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Clenbuterol (CLB) is an illegal antibiotic for livestock, which is misused as a growth promoter drug. In this
study, an immunosensor modified with poly(3,4-ethylenedioxythiophene) (PEDOT), multi-walled carbon
nanotubes (MWCNT) and anti-clenbuterol antibody (Ab) was developed for the detection of CLB. A
screen-printed carbon electrode (SPCE) was modified with PEDOT/MWCNT as a sensor platform before
immobilizing Ab for specific CLB binding through a competitive-type immunoassay. Free CLB in the
sample solution competed with clenbuterol-horseradish peroxide (CLB-HRP) to bind with Ab. A high
current signal was obtained after optimization of the electrochemical immunoassay conditions (pH,
incubation temperature, antigen (Ag) incubation time and % blocking) using the response surface
methodology/central composite design (RSM/CCD). highly
reproducible and sensitive with good storage stability, which are necessary for practical application. In
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1. Introduction

Clenbuterol (CLB) is one of the beta-2-agonist antibiotics that
was initially used for treating respiratory problems.' However,
due to its ability to enhance muscle growth,? this drug has been
misused in poultry to produce animals with leaner meat. CLB
also has a long half-life, long withdrawal period, slow metabo-
lism in animal bodies, and is stable and will only decompose at
high temperature (over 172 °C). Thus, CLB residue can still be
detected from the liver of CLB-medicated animals after 56 days,
while the effect of CLB as a growth promoter can show up to 70
days after withdrawal.® The use of CLB in livestock is forbidden
by the World Health Organization (WHO) due to its health
effects such as muscular tremors, heart throbbing, glaucoma,
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mass spectrometry; thus, it is useful for CLB screening and monitoring in real meat samples.

fever and respiratory problems in human, which are influenced
by CLB residue in meat products.* Therefore, the use of this
antibiotic in meat products requires continuous monitoring to
avoid pharmacological effects to consumers.

In previous studies, a few methods were developed to detect
and monitor antibiotics including CLB such as microbiology
assay, enzyme-linked immunosorbent assay (ELISA),”> high
performance liquid chromatography (HPLC),*” liquid
chromatography-mass spectrometry (LC-MS),* gas
chromatography-mass spectrometry (GC-MS),” capillary elec-
trophoresis,'®** surface plasma resonance” and electro-
chemical®® methods. However, even though analytical methods
such as HPLC, LC-MS and GS-MS are very sensitive and effec-
tive, these methods are relatively expensive, time-consuming
and unsuitable for on-site monitoring due to the use of large
instruments.

Electrochemical sensors can be developed into various
intradisciplinary applications such as food monitoring,* phar-
maceutical”® and  pesticide detection,’™”  wastewater
screening,'®'” chemical sensors*® and biosensors* based on the
modification of the sensor platform. Many methods have been
developed by utilizing various materials such as molecular
imprinted polymers,*>** antibodies (Ab)**** and enzymes®**” to
increase the sensitivity, selectivity and effectiveness of electro-
chemical detection.

This journal is © The Royal Society of Chemistry 2018
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A biosensor that utilizes Ab to capture antigen (Ag) is known
as an immunosensor.”® Immunosensors based on modified
electrode surfaces are fabricated using various materials to
enhance their electrochemical properties, which improves the
electrode charge transfer, produces a better signal and
increases the sensitivity. Carbon nanotubes (CNTs) have good
conductivity® and provide many binding sites for Ab binding
due to their high surface area, and thus are suitable for the
development immunosensors.**** The electrochemical proper-
ties of CNT can be enhanced by incorporating conducting
polymers such as polyaniline,* polypyrrole,* and poly(3,4-
ethylenedioxythiophene) (PEDOT).** Their biocompatibility
and ability to improve the efficiency of bio-recognition events
have been reported as the advantages of using conducting
polymers in the design of immunosensors.* The fabrication of
biosensors utilizing PEDOT as one of the materials successfully
produced an amperometric glucose sensor.** PEDOT has high
stability in phosphate buffer solution®” which is very useful for
immunoassay and it is also compatible for doping with nano-
particles. A previous study showed that the addition of multi-
walled carbon nanotubes (MWCNT) as a dopant into PEDOT
improved the electrochemical properties of the composite.*®

Recently, electrochemical sensors for CLB monitoring have
been developed widely since this method is suitable for on-site
monitoring. In addition, the detection process can be per-
formed by semi-skilled personnel due to its relatively simple
handling process, and it is relatively less expensive* in
comparison with other analytical detection methods. CLB is
a hapten, which is a very small molecule that has little effect on
electron transfer. Herein, a CLB immunosensor is developed by
fabricating PEDOT/MWCNT/Ab on a screen-printed carbon
electrode (SPCE). SPCEs are reported to be more practical for
on-site monitoring.*® Additionally, they are inexpensive,** easily
modified and reproducible; hence, they are suitable for mass
production. By using SPCE, only small amount of sample and
electrolyte are needed for each detection process.

Generally, optimization of the immunoassay can enhance
the sensitivity of the sensor. One parameter with the one-time
approach is usually applied for this purpose, but this method
just describes each parameter individually and is unable to
evaluate the interaction between parameters. Therefore,
a statistical technique such as the response surface method-
ology (RSM) can be used instead since it indicates the signifi-
cance of the studied parameters and developed model for better
understanding the optimization process. Currently, limited
reports are available on RSM for optimization in biosensors.
Mirmoghtadaie and co-workers** reported the successful opti-
mization of a DNA electrochemical sensor using RSM for
parameters such as pH, concentration of DNA probe and
deposition potential. Optimization of the effective parameters
for the fabrication of modified electrodes and the immobiliza-
tion of DNA probes (immobilization time and concentration of
DNA) using RSM has enhanced the sensitivity of DNA detec-
tion.*® The reliability of RSM as an optimization tool was also
reported in other literature.***¢

In this work, an electrochemical sensor is designed by
utilizing PEDOT, MWCNT and polyclonal anti-clenbuterol
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antibody (Ab) to produce a high-performance CLB immuno-
sensor. A screen-printed electrode (SPCE) is modified with
PEDOT/MWCNT composites through the electrodeposition
technique. Ab is immobilized on the modified surface by
exploiting the carboxyl group on the MWCNT walls through the
EDC/NHSS protocol, while the direct competitive immunoassay
format is adapted for the detection of CLB. This work also
focuses on the optimization of the immunoassay conditions
(pH, incubation temperature, Ag incubation time and %
blocking) using the response surface methodology/central
composite design (RSM/CCD) approach for the enhancement
of the electrochemical detection of CLB. To the best of our
knowledge, the optimization of the immunoassay conditions
for PEDOT/MWCNT/SPCE using the RSM/CCD approach has
not been previously reported. The immunosensing strategy re-
ported here presents a significant electrochemical performance
improvement of the sensor platform due to its modification
with PEDOT/MWCNT composites. Also, the application of this
immunosensor for CLB detection in real samples is validated
with LC-MS.

2. Experimental
2.1 Materials and methods

2.1.1 Chemicals. 3,4-Ethylenedioxythiopehene (EDOT),
multi-walled carbon nanotubes (MWCNT), clenbuterol hydro-
chloride (CLB), salbutamol, terbutaline hemisulfate salt (ter-
butaline), nitrofurantoin (nitrofuran), vancomycin
hydrochloride (vancomycin), tetracycline, chloramphenicol,
streptomycin sulfate salt (streptomycin), mabuterol hydrochlo-
ride (mabuterol), ractopamine hydrochloride (ractopamine), di-
sodium hydrogen phosphate (Na,HPO,), sodium dihydrogen
phosphate (NaH,PO,), N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide  hydrochloride =~ (EDC) and  N-hydrox-
ysulfosuccinimide (NHSS) were obtained from Sigma Aldrich.
Concentrated sulphuric acid (H,SO,) was purchased from
Friedemann Schmidt, while concentrated nitric acid (HNOj3)
obtained from Fischer Scientific. Polyclonal anti-
clenbuterol antibody (Ab) raised against clenbuterol was
kindly received from the Malaysian Agricultural Research and
Development Institute (Malaysia).

2.1.2 Buffers and solutions. Phosphate buffer solution
(PBS) was prepared by mixing 0.01 M Na,HPO, and 0.01 M
NaH,PO, in deionized water and adjusting to the desired pH
accordingly. Crosslinker was prepared by mixing EDC and
NHSS in a 1:1 ratio in 0.01 M PBS at pH 7.4. Clenbuterol-
horseradish peroxide (CLB-HRP) was diluted in 0.01 M PBS
with a 1: 640 volume ratio, as recommended by the manufac-
turer (Fitzgerald). The washing buffer was prepared by mixing
0.05% TWEEN 20 (Sigma Aldrich) with 0.01 M PBS at pH 7.4.
Dry milk (Blotto, non-fat Santa Cruz Biotechnology) was used as
a blocking agent by diluting in 0.01 M PBS at pH 7.4.

was

2.2 Preparation of clenbuterol immunosensor

MWCNT were treated with an acid mixture of concentrated
sulphuric acid (H,SO,) and concentrated nitric acid (HNO3) in

RSC Adv., 2018, 8, 15522-15532 | 15523
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a 3:1 ratio. The treated MWCNT were further washed with
deionized water until pH 7 was obtained, followed by drying in
an oven at 60 °C. Before surface modification, the SPCE
underwent pre-treatment by cyclic voltammetry (CV) at —1.5 to
0 V for 3 cycles in 1.0 M H,SO, solution. The PEDOT/MWCNT
modified SPCE was prepared by electropolymerization in
0.01 M EDOT in the presence of 0.1 mg mL ' MWCNT
suspension at 1.31 V for 99.1 s*® via chronoamperometry (CA).
All electrochemical experiments were performed using a poten-
tiostat (Autolab PGSTATM101) at a scan rate of 0.1 V s~

The fabrication of the CLB immunosensor began with the
activation of the carboxyl functional groups in the PEDOT/
MWCNT modified electrode surface by dropping 10 pL of
crosslinker solution (EDC/NHSS) for 15 min at ambient
temperature followed by removal of the unbound crosslinker
with washing buffer. The PEDOT/MWCNT/Ab modified elec-
trode was prepared via the incubation of 10 puL of Ab solution on
the PEDOT/MWCNT electrode surface for 1 h at 37 °C followed
by rinsing with washing buffer.

The detection of CLB commenced by performing a blocking
step which included incubation with 20 pL of dry milk for
30 min at 37 °C followed by rinsing with washing buffer. The
competitive method was applied by adding 10 puL of CLB stan-
dard (0 to 250 ng mL ") or sample solution and 10 pL of CLB-
HRP solution onto the immunosensor during incubation, fol-
lowed by rinsing with washing buffer. 50 pL of tetrame-
thylbenzidine (TMB) was dropped onto the electrode before the
chronoamperogram was recorded using a potentiostat for 300 s.
The standard calibration graph was fitted with linear regression
and the limit of detection (LOD) was determined.

2.3 Determination of potential applied

Different applied potentials in the range of —0.6 to 0.6 V were
used for the detection of various concentrations of standard
CLB solutions (0 to 100 ng mL ") using CA for 100 s. The same
preparation procedure as that for clenbuterol immunosensor
was applied here.

2.4 Optimization of the electrochemical immunoassay
condition

Optimization of the Ab concentration was conducted by
comparing the standard calibration curves at various concen-
trations of Ab (10.0, 1.0 and 0.1 mg mL™'). Meanwhile, the other
electrochemical immunoassay parameters such as pH (A),
incubation temperature (B), Ag incubation time (C) and %
blocking (D) were determined by applying RSM/CCD. The study
range of each parameter was decided based on previous studies,
which were pH 6.4 to 8.4, 28 °C to 46 °C incubation temper-
ature,” 10 to 70 min Ag incubation time* and 0 to 0.10%
blocking. The experiment was designed based on these ranges
and the output of this model was the current response.

A total of 26 experiment runs (Table S1}) were suggested
including 16 factorial points, 8 axial points and 2 center points
using the statistical package (Design Expert 6.0, Stat Ease Inc.,
MN, USA). A mathematical model was generated based on the
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current response data from the performed experiments to fit the
general quadratic model equation (eqn (1)):

k—

k k 1k
Y =8+ > BXi+ > BiX7+D> > BXX, (1)
i=1 i=1 1

=1 j>i

where, 8o, 8; B; and ; represent the intercept, main factor
coefficient, two-factor interaction coefficients and quadratic
coefficient, respectively. The number of factors (k) is 4 according
to the number of variables (X3, X,, X3 and X,) involved. Thus,
eqn (1) becomes eqn (2):

Y =80+ B1X1 + BaXa + B3X3 + BaXa+ 11 X7+ B Xo” + B33 X3 +
BaaXs® + B1aXi Xa + B13 X1 X3 + BraXi Xy + B3 XoXs + BasXoXy +
B3aX3X4 (2)

The significance of the developed model was evaluated based
on prob < F value and F-value analyzed by the analysis of vari-
ance (ANOVA), while the quality of the model was determined
based on regression (R*), adjusted R?, predicted R?, lack of fit
and adequate precision.

2.5 Characterization

The optimized immunosensor was characterized in a mixture
solution of 5 mM K;[Fe(CN)s], 5 mM K,[Fe(CN)s], and 0.1 M KCl
via CV (0.2 V to 0.6 V potential range) and electrochemical
impedance spectroscopy (EIS) within the frequency range of
1 Hz to 10 MHz using a sinusoidal current of 0.005 V amplitude
at open circuit potential to evaluate its electrochemical
behavior. Field emission scanning electron microscopy
(FESEM, JEOL JSM-7600F) was performed to study its surface
morphology. Confirmation of the Ab immobilization was
determined by performing a bicinchoninic acid (BCA) protein
assay.” 100 pL of the substrate containing reagent A and
reagent Bin a9 : 1 ratio was added on each electrode surface for
each fabrication stage. The electrodes were incubated for
30 min at 37 °C before the solutions were transferred to a 96-
well plate followed by absorbance reading at 560 nm using
a microplate reader (VersaMax, Molecular Devices). The protein
standard curve was obtained based on bovine serum albumin
(BSA) protein. A stock solution of BSA (5 mg mL~ ") was prepared
in PBS and diluted to a series of standard solutions (0 to 4.0 mg
mL ). 10 puL per well of each solution was inserted into the 96-
well plate followed by 100 uL of the substrate. The procedure
was continued with incubation for 30 min at 37 °C followed by
absorbance reading at 560 nm.

2.6 Sample preparation for analysis of clenbuterol in meat
samples

Fresh beef samples were minced using a homogenizer and
weighed (0.1 g) into centrifugal tubes. The samples were
spiked with 1 mL of CLB standard (50 and 100 ng mL ") fol-
lowed by the addition of 19 mL acetonitrile (ACN) and DI
water. The samples were shaken using a shaker for 5 min
before they were centrifuged at 3900 rpm for 5 min at 4 °C. The
supernatants were transferred into centrifuge tubes contain-
ing 0.5 g LiChroprep® RP-18 (25-40 um, Merck), followed by

This journal is © The Royal Society of Chemistry 2018
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the addition of 10 mL saturated hexane (saturated with ACN).
The samples were shaken for another 1 min before centrifu-
gation at 3900 rpm for 5 min at 4 °C. The upper layers con-
taining hexane were removed. Only 5.0 mL of the aliquots was
transferred into centrifuge tubes and evaporated to 1.0 mL.
The extracts were filtered with a 0.45-micron nylon membrane
syringe filter into vials for analysis via LCMS. Meanwhile, for
analysis with the PEDOT/MWCNT/Ab/SPCE immunosensors,
the extracts were evaporated until they were fully dried before
dissolving them in buffer solution.

3. Results and discussion

3.1 Immunosensing strategy

In this study, SPCE underwent modification with PEDOT/
MWCNT before being further developed into an immuno-
sensor (Fig. 1a). Our strategy was to directly electrodeposit the
PEDOT/MWCNT composite instead of using the common
covalent attachment of CNT to the electrode surface.* To avoid
entrapment of Ab into the polymer composite,” only PEDOT
and MWCNT were electrodeposited on the electrode. The Ab
was covalently linked to the functionalized MWCNT in the next
steps using the EDC/NHSS protocol.** The MWCNT used for this
modification contains abundant hydroxyl and carboxyl groups
due to the functionalization with the acid mixture. The exis-
tence of carboxyl groups allows Ab to bind to the modified
electrode surface through the EDC/NHSS crosslinker. The high
surface area of MWCNT provide numerous binding sites for Ab
to bind to the electrode surface, thus increasing the sensitivity
of this immunosensor. Dry milk was used as a blocking agent to
avoid unspecific binding on the PEDOT/MWCNT/Ab/SPCE
surface. The blocking agent covered the electrode area that
was not bound with Ab to avoid background noise from inter-
rupting the current signal or giving any false signal due to
unbound protein. Therefore, a washing step was included after
each immobilization process to remove the unbound protein.
The CLB immunosensor developed in this study is based on
the direct competitive detection method (Fig. 1b). Generally,
CLB as a hapten has a very little effect on electron transfer.
Label enzymes such as HRP are commonly used in immuno-
assay studies since their enzyme activity can be determined by
fluorescence and electrochemical methods. To overcome the
abovementioned problem, CLB conjugated with HRP (CLB-
HRP) was utilized to amplify the effect of electron transfer,
which produces a measurable signal. In this study, the signal in
the form of current value was measured based on the reduction
of TMB catalyzed by HRP. The reduction of TMB is due to the
catalyzation of CLB-HRP on the modified electrode surface
resulting in a measurable electrochemical current signal. Sine
CLB-HRP was competing with free CLB in the sample solution,
the signal current produced was variable depending on the
amount of CLB-HRP successfully bound to Ab on the modified
electrode surface. As the concentration of free CLB in the
sample increased, fewer CLB-HRP managed to bind with Ab
immobilized on the electrode surface, and vice versa.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

3.2 Determination of set potential

Since this study utilized CA to generate a signal for the detection
of CLB, the optimum applied potential was investigated. The
signal current over background current (S/B) ratio using step
amperometry from —0.6 to 0.6 V for 0 to 100 ng mL ' CLB
concentration was calculated and the graph was plotted (Fig. 1c)
to observe the pattern of the current signal. Even though various
concentrations of CLB produced different S/B ratios, the highest
values were obtained at the same applied potential. These
results show that —0.1 V is the best potential for this system due
to its largest S/B ratio among the potentials measured at
different CLB concentrations. Thus, —0.1 V was chosen as the
applied potential for further measurements.

3.3 Optimization of the immunoassay conditions

3.3.1 Optimization of Ab concentration. The sensitivity of
immunosensors is highly dependent on the concentration of
Ab. In this study, the affinity between Ab and CLB was evaluated
from indirect ELISA to determine the Ab titer. The Ab titer was
determined based on the lowest concentration of Ab where the
Ab-CLB (the targeted antigen) reaction occurs.* The titer value
of Ab was determined as 1 : 10 000 based on Fig. 1d, whereby
this high Ab dilution indicates the high Ab activity towards the
target (CLB).* Three concentrations of Ab (0.01, 0.1 and 1.0 mg
mL~") were shortlisted based on the result of the ELISA titer
(Fig. 1d). The standard CLB calibration curve for each Ab
concentration was plotted (Fig. 1e) and the efficiency of the
immunosensor was evaluated based on the R> value of the
calibration curve. An ideal calibration curve has an R* value
closer to 1.000. Based on Fig. 1e, the immunosensor developed
using 0.1 mg mL~"' Ab has a better R* (0.9381) than 0.01 mg
mL " Ab (R*> = 0.8746). As the concentration of Ab increases,
there are more chances for the formation of Ab-Ag binding,
thus increasing the immunosensor efficiency. However, when
the concentration of Ab was increased to 1.0 mg mL™ ", the R?
significantly decreased to 0.3317. This phenomenon occurred
because saturation of the binding sites was achieved. A further
increase in the Ab concentration to more than 0.1 mg mL ™"
does not increase the immunosensor efficiency, thus the R*
does not improve. Consequently, the concentration of 0.1 mg
mL ™" Ab was chosen as the optimum Ab concentration.

3.4 Optimization of pH, incubation temperature, Ag
incubation time and % blocking

3.4.1 Model fitting and statistical analysis of result. The
modelling and optimization of pH, incubation time, Ag incu-
bation time and blocking% using RSM/CCD was performed to
maximize the immunosensor current response in the detection
of CLB followed by determination of the optimum electro-
chemical immunoassay conditions. The experimental data in
Table S11 were analyzed and the significance of the model was
determined based on the model F-value of 20.63 and value prob
> Fof less than 0.0001, as shown in the ANOVA table (Table S27).
A prob > F value less than 0.0500 indicates a significant model
term, while a value greater than 0.1000 represents an

RSC Adv., 2018, 8, 15522-15532 | 15525
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(a) Schematic diagram of the fabrication of the CLB immunosensor. (b) Direct competitive detection method. (c) Plot signal to background

(S/B) for each step potential from —0.6 to 0.6 V with chronoamperometry measurement (scan rate = 0.1V s~?) at various concentrations (0, 50
and 100 ppb). (d) ELISA titer: Ab activity. (e) Standard CLB calibration graphs at different Ab concentrations of (i) 1.0 mg mL™%; (i) 0.1 mg mL™ and

(iii) 0.01 mg mL™* (scan rate = 0.1V s7).

insignificant model term. The analyzed data adequately fits the
quadratic equation model with R*, adjusted R* and predicted R
values of 0.9633, 0.9166 and 0.7573, respectively, which fulfilled
the acceptable requirement for at least 0.80 for R* and adjusted
R>3* The values of standard deviation (SD) and prediction error
sum of squares (PRESS) calculated were 0.030 and 0.066, which
are close to zero, also an indication for a good model. The
experimental response was modeled as a polynomial equation,
which represents the effect of experimental factors on the
current response, as given in eqn (3):

Current = 0.146 + 0.0024 + 0.052B — 0.052C — 0.019D — 0.0374>
+0.059B% — 0.146C> — 0.039D° + 0.0124B — 0.0204C
—0.0044D — 0.007BC — 0.003BD + 0.008CD (3)

Four independent variables, i.e. pH, incubation time, Ag
incubation time and % blocking, are represented by coded

15526 | RSC Adv., 2018, 8, 15522-15532

values (X; = A, X, = B, X3 = C, and X, = D, respectively). In this
study, B, C, D, B, C*> and AC were indicated as significant model
terms due to their prob > F values of less than 0.0500. Factor pH
(model term A) was identified as an insignificant term, indi-
cating the pH range of 6.40 to 8.40 does not affect the current
response.

3.4.2 Effect of each factor individually and in interaction.
The effect of the factors can be evaluated individually (Fig. 2)
and/or by the interaction between factors through RSM. The
influence of pH on this electrochemical immunoassay was
investigated (Fig. 2a). Only a slight increase in current was
determined as pH increased from 6.4 to 7.4, followed by a slight
current decrease from pH 7.4 to 8.4. This graph shows that a pH
value in range 6.4 to 8.4 is not significant. Based on ANOVA, the
F-value for pH is low (0.10) and the prob > F value is 0.7556,
which is greater than 0.1000. Thus, the factor pH in the range
from 6.4 to 8.4 is statistically not significant.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 One factor plots of peak current response as a function of (a) pH; (b) incubation temperature; (c) Ag incubation time; and (d) blocking.

In this study, incubation temperature was evaluated from
28 °C to 46 °C (Fig. 2b). The reactivity of Ab and Ag is strongly
affected by temperature. A very small current change occurred
as the incubation temperature increased from 28 °C to 37 °C,
while the current obviously increased as the temperature
increased to 46 °C. The highest current reading observed at
46 °C shows that the Ab-Ag interaction formed the best at this
temperature. The formation of Ab-Ag bonding also depends on
the incubation time; thus, the incubation time of 10 to 70 min.
The current increases as the incubation time increases from 10

Table 1 Comparison between the original and optimized conditions
for the electrochemical assay for the fabrication of the CLB
immunoassay

Fabrication of PEDOT/

MWCNT/Ab/SPCE
Parameter Original Optimized
pH 7.4 7.78
Ab incubation temperature (°C) 37 46
Ag incubation time (min) 60 33
Blocking agent (%) 0.05 0.03
R 0.9381 0.9921

This journal is © The Royal Society of Chemistry 2018

to 40 min (Fig. 2¢), at which point, the highest current response
was observed. However, the current reading decreases as the
incubation time increases to 70 min, showing that an incuba-
tion time longer than 40 min is not effective.

2021t : + 1 1 L®)
1 Y = 0.00003x - 0.1925
03] R2=0.2461
2 J
=
-
e 04
D e
T i -
=] -
=] x
O 5] =
Y = -0.0006x - 0.4256 - .
R2=0.9921
* (a)
_0'6 rr T 7T T T T
0 50 100 150 200 250

Concentration of standard CLB (ppb)
Fig. 3 Standard CLB calibration curve after optimization with RSM. (a)

Immunosensor modified with PEDOT/MWCNT. (b) Sensor without
MWCNT.
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Table 2 Comparison of the performances of the developed immunosensor for CLB detection with previous reports®

Technique Detection limit Linear range Reference
GC-MS 2 ng mL "~ 0.06-8.0 ng mL™" 58
Surface-enhanced Raman spectroscopy (SERS) 0.5 ng mL ™" 0.5-20 ng mL ™! 59
Surface-enhanced Raman spectroscopy (SERS) NA 1-1000 pg mL ™" 60
Surface plasmon resonance 1.26 ng mL™* NA 61

Quartz crystal microbalance sensor 3.0 ng mL™* NA 55
Fluorometry/FRET 3.96 ng mL " 200-1800 ng mL ! 62
Electrochemical immunosensor 4.66 ng mL ™" 0-250 ng mL ™~ This work

% NA: not available.

To avoid unspecific binding of any unwanted molecules, dry
milk was introduced as a blocking agent. The percentage of
blocking was evaluated in the range of 0% to 0.10%. An increase
in current was observed as the blocking was increased to 0.05%
(Fig. 2d). As the blocking was further increased to 0.10%, the
current response decreased. An increase in blocking agent of
more than 0.05% not only blocked the empty electrode surface
but also caused current interruption. Thus, blocking agent of
more than 0.05% is not necessary.

One of the advantages of RSM is its specialty to allow the
interaction between factors to be studied. The interaction
between factors is presented in Fig. S1.f Individually, the eval-
uation of pH shows no significant terms based on the graph
(Fig. 2a) and statistical analysis (Table S21). However, based on
ANOVA (Table S2t), as the interaction between factors was
evaluated in the term AC (representing the interaction between
pH and Ag incubation time), the prob > F value is 0.0233. The
pH value was affecting the Ag incubation time significantly.
Thus, the study of the pH factor cannot be ignored even though
individually this factor is considered as not significant.

3.4.3 Validation of model and optimization of current.
Determination of the optimum conditions in the production of

250
a — ([ SPCE
200 4 (ii) PEDOT/MWCNT/SPCE
(iii) PEDOT/MWCNT/AbL/'SPCE
150 { —— (iv) PEDOT/MWCNT/Ab-CLB/SPCE
100 4 (iid)
—_—
3]
S
w04
=
& 504
=
100
U
-150 4
-200 4
02 00 02 04 0.6
Potential applied (V) vs Ag/AgCl
Fig. 4

the highest current signal was performed by utilizing the Design
Expert 6.0 software. The desired conditions were set with all the
factors considered in the study range, while the response was
set to the maximum current response. The optimum conditions
predicted were pH 7.78, 46 °C for Ab incubation temperature,
33 min Ag incubation time and 0.03% blocking agent. A set of
experiments was performed to produce a calibration curve for
the CLB standard using the predicted optimum conditions.
This predicted optimum condition suggests a shorter Ab incu-
bation time and a lower percentage of blocking agent in
comparison with the original conditions (Table 1). The graph of
CLB standard obtained under the optimized electrochemical
immunoassay experimental conditions (Fig. 3a) reveals an
improved R” value (0.9921). The LOD reported in this study was
4.66 ng mL™', which is lower than the Codex Alimentarius
Commission regulations residue limit (10 ng mL™').* Mean-
while the calibration plot for the sensor without MWCNT
(Fig. 3b) shows no significant current change at the studied CLB
concentration range (0 to 250 ppb) with a near zero current
reading, which indicates its very poor electrochemical sensing
performance in comparison to the modified electrode as
a result of no significant absorption of Ab on the unmodified

b ] .
—— (i) SPCE
600 —— (ii) PEDOT/MWCNT/SPCE
] —— (iii) PEDOT/MWCNT/Ab/SPCE
_ —— (iv) PEDOT/MWCNT/A b-CLB/SPCE
5004 30
4004 20
e
S 300 =0
: N
N 1 o
200 -
| 1%
100
0 T T T T T T T
0 100 200 300 400 500 600
Zu (Q )

(a) CV of (i) bare SPCE, (ii) PEDOT/MWCNT/SPCE, (iii) PEDOT/MWCNT/Ab/SPCE and (iv) PEDOT/MWCNT/Ab—CLB/SPCE in a mixture

solution of 5 MM Ks[Fe(CN)gl, 5 mM K4[Fe(CN)gl, and 0.1 M KCl (scan rate = 0.1V s%). (b) Nyquist plots of (i) bare SPCE, (i) PEDOT/MWCNT/SPCE,
(iii) PEDOT/MWCNT/Ab/SPCE, and (iv) PEDOT/MWCNT/Ab—-CLB/SPCE in a mixture solution of 5 mM Kz[Fe(CN)gl, 5 mM K4[Fe(CN)¢l, and 0.1 M
KCl (frequency range = 10 MHz to 1 Hz; amplitude = 0.005 V); inset: magnified view of the high frequency region.
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Fig. 5 FESEM images of (a) bare SPCE, (b) PEDOT/MWCNT/SPCE, (c)
PEDOT/MWCNT/Ab/SPCE and (d) PEDOT/MWCNT/Ab-CLB/SPCE;
magnification 100 000 x.

electrode. LOD is defined as the concentration of CLB corre-
sponding to the signal intensity, which is equal to the mean
signal intensity of zero concentration minus three times the
SD.*¢ The developed immunosensor in this study was compared
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Percentage recovery of CLB (i) immunosensor and (i) LC-MS.
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with other CLB detection methods reported in the literature
(Table 2), and it can be seen that the results obtained from our
developed immunosensor is comparable with other studies.

3.5 Characterization

3.5.1 Cyclic voltammetry. The electrochemical behavior of
the electrodes at each fabrication stage was studied via cyclic
voltammetry (Fig. 4a). After the modification of SPCE with
PEDOT/MWCNT, an increase in peak current was observed (I,
= 208 pA and I, = 196 pA), indicating the synergistic effect of
the conducting polymer PEDOT and MWCNT successfully
increased the conductivity of the electrode, thus resulting in an
improved sensor platform."*® However, the peak current
slightly decreased (I, = 193 pA and I, = —185 pA) as Ab was
immobilized onto the electrode surface and further decreased
when CLB bound to the immobilized Ab (I,, = 190 pA and I, =
—176 pA). Both Ab and CLB are non-conducting materials and
thus insulate the modified electrode surface, which leads to
a decrease in peak current as a result of electrode charge
transfer interruption.®”

3.5.2 Electrochemical impedance spectroscopy. The inter-
facial properties of the electrodes were further evaluated via EIS
experiments. The impedance spectra (Fig. 4b) show linear
a portion in the low frequency region and a semicircle portion
in the high frequency region. The semicircle portion represents
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Immunosensor selectivity against other antibiotics from (a) B-agonist family and (b) other groups. (c) Storage stability at 4 °C. (d)
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Table 3 Antibiotic structures

Family Antibiotic Structure
OH
cl R \<
Clenbuterol
HN
cl
OH
H\’<
Salbutamol Ho
HO
F OH
B-agonist Mabuterol E \{<
HN
c
OH
i N OH
Ractopamine [ ~ \(/O/
Ho”
OH n
HO.
Terbutaline \’<
OH
Vancomycin
>y
HzN/\l)\
OH
HsCx, ~CHs
HsC OH H oH
Other Tetracycline O"‘
CONH,
OH
OH O OH O
OH OH
Chloramphenicol \H)C'\
Cl
Q -
i L M on
Streptomycin {on
N S OH
OH
. ON— O\~
Nitrofuran { / R

the charge transfer resistance (R.) according to its diameter.
The bare SPCE displayed a large semicircle with an R . of 321 Q.
After the modification, a small semicircle was observed with an
R of 20 Q, implying an improvement in electrical conductivity
and acceleration of the electron transfer rate of PEDOT/
MWCNT/SPCE. However, the R.. for PEDOT/MWCNT/Ab/SPCE
increased to 32 Q due to the Ab immobilization on the modi-
fied electrode, which increases the impedance due to the
formation of an additional barrier by Ab and prevents the
electron transfer from the redox probe to the electrode surface.*”
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An enlargement in the semicircle was observed when CLB
bound to Ab, resulting in an R, of 44 Q, indicating even higher
transfer resistance occurred due to the existence of more non-
faradaic compounds on the electrode surface. EIS can be used
to determine the existence of non-faradaic elements including
Ab and CLB (analyte) on the electrode surface.** The results
show that the PEDOT/MWCNT composite is an excellent
material, which improved the electrochemical performance of
the modified electrode.

3.5.3 Morphology. The surface morphology after each
modification stage was analyzed using FESEM at 100k magni-
fication. Initially, SPCE had a rough surface, as shown in Fig. 5a.
The treated MWCNT contained abundant carboxyl groups, thus
allowing the negatively charged MWCNT to act as a dopant,
which embedded into the polymer composite to balance the
positive charge of the PEDOT backbone. Modification with
PEDOT/MWCNT caused the SPCE surface to turn into a highly
porous surface (Fig. 5b) due to the tubular structure of the
MWCNT bound into the granular structure of PEDOT as a result
of MWCNT doping into PEDOT. Even though the MWCNT
doped into PEDOT through the carboxyl groups, there were still
abundant unoccupied carboxyl groups that were exposed, thus
allowing Ab to immobilize onto the modified electrode through
the EDC/NHSS protocol. When Ab was immobilized onto the
electrode surface, small granular structures formed on the
smooth tubular structure of MWCNT, as shown in Fig. 5c,
suggesting that these structures represent Ab. Usually, protein
such as Ab is not visible due to its transparent properties.
However, as the samples were coated with platinum before the
viewing process, thus Ab became visible. The existence of Ab on
the electrode surface was further confirmed with the BCA
protein assay. After incubation with reagents A and B, the green
color of the mixed reagent on the bare SPCE and PEDOT/
MWCNT/SPCE surfaces remained unchanged because no
protein was present. However, for PEDOT/MWCNT/Ab/SPCE
and PEDOT/MWCNT/Ab-CLB/SPCE, the green colour of the
mixed reagent turned into purple as a result of the reduction of
copper (Cu®") to cuprous (Cu*) by Ab (protein) followed by the
formation of a BCA/copper complex due to Cu' chelation with
BCA. The immobilization of Ab on the electrode surface was
confirmed by this assay. The morphology of PEDOT/MWCNT/
Ab-CLB/SPCE (Fig. 5d) is similar to that of PEDOT/MWCNT/Ab/
SPCE because the small CLB structure is not visible.

3.6 Analytical performance of the immunosensor

The specificity of this CLB immunosensor was evaluated by
detected other antibiotics from the B-agonist group, such as
salbutamol, mabuterol, ractopamine and terbutaline, along
with other antibiotics from other groups such as vancomycin,
tetracycline, chloramphenicol, streptomycin and nitrofuran.
The current response of each antibiotic with the same concen-
tration of 100 ng mL™~' was investigated. The inhibition
percentages were calculated as 110%, 104%, 10%, 7% and 3%
for CLB, salbutamol, mabuterol, ractopamine and terbutaline,
respectively (n = 3) (Fig. 6a).

This journal is © The Royal Society of Chemistry 2018
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Other antibiotics from other families such as vancomycin,
tetracycline, chloramphenicol, streptomycin and nitrofuran (n
= 3) show 0% cross reactivity (Fig. 6b). Other B-agonists and
antibiotics do not affect the CLB detection except salbutamol,
which implies that this immunosensor has good selectivity
towards CLB. Salbutamol shows a high% cross reactivity
because its structure is closer to CLB than other antibiotics
(Table 3).

The reproducibility of this immunosensor was determined
for n = 10 under the same conditions, resulting in the standard
deviation (SD) value of 0.110, indicating excellent reproduc-
ibility. The coefficient of variation of this reproducibility test is
1.33%. The coefficient of variation is defined as the ratio of the
standard deviation to mean [(SD/mean)100%], where a value
a less than 5%, as reported in this study, implies excellent
reproducibility. The immunosensor was also stored at 4 °C for
one month to study its storage stability. After 1 month of
storage, 95.33% (Fig. 6¢c) of the initial current response was
obtained, indicating relatively good storage stability.

3.7 Comparative study

Real sample analyses were performed to detect CLB in 10 beef
samples using the developed CLB immunosensor. The same
samples were also detected using LC-MS for comparison. Since
no CLB was detected, standard solutions of CLB were spiked in
the samples to evaluate the applicability of the developed
immunosensor. As shown in Fig. 6d, good recoveries with 85%
to 111% recovery obtained for both the 50 and 100 ng mL ™"
spiked samples, respectively, as detected by the immunosensor.
Comparable results were obtained from this immunosensor
with that from LC-MS, which proves the reliability of this
immunosensor for CLB detection in real samples.

4. Conclusions

A PEDOT/MWCNT/Ab/SPCE immunosensor was successfully
developed for the detection of CLB. The optimum conditions for
the electrochemical immunoassay were determined using RSM/
CCD. Incubation time, Ag incubation time and % blocking were
determined as significant parameters along with the interaction
between pH and Ag incubation time. A linear graph of CLB
standard with R> = 0.9921 was obtained under the optimized
electrochemical immunoassay conditions. Modification of
SPCE with the PEDOT/MWCNT composite improved the elec-
trochemical properties of the electrode and provided a high
surface area for Ab-CLB binding. Consequently, high repro-
ducibility, storage stability and selectivity towards CLB was
produced. This method was successfully employed for CLB
detection in real meat samples, which produced comparable
results with LC-MS, and thus is reliable for CLB screening and
monitoring in real applications.
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