resistance optimized. The developed immunosensor exhibited a linear response in two concentration ranges: from
Tetracycline 0.95 to 10 umol L™! and from 10 to 140 pmol L1, with the mean sensitivity of 6.27 nF umol ! L (88.67 nF
SAM umol~! L cm~2) and 0.56 nF pmol~! L (7.84 nF umol~! L cm™2), respectively. The limit of detection was
Capacitive sensor evaluated as 28 nmol L. The specificity of the proposed sensor toward other antibiotics, amoxicillin and
ciprofloxacin, was examined. The immunosensor was successfully employed to quantify TC in a tablet

Keywords:
Immunosensor

form and in a matrix of river water.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The development of new analytical methods designed for differ-
ent compounds remains a continuous challenge for scientists. Sim-
plicity, low cost and short time of analysis, high sensitivity and an
appropriate limit of detection are the most desired characteristic
parameters of new analytical procedures [1,2]. Electrochemical
methods, particularly the ones using sensors, meet these require-
ments; however, most of them have one important limitation: they
can be used only for the determination of electroactive com-
pounds, as in voltammetry, or for the determination of ions which
are able to cross membranes, which is the basis for potentiometric
techniques [3,4]. Electrochemically inactive compounds can be
determined using relatively complicated ion transfer voltammetry
[5] or indirectly, e.g. employing molecularly imprinted electrodes
[6]. Capacitive detection, based on electrostriction, creates an
opportunity to easily circumvent mentioned limitation. Elec-
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trostriction, which is a change in dimensions of the materials
under the impact of an electric field, is specific to dielectrics [7].
In particular, it may be observed in monolayers - primarily, self-
assembled monolayers (SAM). When a potential lower than 1 V
is used for these layers, a strong electric field of 10°-~10° V cm™!
in intensity occurs [8,9]. Electrostatic forces alter the dimensions
of the dielectric and the compression of the membrane and a
decrease in thickness can be observed. Consequently, the mem-
brane capacitance increases. Electrostriction can be observed in
layers of long-chain organic compounds embedded onto the sur-
face of a solid electrode which is immersed in an electrolyte solu-
tion. A self-assembled monolayer of thiols deposited onto a gold
electrode can be considered a part of a capacitor, whose covers
are the electrode surface and the electrolyte (analyte) solution
[9,10]. Different interactions can occur between an analyte and
the functional group of thiols exposed to the solution, like adsorp-
tion, a redox reaction, the formation of hydrogen/coordination
bonds or an antigen-antibody reaction. These interactions influ-
ence the electrostriction and affect the measured signal - recorded
as a capacitance-potential curve - proportional to the analyte
concentration.

Immunosensors constitute a popular group of biosensors due to
their unique selectivity and high sensitivity [11]. Their perfor-
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mance is based on the specific molecular recognition of antigens
(usually the target analytes) by an antibody (Ab) on a transducer
surface. The application of advanced electrochemistry combined
with the capability of immunosensors allows the development of
highly selective analytical devices designated for diverse target
substances. Dozens of works pertain to immunosensing of specific
biomarkers such as cancer and tumor biomarkers [12,13] or
biomarkers of autoimmune diseases [14]. Some papers about
immunosensors for the early screening of depression markers —
the heat shock protein [15], or the detection of cardiac markers
[16] have also been published. Furthermore, verification of the
food quality [17] and environmental monitoring [18] using
immunosensors have also been reported.

Antibiotics are among the most commonly used pharmaceuti-
cals throughout the world. These drugs exhibit antibacterial prop-
erties and have been employed in the fight against bacterial
infections in human and veterinary medicine. The widespread
use of these drugs, combined with their misuse and overuse, has
resulted in the ubiquitous presence of antibiotics in the human
body, food products and animals, as well as in the environment
[19]. Simultaneously, a global health problem of antibacterial resis-
tance (ABR) has occurred. One of the crucial steps toward the con-
trol of antibiotics spreading over the world is the sensitive and
accurate determination of antibiotic residues in every part of the
environment, including environmental waters.

Tetracycline (TC) (see Scheme 1A) belongs to a group of antibi-
otics exhibiting broad-spectrum activity against many bacterial
infections. Because of its availability, wide preventive effect and

Scheme 1. Structural formula of tetracycline (A) and schematic illustration of the
developed capacitive immunosensor (B).

low cost of manufacturing, it is probably the most used antibiotic
in the animal breeding industry for protective and curative reasons
[20]. TC is also often used in animal feed as growth agent [19,20].
The widespread and excessive use of the antibiotics has led to the
ubiquitous presence of TC in the environment, especially in the
environmental waters, contributing to the ABR processes. Tetracy-
clines constitute the class of antibiotics with the highest use in vet-
erinary medicine, being used as first-line drugs in food animals,
aquaculture, for treating exotic animals and honey bees. They also
have non-antibiotic effects that are better documented for the sec-
ond and third-generation [21]. For that reason, it is important to
develop a rapid, sensitive and effective method for the determina-
tion of TC in a natural sample matrix.

Several methods for the determination of tetracycline
residues have been published. Most often chromatographic meth-
ods have been reported [22,23]. Spectrophotometry [24] and the
fluorescence technique [25] have also been proposed. These meth-
ods are usually complex, costly and time-consuming. In this con-
text, the electrochemical methods seem to be a more attractive
choice, because of their fairly rapid and cheap analysis, less expen-
sive equipment and no need for special sample preparation. In the
literature, a few types of electrochemical immunosensors and sen-
sors for the quantification of TC have been described, includ-
ing immunosensors based on the anti-TC antibody (TCAb) [26-
28| and sensors modified with metal nanoparticles [29-31].
Some electrochemical sensors are also based on molecularly
imprinted polymers [32], graphene [33] or reduced graphene oxide
[34].

The present work is focused on the development and applica-
tion of a new capacitive immunosensor for TC determination. The
active layer of the immunosensor is composed of a self-
assembled monolayer of 11-amino-1-undecane thiol (SAM) whose
amino group allows the formation of a amide bond with the car-
boxyl group of the TCAb. A schematic illustration of the developed
immunosensor (TCAb/SAM/AUE) is presented in Scheme 1B. The
elastic thiols monolayer terminated with the antibiotic antibody,
serving as a dielectric membrane, underwent electrostriction [7].
Its intensity was proportional to the concentration of the analyte
solution and was recorded and followed in the form of
capacitance-potential curves [8-10]. The capacitive measurements
were carried out using the capacitance-to-frequency conversion
method [8,35]. The production of the immunosensor was opti-
mized, taking into account the SAM chemisorption time, the time
of TCAb immobilization and its concentration. The progress of opti-
mization was studied using electrochemical impedance spec-
troscopy (EIS). The immunosensor was evaluated with respect to:
linear range, sensitivity, limit of detection, limit of quantification
and reproducibility. Moreover, the selectivity of the proposed sen-
sor toward TC in the presence of amoxicillin and ciprofloxacin was
examined. For verification purposes, the proposed immunosensor
was successfully used for tetracycline determination in an antibi-
otic tablet available on the Polish pharmaceutical market, and for
analysis of the Vistula river water spiked with the analyte without
any special sample pre-treatment.

To the best of our knowledge, there has been no study to date
on an immunosensor based on the electrostriction phenomenon
quantified by capacitance-potential characteristics for antibiotics
detection. So far, the capacitance-to-frequency conversion method
has been used as a detection method in the electrochemical deter-
mination of simple inorganic ions [9,36]. In our work, for the first
time this detection approach has been employed in the field of
immunosensors. Moreover, in this work, electrostriction phe-
nomenon, which is based on the changes in dimensions of the
dielectric compounds occurring as elastic strains when an electric
field is applied, was combined with antibodies, obtaining an extre-
mely selective method for antibiotics detection.
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2. Experimental
2.1. Chemicals and solutions

The following reagents were used in the performed research:
tetracycline hydrochloride C,,H»4N;0g HCI, (Sigma-Aldrich, USA);
11-amino-1-undecanethiol hydrochloride HSCH,(CH,)9CH,NH,
HCl, 99% (Sigma-Aldrich, USA); anti-TC polyclonal antibody
9.98 mg mL~! (ThermoFisher Scientific, USA); diamond suspension
with grain size 0.5 um (Leco, USA); diamond suspension with grain
size 0.1 pm (Struers, United Kingdom); OP-Nat wool polishing
cloth, 200 mm (8”), (Struers, United Kingdom); potassium hexa-
cyanoferrate K4[Fe(CN)g], >99% (POCh, Poland); potassium hexa-
cyanoferrate  Ks[Fe(CN)g], >99% (POCh, Poland); sodium
dihydrogen phosphate NaH,PO,4, >99.5% (POCh, Poland); disodium
hydrogen phosphate dihydrate Na,HPO, 2H,0, >99% (POCh,
Poland); potassium hydroxide KOH, 99% (Centro-chem, Poland);
potassium chloride KCl, 99.5% (POCh, Poland); potassium nitrate
KNO3, 99% (Chempur, Poland); ethanol C,HgO, 99.8% (POCh,
Poland); sulfuric acid H,SO4, 95-97% (Merck, Germany); hydrogen
peroxide H,0,, 30% (Chempur, Poland); buffer solutions (Elmetron,
Poland) of pH = 4.00, 6.00 and 8.00 for the pH electrode calibration;
sodium sulphite Na,SOs (Elmetron, Poland) for preparing 0% solu-
tion for oxygen sensors calibration; concentrated sulfuric acid
H,S04 98% (Merck, Germany), potassium dichromate K,Cr,0;
(Chempur, Poland), potassium chromium sulfate KCr(SO4), (Chem-
pur, Poland), silver sulfate Ag,SO4 (POCh, Poland) and mercury(II)
sulfate HgSO,4 (POCh, Poland) for Chemical Oxygen Demand deter-
mination; formic acid HCOOH (Sigma-Aldrich, USA); acetonitrile
CH5CN, gradient grade for liquid chromatography (Merck, Ger-
many), antibiotic tablet Tetracyclinum TZF 250 mg (Polfa, Poland).
Ultrapure water (18.2 MQ) after reversed osmosis (HLP, Hydrolab,
Poland) was used throughout the research.

In this work, the following solutions were used: piranha solu-
tion prepared by mixing concentrated H,SO,4 and 30% H,0, in a
volume ratio 3:1; 1 mmol L™! thiol solution prepared by dissolving
1.2 mg thiol in 5 mL 99.8% ethanol; 0.1, 0.2 and 0.5 mg mL~! TCAb
solutions prepared by dilution of 1, 2 and 5 pL (from 9.98 mg mL™!)
in 99 uL phosphate buffer solution (PBS) (20 mmol L™'; pH 7.4),
respectively; 1 mmol L™! TC stock solution prepared by dissolving
4.8090 mg of solid tetracycline in 10 mL PBS at a concentration of
20 mmol L™! and pH 7.4.

2.2. Apparatus and measurement procedures

The majority of electrochemical experiments were performed
using Autolab PGSTAT30 and Autolab PGSTAT302N (Metrohm,
Eco Chemie Netherlands), both being equipped with an EIS mod-
ule, operated using Nova 1.10.4 software. Preliminary electro-
chemical characterization and optimization of the immunosensor
construction were performed by electrochemical impedance spec-
troscopy and cyclic voltammetry (CV). The experiments were car-
ried out in a solution of 5 mmol L™ [Fe(CN)6]*> /4~ prepared in a
phosphate buffer (PBS) (20 mmol L™!; pH 7.4). CV experiments
were performed in a potential range of —0.4 - 0.8 V at a scan rate
of 0.05 V s~! using portable potentiostat/galvanostat Palmsens3
(Palmsens BV, the Netherlands). The frequency window for impe-
dance measurements was from 10 mHz to 100 KHz, at open circuit
potential and an amplitude of 10 mV. For EIS measurements,
screen-printed electrodes (SPE) (DropSens, Spain) with an inte-
grated three-electrode cell based on a gold working electrode with
a 4 mm diameter, a silver reference and a carbon counter electrode
were used. A solid gold working electrode, AuE (3 mm diameter),
was used in the construction of the capacitive immunosensor.

Dielectric capacitance experiments were performed using the
capacitance meter CMTR-243 (KSP Elektronika Laboratoryjna,
Poland), composed of a galvanostat, a capacitance meter and A/D
and D/A converters [35]. Capacitance measurements were con-
ducted using the capacitance-to-frequency conversion method.
They were carried out in a conventional three-electrode system
with the following electrodes placed in the quartz cell: the working
electrode (WE) - gold electrode with 3 mm diameter (MTM Anko
M10X1, Poland), covered with a thiol monolayer with an immobi-
lized TCAb; the reference electrode (RE) - silver chloride electrode
(Ag/AgCl, saturated KCl/2 mol L™! KNO;) with a double coat (MTM
Anko M6, Poland); and the auxiliary electrode (AE) — platinum wire
placed in a teflon holder. The capacitance measurements were per-
formed in the potential range of 0.2-0.6 V at a scan rate of
0.05 V s~! and a potential step of 5 mV. The experiments were car-
ried out in a 5 mL electrochemical cell, first in a supporting elec-
trolyte, PBS at a concentration of 20 mmol L™! at pH 7.4, and
then in solutions of increasing tetracycline concentration. For each
solution, ten measurement cycles were performed to stabilize the
course of the capacitive-potential curve. It was observed that after
every eighth scan the curves overlapped, and therefore for analyt-
ical purposes every ninth measurement cycle was used.

The Vistula river samples were examined at the sampling site
using the portable multifunction meter for field and laboratory
work CX-701 (Elmetron, Poland), using an [J44A (Elmetron, Poland)
pH electrode, an ECF-1t (Elmetron, Poland) conductivity cell of
K = 0.45 cm~! with metal electrodes and equipped with a built-
in temperature sensor, and a COG-1t (Elmetron, Poland) oxygen
Sensor.

For comparative purposes, TC was determined using a LCMS-
8050 mass spectrometer coupled to a LC-30AD Liquid Chro-
matograph Nexera2, equipped with a SIL-30AC Autosampler Nex-
era2 (all Shimadzu, Japan). The column was Ascentis Express C18
(5 cm x 2.1 mm, 2.7 uM, Supelco, USA) maintained at 25 °C. The
eluents used were as follows: ultrapure water with 0.1% formic
acid (A), acetonitrile with 0.1% formic acid (B). The flow rate was
1 mL/min. The injection volume was 2 pL and the analyte was
eluted over a 3 min binary gradient with a starting composition
percentage of 95/5 (A/B). The LCMS-8050 is a three-quadrupole
mass spectrometer with a heated electrospray ionization source.
TC was detected in positive MRM mode and ion for 410.10 + 0.01
(m/z) was used as analytical signal. The retention time of TC was
1.25 min.

2.3. Construction of the capacitive immunosensor

The immunosensor production is an only two-stage process and
requires a simple thiol and an antibody. It was prepared by the
chemisorption of 11-amino-1-undecanethiol onto the gold elec-
trode surface followed by the immobilization of the TCAb through
applying a drop of TCAb solution onto the electrode surface. The
most important step, before assembling the thiols monolayer,
was the appropriate preparation of the electrode surface by remov-
ing impurities adsorbed on the gold and smoothing the surface
roughness.

2.3.1. Cleaning of the gold electrodes

The surface of the gold electrodes was cleaned electrochemi-
cally and mechanically. First, the electrodes were cleaned electro-
chemically to remove the previous thiol monolayer by performing
twenty voltammetric cycles in a 0.5 mol L™! potassium hydroxide
solution in the potential range of —0.2 — 1.2 V at a scan rate of
0.02 V s~'. Then, electrodes were polished manually by drawing
‘8’ shapes on two polishing cloths, for four minutes on each cloth,
soaked in diamond suspension with a grain size of 0.5 and 0.1 um,
respectively. After each polishing step, the electrodes were rinsed
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with water. Finally, the electrodes were immersed in piranha solu-
tion for 30 s. Purification in piranha solution was followed by cyclic
voltammetry experiments using a Fe(Il)/Fe(lll) redox probe
(5 mmol L' [Fe(CN)g]>~/4~ in a 20 mmol L™! supporting electrolyte
solution, PBS at pH 7.4) in the potential range of —0.4 — 0.8 V. The
potential difference between a pair of well-defined redox peaks of
Fe(II)/Fe(Ill) conversion (AEp) was used as a measure of the elec-
trochemical cleanliness of the electrode surface. In theory, accord-
ing to the Nernst equation, for a one-electrode redox process, AEp
should be 0.058 V [37]. In practice, a potential difference in the
range of 0.08-0.10 V was assumed to be satisfactory.

2.3.2. Electrode modification

After the cleaning process, the electrode surfaces were modified
in two major steps. The first one was the chemisorption of 11-
amino-1-undecanethiol by immersing the electrodes in a thiol
solution of concentration 1 mmol L™'. After that, to verify that
the electrodes were covered by a thiol monolayer, EIS measure-
ments were performed in a 5 mmol L' [Fe(CN)s]* "4~ solution.
The next step of electrode modification was the immobilization
of the TCAb by dropping 25 pL of TCAb solution onto the surface
of the electrode. Then, the quality of the antibody immobilization
was verified by EIS measurements in a redox couple Fe(II)/Fe(III).
And so, finally, the finished immunosensor for TC determination
was ready: it had a flexible thiol monolayer with an immobilized
antibody, which undergoes electrostriction under the influence of
an electric field. Particular stages of the immunosensor construc-
tion are shown in Scheme 2.

2.4. Samples preparation

The pharmaceutical sample of TC tablets was prepared as fol-
lows: after removing the color coating of the antibiotic tablet,
the white tablet (core) was crushed in an agate mortar; next, the
whole powdered tablet was transferred quantitatively to a volu-
metric flask containing around 200 mL of distilled water and son-
icated for 10 min. The solution was filled up to 1.0 L with distilled
water and a stock solution with a predicted concentration of
250 mg L™! TC was obtained.

The water sample from the Vistula River was taken with a 0.5 L
sample water scoop made of polypropylene at the place of a large
flow rate and about 0.5 m below the surface. At the sampling site,
the following parameters were measured : water temperature

(21.2 °C), pH (7.36 * 0.12), conductivity (1.32 + 0.5 mS cm™ ') and
oxygen percentage (52.8 + 4.2%). The samples were poured into
250 mL polypropylene containers, closed without air and then
transported to the laboratory in a portable refrigerator at 5 °C.
Immediately after bringing the samples to the lab, the water was
filtered through filter paper and a Buchner funnel. Chemical Oxy-
gen Demand (COD-Cr(VI)) of 28.5 + 0.6 mg L' was obtained
according to the ISO Standard 6060:1989. All tests were performed
three times in the same conditions and average values with confi-
dence interval (2o = 0.05) are presented above. To prepare the
sample of spiked Vistula river water, 2.4 mg of tetracycline
hydrochloride was weighed and transferred quantitatively to a vol-
umetric flask with a small volume of Vistula water. After dissolving
the tetracycline, the flask was filled up to 100 mL with Vistula
river water and mixed. A spiked sample of mineral water
“Nateczowianka” was prepared in the same way as the river water
sample. The prepared solutions of the antibiotic tablets, spiked
river and mineral waters were adequate diluted with PBS or ultra-
pure water for capacitive or LC-MS measurements, respectively.

3. Results and discussion
3.1. Optimization of the immunosensor construction

In order to create an immunosensor characterized by good ana-
lytical parameters, optimization studies were carried out. It was
decided to optimize three parameters which were considered
important for the functioning of a capacitive immunosensor: thio-
lation time, time of TCAb immobilization and its concentration. The
optimization studies were performed utilizing gold screen-printed
electrodes (Au SPE), and the results were finally validated on solid
gold electrodes (AuE), which were used in the construction of the
immunosensor. Each stage involved in the immunosensor develop-
ment was evaluated by EIS. An equivalent electrical circuit (Ran-
dles circuit) was applied and the parameters were evaluated by
fitting the model with experimental data using NOVA1.10.4 soft-
ware. Thus, for the unmodified screen-printed gold electrode, a
[Rs(Q1[RW])] circuit type was proposed (Fig. 1A). Different com-
ponents were included in this circuit, namely, the electrolyte solu-
tion resistance (R;), the resistance of electron (charge) transfer at
the solution-electrode interface (R.), the Warburg impedance
(W) and a constant phase element (CPE1 = Q1). It may be noted

k7
H. ; : \/\/\/\/\/\/\IH@*
\/\/\/\/\/\/NHZ tetracycline antibody H@’}‘
thiolation \/\/\/\/\/\/\I 2 immobilization \/\/\/\/\/\/N o
\ NANANANANAT NANANANANAT Y
&ojy H, He?
lecy NN » NAAANANAATTL
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B 4
He i H¥ ¢
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* . -
tetracycline incubation \/\/\/\/\/\/N IR determination \/\/\/\/\/\/N L
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Scheme 2. Schematic diagram of stepwise immunosensor construction.
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A [R,(Q[R,W])]

[R(Q[RWD(R,O)]

o\

R,

CPE=Q,

Fig. 1. The equivalent electric circuits used for fitting the EIS data obtained for the unmodified Au SPE (A), the Au SPEs after different modifications (functionalization with
thiol; antibody immobilization; and tetracycline capturing) (B), SEM image of the unmodified Au SPE (C).

that the capacitance was replaced by a constant phase element
(CPE = Q) determined by the porosity of the working electrode,
as was observed from a SEM image recorded for this surface
(Fig. 1C). After modification of the electrode, the equivalent circuit
was changed, and a resistance and a CPE were introduced. Thus,
the new circuit was [Rs(Q1[RctW])(R1Q2)], as shown in Fig. 1B.
The need to introduce new components was related to changes
on the surface of the gold electrode, namely the immobilization
of the different organic and biological compounds (thiol, TCAb
and TC). The second CPE element could have been inserted due
to high variability in the structure, composition and thickness of
the film deposited on the electrode, in which case the conductivity
of the film will vary across the electrode [38-40]. This type of cir-
cuit is utilized for the theoretical representation of a double-layer
capacitance model and is usually suitable for describing the mech-
anism that takes place at the surface of biosensors based on com-
posite films [41,42].

The optimization experiments were carried out for three inde-
pendent Au SPEs. Each step of the sensor preparation was investi-
gated using EIS. Any change in the electrode conductivity,
confirming its successful modification, was revealed through vari-
ation of the R values. The results of EIS experiments, obtained for
exemplary Au SPE during the optimization protocol, are shown in
Fig. 2 and the values for all fitted parameters corresponding to
the Nyquist graphs are presented in Table S1 (see Supplementary
information). The mean R, values calculated for three experiments
carried out on each step of the optimization procedure are shown
in Table S2. These results were taken into account in further dis-
cussion. Student’s t-test was used to verify if the difference
between the mean R values, obtained for different optimization
parameters, were statistically significant at o = 0.05. Earlier, the
F-test was employed to confirm that no significant differences
occurred between obtained variances.

3.1.1. Optimization of the thiolation time

Firstly, the thiolation time was optimized (see Fig. 2B). Based on
the continuous increase in the R value with thiolation time, 24 h
was selected as the optimal duration for this stage of the
immunosensor preparation. An increase in the Ry value from
102 Q registered for the bare screen-printed Au electrode, to
878 Q after 24 h of thiolation was noted (see Table S2 in Supple-
mentary information).

3.1.2. Optimization of the tetracycline antibody immobilization

In order to ensure the best immobilization of the antibodies, dif-
ferent times for the immobilization of TCAb and antibody solutions
of different concentrations were examined. The results obtained by
EIS for exemplary Au SPE are presented in Fig. 2C and D. A notice-
able increase in the R, values, from 1008 Q to 1736 Q, obtained for
2 and 4 h of immobilization, respectively, was noticed at this stage
of optimization (see Table S2). Based on the t-test carried out, it
was stated that further extension of the incubation time did not
result in a significant increase in the R values, so 4 h was chosen
as the optimal time for antibody immobilization. The sensitivity of
the immunosensor is strictly dependent on the antibody concen-
tration. Therefore, three different concentrations of TCAb solutions
were tested. As shown in Fig. 2D, no significant changes were
revealed, which was confirmed using the t-test for the mean R
values. Therefore, a concentration of 0.1 mg mL™' was selected
for further experiments.

3.1.3. Preparation of TCAb/SAM/AUE

In the next stage of research, using the results of the optimiza-
tion studies, a capacitive immunosensor based on a solid gold elec-
trode, AuE, was constructed. EIS and CV experiments, repeated for
three independent electrodes, were conducted to electrochemi-
cally characterize the electrode after each step of the immunosen-
sor preparation. Based on the EIS measurements, overlaid Nyquist
representations were obtained. After modeling the data using the
NOVA1.10.4 software options, the same equivalent electric circuits
were proposed as for the screen-printed gold electrode. Exemplary
Nyquist plots and the values for all fitted parameters correspond-
ing to these graphs are presented in Fig. 3A and Table S3, respec-
tively. It can be seen that each step of the immunosensor
construction caused an increase in the R, value. The same was
observed for the other two electrodes. Thus, for a bare electrode,
a Ry of 411 Q (SD = 13 Q) was obtained, while after 24 h incuba-
tion with 1 mmol L thiol solution, an increase in the R, value to
3380 Q (SD = 147 Q) was noted, confirming the successful modifi-
cation of the electrode. The incubation of the SAM/AuE in 0.1 mg L~
1 TCAb solution for 4 h caused a dramatic increase in the R to
10,118 Q (SD = 563 Q), indicating an increase in the coverage of
the conductive surface of the electrode. Another significant rise
in the R value was observed after the incubation of the target ana-
lyte, tetracycline, this time being more than double compared with
the previous step (23,150 Q, SD = 881 Q). The results of analogous
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Fig. 2. Nyquist diagrams for the bare Au SPE (a) (A), the Au SPEs recorded after
different thiolation times: 2, 6, 12 and 24 h (b-e) (B), after different TCAb
immobilization times: 2, 4, 6 and 16 h (f-i) (C), and registered for different TCAb
concentrations: 0.1, 0.2 and 0.5 mg mL™! (j and k) (D); measurements were
performed in 20 mmol L~' PBS, pH 7.4, containing 5 mmol L™! [Fe(CN)g]*>/4~.

CV experiments recorded for one of the tested AuE are shown in
Fig. 3B. It can be seen that the highest peak intensities, both for
the oxidation and reduction processes, were obtained for the
cleaned and unmodified electrodes (black curve a). Modification
of the AuE with thiol (red curve b), tetracycline antibody (blue
curve c), as well as tetracycline incubation (green curve d), blocked
the electroactive surface of the electrode making the undergoing of
the redox processes incrementally more difficult. It can be seen
that the decrease in the current peak intensities was dependent
on the modification step. The same relationships were observed
for the other two electrodes. Comparing the average results of CV
and EIS tests it was concluded that there was a good correlation
between the observations made for both methods, confirming
the correctness of the proposed immunosensor construction
method. Then, the developed immunosensor was employed for
the capacitive determination of TC.

3.2. Analytical characteristic of the developed capacitive
immunosensor

The analytical pattern of each TCAb/SAM/AUE was recorded as a
characteristic hysteresis loop, showing changes in the capacitance
as a function of the applied potential. The example of the recorded
relationships is shown in Fig. 4A. Some variation of the capacitive-
potential curves recorded for different sensors was observed [8-
10]. This phenomenon may result from the non-ideal smoothness
of the gold surface after the electrode preparing process and, con-
sequently, unrepeatable assembling of thiols on the gold electrode
surface. During the research, it was noticed that capacitance char-
acteristics moved down along the capacitance axis with increasing
concentration of analyte, as is presented in Fig. 4A. The analytical
signal - the value of the capacitance correlated to the particular
analyte concentration — was read for the WE potential exhibiting
the highest sensor sensitivity. The choice of the optimal readout
potential was based on a comparison of relationships of the capac-
itance versus the TC concentration recorded, for the given sensor,
for different potential values. In Fig. 4B, the graphs obtained for dif-
ferent WE potentials, corresponding to the curves shown in Fig. 4A,
are presented. It can be seen that the highest sensor sensitivity was
noted for a potential of 0.4 V. Therefore, for this particular sensor,
the capacitance values registered at that potential were taken as
the analytical signal.

The use of the capacitive detection required the selection of an
adequate calibration approach [9,36]. The specificity of capacitive
measurements, resulting from the uniqueness of the capacitive pat-
terns acquired for different sensors, necessitated the implementa-
tion of the whole measurement procedure using the same sensor
in a solution of increasing analyte concentrations. Additionally, it
should be taken into account that the signal measured for the sup-
porting electrolyte was not usually present on the linear calibration
graph with the remaining measurement points (see Fig. 4B). Bear-
ing in mind the above, a modified standard addition calibration
method, known as the signal increment standard addition method
(SISAM), was employed [36]. Briefly, the first standard addition was
added to the measuring cell containing the supporting electrolyte
and the analytical signal was recorded, R1 (see Fig. 5A). Then, a sam-
ple solution with an unknown concentration of analyte and known
volume was introduced into the cell and the next analytical signal
was measured, R2. Afterwards, analytical signals R3-R6 were regis-
tered for four subsequent standard additions. Based on the recorded
signals (R2-R6), a calibration graph was plotted and the unknown
sample concentration was obtained by extrapolation of the calibra-
tion plot to the first standard solution signal, R1. An exemplary cal-
ibration curve obtained using SISAM for determination of TC in
0.95 pmol L~ synthetic sample is shown in Fig. 5B.
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Fig. 4. Example of capacitance-potential curves recorded for ten consecutive
additions of the tetracycline standard solution in a concentration range from 0.95 to
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The developed immunosensor displayed a linear electrochemi-
cal response toward tetracycline within two linear ranges: from
0.95 to 10 umol L™! and from 10 to 140 pumol L~". The following lin-
ear relationships of the capacitance as a function of concentration
(C-c) were obtained, as mean values for five sensors for each con-
centration range:

Signal registered for the first standard addition

A

R3
L R
1 et RS
- R6

Analytical signal
R R E L EE LR R )
|
T

AC2 AC3 AC4 ACS AC
Concentration increasing

]

220

210 | Signal registered for the first standard addition

200
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190 F el
180 - S
170 |
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Fig. 5. General approach of the used calibration method (SISAM) (A), and an
exemplary calibration graph (y = —6.43x + 201.65, R? = 0.995) illustrating the
application of SISAM obtained for analysis of the 0.95 pmol L™! synthetic sample (B).

up to 10 pmol L' C [nF] = 6.27 (#¥1.10) [nF pmol~! L]-c
[umol-L7!] + 237.3 (£6.6) [nF],

up to 140 ymol L' C [nF] = 0.56 (+0.05) [nF umol~' L].c [umol
L'] + 189.5 (+2.5) [nF],

(standard deviations were calculated based on the law of prop-
agation of uncertainty). The limit of detection, LOD = 28 nmol L™,
was estimated based on the formula 3 s/a, where s is the standard
deviation of signals recorded for a 0.95 pmol L™! tetracycline solu-
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Table 1

Comparison of the analytical characteristics of the electrochemical immunosensors and the sensors designed for tetracycline determination.
Electrode* Detection Linear range LOD Reference

[umol L] [umol L™1]

TCAb-MNPs-CS/AuE DPV 0.0002-0.0023 0.0001 [23]
TCAb/mAg/AuNPs/GCE SWASV 0.00002-0.1125 0.000017 [24]
TCADb/TC-BSA/PtGN/AUE LSV 0.0001-0.2250 0.000014 [25]
MIOPPy-AuNP/SPCE DPV 1-20 0.65 [26]
PtNPs/C/GCE v 9.99-44.01 428 [27]
RuSiNPs/Nafion/GCE ECL 1.00-100.00 0.23 [28]
GR-SPCEs DPV 1-20 and 20-100 0.08 [30]
p-Mel@ERGO/GC DPV 5-225 2.2 [31]
CB-PS/GCE DPV 5-120 1.15 [41]
Fe/Zn-MMT/GCE DPV 0.30-52.00 0.10 [42]
4-ABA/ProtG/HRP/SPdCEs AM 0.006-0.385 0.0019 [43]
ProtG-MBs/HRP/SPCE AM 0.028-1.522 0.0088 [44]
TCAb/SAM/AUE Capacitive 1-10 and 10-140 0.028 This work

" 4-ABA/ProtG/HRP/SPACEs - protein G immobilized onto a 4-aminobenzoic acid and horseradish peroxidase for the enzymatic labeling on the screen-printed dual carbon
electrodes, CB-PS/GCE - a homogeneous thin film of potato starch and carbon black deposited on glassy carbon electrode, TCAb/-MNPs-CS/AuE - gold electrode-modified
carboxyl-Fe30,4 nanoparticle by chitosan as linker with anti-tetracycline antibody immobilized on the modified electrode surface, TCAb/mAg/AuNPs/GCE - biotin-labeled
tetracycline antibody conjugates with bovine serum albumin coimmobilized on a glassy carbon electrode modified with gold nanoparticles, TCAb/TC-BSA/PtGN/AUE -
platinum/graphene nanosheets as the labeling of tetracycline-bovine serum albumin conjugates for tetracycline antibody immobilization, MIOPPy-AuNP/SPCE - screen-
printed carbon electrode modified with molecularly imprinted overoxidized polypyrrole and gold nanoparticles, PtNPs/C/GCE - platinum nanoparticles supported on carbon
on glassy carbon electrode, RuSiNPs/Nafion/GCE - ruthenium-doped silica nanoparticles and Nafion film on glassy carbon electrode, GR-SPCE - graphene screen-printed
carbon electrode, p-Mel@ERGO/GC - a polymelamine film on electrochemically reduced graphene oxide on a glassy carbon electrode, ProtG-MBs/HRP/SPCE - protein G-
functionalized magnetic beads on screen-printed carbon electrode and horseradish peroxidase for the enzymatic labeling, Fe/Zn-MMT/GCE - iron/zinc cation-exchanged
montmorillonite catalyst on glassy carbon electrode, TCAb/SAM/AUE - tetracycline antibody bounded with self-assembled monolayer (SAM) of 11-amino-1-undecanethiol on
the solid gold electrode;

" AM - amperometry, DPV - differential pulse voltammetry, SWASV - square wave anodic stripping voltammetry, LSV - linear sweep voltammetry, CV - cyclic
voltammetry, ECL - electrochemiluminescence.

10

L =) o]

Obtained tetracycline concentration/uM

[\

TC TC+AMX

TC+CPX

Fig. 6. The results of specificity studies obtained for the 9.52 pmol L' tetracycline solution (blue), mixtures of tetracycline and amoxicillin solutions (red), and tetracycline
and ciprofloxacin solutions (green), all at a concentration of 9.52 umol L™!; results obtained for three independent repetitions (deep colors) and acquired mean values (light
colors) with bars showing relative errors. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

tion (n = 6), and a is the sensor sensitivity [43]. The reproducibility
was verified in a 9.5 umol L™! tetracycline solution, for three inde-
pendently constructed immunosensors, giving a RSD (relative stan-
dard deviation) value of 0.29%. The developed TCAb/SAMs/AuE
immunosensor was compared to other electrochemical
immunosensors and sensors produced for tetracycline determina-
tion with respect to linear range and limit of detection (Table 1).
The best analytical parameters were declared for the immunosen-
sors based on TCAb, where the measuring technique was square
wave anodic stripping voltammetry [27] and linear sweep voltam-
metry [28]. However, it can be seen that the proposed TCAb/SAMs/
AuE exhibited good analytical parameters. The limit of detection
obtained for the developed sensor is lower than the one reported

for most of the other sensors [29-31,33,34,44,45]. A few sensors
and immunosensors described in the literature [26-28,46,47]
exhibited a lower LOD value, but at the same time the linear ranges
reported for these sensors were significantly narrower. Moreover,
the proposed SAMs/TCAb/AUE was characterized by almost the
widest linear range.

3.3. Specificity studies

The crucial challenge in the development of new immunosen-
sors is achieving good specificity. The presence of substances that
can influence the signal obtained for an analyte often turns out
to be a problem because of the interference effects. Therefore, it
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Table 2
Results of the tetracycline determination in synthetic and natural samples.

Sample Concentration of tetracycline (uM)

Expected Found

Mean RE% RSD?% Recovery %

Synthetic sample I 0.95 0.95
0.99
0.94
Synthetic sample II 9.52 9.49
9.40
9.44
Synthetic sample III 18.85 16.60
18.35
20.73
Vistula river water 6.63 7.36
6.94
6.97
Antibiotic tablets 9.52 10.90
9.53
9.09

0.96 1.1 1.6 101.1

9.44 -0.8 0.3 99.2

18.56 -1.5 6.4 98.5

7.09 6.9 1.9 106.9

9.84 34 5.5 103.4

was necessary to verify the substrate specificity of the developed
TCAb/SAMs/AUE. For this purpose, two antibiotics, amoxicillin
and ciprofloxacin, were taken into account as potential interfer-
ents; they can be encountered in waste waters, for example in
the waste from hospitals. The influence of interfering substances
on the analytical results obtained for a 9.52 pumol L™'TC solution
was tested using the same concentration of potential interferent
in each case. The results of specificity studies are presented in
Fig. 6. As can be seen, neither amoxicillin nor ciprofloxacin consid-
erably changed the capacitive signal obtained for tetracycline. The
accuracy of the sensor in the determination of tetracycline in the
presence of amoxicillin and ciprofloxacin expressed as relative
error (n = 3) was 5.68% and 0.76%, respectively, whereas the preci-
sion given as the RSD value was 4.65% and 1.86%, respectively.

3.4. Verification of immunosensor functioning. Synthetic and natural
samples analyses

To verify the usefulness of the constructed immunosensor, anal-
yses of synthetic and natural samples were carried out. The syn-
thetic solutions were examined at three tetracycline
concentration levels with triple repetitions at each level. An antibi-
otic tablet and environmental water from the Vistula River were
chosen. The capacitive measurements performed in the Vistula
water did not generate an analytical signal, so it was assumed that
it did not contain the antibiotic, and, the river water sample was
spiked with analyte solution. The results of the performed determi-
nations are presented in Table 2. It can be seen that the proposed
capacitive immunosensor exhibited good accuracy, since the
obtained relative error (RE%) values were lower than 8.0%. The pre-
cision of the proposed approach was satisfactory because the rela-
tive standard deviation (RSD%) did not exceed 6.5%. Therefore, it
can be concluded that the developed TCAb/SAM/AUE immunosen-
sor combined with an adequate calibration method could provide
valuable analytical results.

To confirm the trueness of the results obtained using the pro-
posed immunosensor, LC-MS was employed as a reference method.
TC was determined from an antibiotic tablet, as well as from min-
eral and river water samples spiked with the analyte. Each sample
was analyzed three times. As shown in Table 3, the concentration
values obtained for proposed electrochemical and chromato-
graphic methods are in good agreement.

4. Conclusion

A novel immunological label-free electrochemical method for
TC quantification using electrostriction of a self-assembled mono-

Table 3
Comparison of the determination results obtained for samples containing tetracycline
with the use of TCAb/SAMs/AuE and LC-MS method.

Sample Concentration of tetracycline (uM)*
TCAb/SAMs/AuE HPLC-MS
Mineral water 2.85 £0.15 2.88 + 0.08
Vistula river water 1.05 + 0.09 1.14 £ 0.08
Antibiotic tablets 2.64 £0.19 2.73 +0.31

“Cround * (SD/V/N) tyun.s; M = 3, o = 0.05.

layer of thiol, chemisorbed on a gold electrode, terminated with a
TCAb has been presented. The developed TCAb/SAM/AUE
immunosensor exhibited good analytical characteristics in relation
to tetracycline, especially regarding the low value of the LOD and
the wide linear range. A great advantage of the developed
immunosensor is the simplicity of its preparation. The production
is an only two-stage process and requires a simple thiol-containing
linker and an antibody. However, the construction of the proposed
capacitive sensor takes longer compared to other reported
immunosensors, ca. 28 h and several hours, respectively [26-
28,47,48]. Furthermore, it should be noted that the preparation
of the electrodes exhibiting repeatable capacitance-potential char-
acteristics can be problematic, and strongly depends on the quality
of the gold electrode surface. Nevertheless, even for an
immunosensor whose capacitive characteristics differ from others,
the proposed procedure for processing measurement data ensures
that accurate and precise results can be obtained.

Further research could be focused on the implementation of the
developed analytical procedure using disposable screen-printed
gold electrodes. There are reports about such immunosensors that
have been designed for TC quantification [47,48]. The use of dis-
posable screen-printed sensors will make the proposed methodol-
ogy an attractive tool for on-site analysis.

The matrix of the developed sensor has the potential to be used
in the preparation of other immunosensors, as every antibody can
be used to create an immunoelectrode. In this way, the proposed
methodology can be used to determine other electrochemically
inactive analytes, provided that the appropriate antibody is
available.
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