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Au nanoparticles (NPs) are functionalized with thioaniline
electropolymerizable groups and (mercaptophenyl)bo-
ronic acid. The antibiotic substrates neomycin (NE),
kanamycin (KA), and streptomycin (ST) include vicinal
diol functionalities and, thus, bind to the boronic acid
ligands. The electropolymerization of the functionalized
Au NPs in the presence of NE, KA, or ST onto Au surfaces
yields bisaniline-cross-linked Au NP composites that, after
removal of the ligated antibiotics, provide molecularly
imprinted matrixes which reveal high sensitivities toward
the sensing of the imprinted antibiotic analytes (detection
limits for analyzing NE, KA, and ST correspond to 2.00
+ 0.21 pM, 1.00 £ 0.10 pM, and 200 + 30 M,
respectively). The antibiotics are sensed by surface plas-
mon resonance (SPR) spectroscopy, where the coupling
between the localized plasmon of the NPs and the surface
plasmon wave associated with the Au surface is imple-
mented to amplify the SPR responses. The imprinted Au
NP composites are, then, used to analyze the antibiotics
in milk samples.

Residual quantities of antibiotics in milk or meat products were
identified as health hazards, and maximum residue limits (MRLs)
for these antibiotics were defined by the food administration
authorities.! Scheme 1 outlines some commonly used antibiotics
and their respective MRL values. Different sensing platforms for
the analysis of different antibiotics were developed. For example,
a competitive impedimetric immunosensor assay for analyzing
ciprofloxacin, an antibiotic belonging to synthetic fluoroquinolo-
nes, was developed using polypyrrole-modified electrodes func-
tionalized with the antibody—antibiotic analogue complexes.? An
imaging surface plasmon resonance-based immunosensor was
implemented for the simultaneous detection of several antibiotics
in milk.® Also, different sensing platforms that use antigen—antibody
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complexes were used to detect a variety of antibiotics.? Recently,
wavelength-interrogated optical biosensors based on the formation
of antibody—antiobiotic antigen complexes were developed and
used for the multiplexed screening of antibiotics in milk.® Similarly,
a lab-on-a-chip antibody-based sensing platform for the multiplexed
analysis of antibiotics was described.® Albeit the progress in the
development of bioanalytical sensing platforms, the antibody-based
sensors require long analysis times, and they do not reach the
satisfactory sensitivities.

Surface plasmon resonance (SPR) is a versatile method to
follow refractive index changes that occur on thin metal films (e.g.,
Au or Ag) as a result of recognition events or chemical transfor-
mations.” SPR spectroscopy has been widely used to develop
optical sensors and biosensors.? For example, antigen—antibody
complexes formed on the metal supports,’ enzyme-mediated
transformations,'® or redox reactions proceeding on metallic
films'! were probed by SPR spectroscopy. The method is,
however, limited to high-molecular-weight substrates, such as
proteins, or low-molecular-weight substrates that undergo color
changes upon chemical transformations that yield refractive index
changes observable by SPR. This limitation can be resolved,
however, by the conjugation of labels that amplify the refractive
index changes that occur upon low coverage of the surface with
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Scheme 1. Molecular Structures and MRL Levels of Antibiotics Used in This Study
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the analytes or small refractive index changes induced by low-
molecular-weight analytes. For example, the conjugation of latex
particles,'? liposomes,'® or secondary proteins!* was used to
amplify small refractive index changes and to generate observable
SPR shifts. Metal nanoparticles, NPs (e.g., Au NPs or Ag NPs),
exhibiting a localized plasmon, were extensively used to amplify
SPR signals. The coupling of the localized plasmon of the NPs
with the surface plasmon wave was found to affect the plasmon
energy and, thus, to enhance the SPR shifts.'” Indeed, numerous
studies have used Au NPs as amplifying labels for recognition
events, and the effects of the size and the coverage of the Au
NPs on the SPR responses were discussed.'® For example, the
formation of immunocomplexes,'” DNA hybridization,'® and
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biocatalytic processes'® were followed by the amplification of the
SPR signals using the Au NPs.

Recently, we reported on the development of an ultrasensitive
trinitrotoluene (TNT) SPR sensor based on the electropolymer-
ization of thioaniline-modified Au NPs on a thioaniline-function-
alized Au surface that yields a bisaniline-cross-linked Au NP
composite on the electrode surface.? It was demonstrated that
upon the electropolymerization of the Au NPs in the presence of
picric acid, acting as an imprint analogue of TNT, molecularly
imprinted sites for the binding of TNT to the Au NP composite
were generated. The imprinted sites revealed high affinities for
the association of TNT, driven by z-donor—acceptor interactions
between the bisaniline bridging units, and TNT and assisted by
complementary steric constraints of the imprinted contours. This
led to the selective association and high binding constants of TNT
to the imprinted sites. The refractive index changes, and the
accompanying SPR shifts, resulting from the formation of the
m-donor—acceptor complexes between TNT and the bisaniline
units in the imprinted sites, were, then, amplified by the coupling
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Scheme 2.

Imprinting of Molecular Recognition Sites for Antibiotic Substrates (for Example, Neomycin) through

the Electropolymerization of a Bisaniline-Cross-Linked Au NP Composite on a Au Surface
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between the localized plasmon of the Au NPs and the surface
plasmon wave. This enabled the ultrasensitive (1 x 1074 M)
detection of TNT.

In the present study we report on the synthesis of Au NPs
modified with a composite capping monolayer consisting of the
electropolymerizable thioaniline units and phenylboronic acid
ligands that provide ligation sites for the association of different
antibiotic substrates. The electropolymerization of the function-
alized Au NPs in the presence of the antibiotic substrates yields
imprinted NP composites that carry ligands which enable the
selective SPR sensing of different antibiotics. The sensing matrixes
are used to analyze the antibiotics in milk.

Boronic acids and vicinal diols form cyclic boronate complexes,
which can be reversibly dissociated and reassociated under acidic
or basic conditions, respectively. These functions of the boronic
acid ligand were used to synthesize molecularly imprinted
polymers for vicinal diol-functionalized substrates, such as sac-
charides,?! and such imprinted polymers were used as specific
recognition elements of sensor devices.??

In the present study we used 3.5 nm Au NPs protected with a
capping layer consisting of three components: thioaniline (1),
acting as electropolymerizable units, (mercaptophenyl)boronic
acid (2), acting as a ligand for the association of the antibiotic
substrates, and mercaptoethanesulfonic acid (3), which stabilizes
the NPs and prevents their precipitation. A Au-coated glass
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electrode was modified with a thioaniline monolayer and used for
the electrochemical deposition of the functionalized Au NPs,
Scheme 2. The electropolymerization was conducted in the
absence of the antibiotic substrate, to yield the nonimprinted
bisaniline-cross-linked Au NP composite or in the presence of one
of the antibiotic substrates neomycin (NE, 4), kanamycin (KA,
5), or streptomycin (ST, 6), to yield the imprinted bisaniline-cross-
linked Au NP composites. Following the imprinting process, the
imprinted substrate was eliminated from the matrix under acidic
conditions (pH 1.3), and the electrode was, then, equilibrated with
a basic buffer solution (pH 9.2). The electropolymerization of the
Au NP matrixes included the application of 10 voltammetric cycles
between —0.35 and +0.85 V vs a Ag quasi-reference electrode,
followed by an application of a fixed potential of 0.85 V for 60
min, and was probed in situ by the surface plasmon resonance
shifts of the surface (see Figure S1, Supporting Information). The
surface was characterized by AFM (Figure S2, Supporting
Information), and it exhibited an average thickness of ca. 11 nm
and included aggregated Au NP structures with hights up to 35
nm. The microgravimetric quartz-crystal-microbalance analysis of
the electrodeposited Au NPs on a Au-quartz crystal revealed a
mass change of 8.7 x 107% g-cm™ that translated to an average
coverage of ca. three random densely packed layers of the Au
NPs.

Figure 1A depicts the SPR curve of the NE-imprinted Au NP
composite before, curve a, and after, curve b, treatment of the
matrix with 200 nM NE. A clear shift of the SPR spectrum is
observed upon the binding of NE to the Au NP matrix. Figure
1B shows the derived sensogram, measured at § = 63.5°, that
corresponds to the reflectance changes of the NE-imprinted Au
NP composite surface upon interaction with increasing concentra-
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Figure 1. (A) SPR curves corresponding to the NE-imprinted
bisaniline-cross-linked Au NP composite: (a) before the addition of
NE and (b) after the addition of NE, 200 nM. (B) Sensogram
corresponding to the changes in the reflectance intensities, at 6 =
63.5°, by the NE-imprinted bisaniline-cross-linked Au NP composite
upon addition of variable concentrations of NE: (a) 2 pM, (b) 10 pM,
(c) 20 pM, (d) 100 pM, (e) 200 pM, (f) 1 nM, (g) 4 nM, (h) 20 nM, (i)
100 nM, (j) 200 nM, (k) 1 «M. Arrows indicate the time of addition of
the analyte. Left inset: Enlarged time-dependent reflectance values
measured for the bulk HEPES buffer. Right inset: Enlarged time-
dependent reflectance changes upon the addition of 20 nM NE. (C)
Calibration curves corresponding to the reflectance changes at
different concentrations of added NE on (a) the NE-imprinted bisa-
niline-cross-linked Au NP composite and (b) the nonimprinted bisa-
niline-cross-linked Au NP composite. Error bars correspond to a set
of N =5 measurements. All measurements were performed in a 0.1
M HEPES buffer solution (pH 9.2).

tions of NE. Figure 1B, right inset, shows a magnified region of
the time-dependent reflectance change upon interaction of the
matrix with NE. One may realize that after ca. 5 min the
reflectance changes level off to a constant value, meaning that
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Figure 2. Calibration curves corresponding to the analysis of various
concentrations of (a) NE, (b) KA, and (c) ST on an NE-imprinted
bisaniline-cross-linked Au NP composite. Inset: Lower concentration
region of the calibration curves. Error bars correspond to a set of N
= 5 measurements. All measurements were performed in a 0.1 M
HEPES buffer solution (pH 9.2).

the response time of the sensing matrix is ca. 5 min. The resulting
calibration curve for sensing NE by the NE-imprinted Au NP
composite is shown in Figure 1C, curve a. For comparison, the
reflectance changes upon the interaction of the nonimprinted Au
NP composite with NE are shown in Figure 1C, curve b. The
reflectance changes observed with the imprinted matrix are
significantly higher, implying the improved binding of NE to the
imprinted matrix. This is explained by the fact that the electropo-
lymerization of the Au NPs, in the presence of NE molecules,
yields molecularly imprinted sites with structural contours for NE.
The sites include the boronic acid ligands in optimal positions
inside the imprinted domains for binding NE (Scheme 2). The
detection limit for analyzing NE by the imprinted matrix corre-
sponds to 2.00 + 0.21 pM (for the determination of the detection
limit see the Experimental Section).

A further aspect relates to the effect of the Au NPs on the
amplified detection of NE by the sensing composite. Toward this
end, we modified the Au surface with a (mercaptophenyl)boronic
acid monolayer that lacked the Au NPs. The association of NE to
the monolayer-modified electrode was, then, followed by probing
the reflectance changes at different concentrations of NE (Figure
S3, Supporting Information). One may realize that the ligand-
functionalized monolayer surface detects NE at a 1 uM concentra-
tion, implying a ca. 10° amplification factor of the nonimprinted
Au NP composite and a further 10° amplification factor of the
imprinted sensing interface.

An important aspect in the sensing of NE by the NE-imprinted
Au NP matrix relates to the specificity of the analysis in the
presence of other vicinal diol-functionalized antibiotics. Figure 2
shows the reflectance changes observed upon the interaction of
the NE-imprinted Au NPs with NE, curve a, and upon the
interaction of the sensing matrix with the “foreign” antibiotic KA,
curve b, or ST, curve c. Clearly, an impressive selectivity is
demonstrated by the NE-imprinted Au NP composite. While the
imprinted matrix reveals measurable reflectance changes in the
concentration range of 2 pM to 20 nM, the antibiotics KA and ST
show almost no reflectance changes in this concentration range.

Similarly, KA and ST bearing vicinal hydroxyl groups were
ligated to the phenylboronic acid-functionalized Au NPs and
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Figure 3. (A) Calibration curves corresponding to the reflectance changes at different concentrations of added KA on (a) the KA-imprinted
bisaniline-cross-linked Au NP composite and (b) the nonimprinted bisaniline-cross-linked Au NP composite. (B) Calibration curves corresponding
to the analysis of various concentrations of (a) KA, (b) ST, and (c) NE on a KA-imprinted bisaniline-cross-linked Au NP composite. Inset: Lower
concentration region of the calibration curves. (C) Calibration curves corresponding to the reflectance changes in the presence of different
concentrations of added ST to (a) the ST-imprinted bisaniline-cross-linked Au NP composite and (b) the nonimprinted bisaniline-cross-linked Au
NP composite. (D) Calibration curves corresponding to the analysis of various concentrations of (a) ST, (b) NE, and (c) KA using the ST-
imprinted bisaniline-cross-linked Au NP composite. Inset: Low concentration region of the calibration curves. Error bars correspond to a set of
N = 5 measurements. All measurements were performed in a 0.1 M HEPES buffer solution (pH 9.2).

imprinted into the electropolymerized bisaniline-bridged Au NP
matrixes assembled on the Au surfaces. The release of KA or ST
from the Au NP composites, under acidic conditions, resulted in
the imprinted sensing surfaces. Figure 3A, curve a, shows the
calibration curve corresponding to the reflectance changes, AR,
upon reaction of the KA-imprinted Au NP matrix with different
concentrations of KA. As the concentration of KA increases, the
observed reflectance changes are intensified. For comparison,
Figure 3A, curve b, shows the reflectance changes of the
nonimprinted Au NP composite upon the interaction with variable
concentrations of KA. Clearly, the reflectance changes are
substantially lower, suggesting the lower binding affinity of KA
to the nonimprinted matrix. The detection limit for analyzing KA
by the imprinted Au NP composite corresponded to 1.00 + 0.10
pM, whereas the detection limit for sensing KA by the nonim-
printed sensing interface was 1.00 + 0.12 nM. The higher
reflectance changes and the lower detection limit by the imprinted
Au NP composite are attributed to the formation of the molecularly
imprinted sites in the Au NP matrix that provide molecular
structural contours and phenylboronic acid ligands for the steric
accommodation of the KA substrate. Thus, the steric fit of KA to
the imprinted sites increases the binding affinity of KA to the
sensing matrix, and this leads to the lower detection limit. The
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selectivity of the sensing matrix was also examined, Figure 3B.
The differences in the reflectance changes of the KA-imprinted
matrix in the presence of added KA, curve a, and upon interaction
with ST, curve b, and NE, curve ¢, demonstrate an impressive
selectivity. While KA is effectively detected in the concentration
range of 1 pM to 1 nM, the interaction of the matrix with ST or
NE does not show any significant reflectance changes at these
concentrations.

The ST-imprinted Au NP composite reveals similar improved
sensing properties. The ST-imprinted Au NP composite reveals a
detection limit of 200 £ 30 fM, Figure 3C, curve a, while the
nonimprinted Au NP matrix shows significantly lower reflectance
values at these concentrations, Figure 3C, curve b. As before, the
ST-imprinted Au NP composite reveals selectivity, Figure 3D, and
while high reflectance changes are observed for analyzing the
imprinted substrate ST, Figure 3D, curve a, only minute reflec-
tance changes are observed upon interaction of the ST-imprinted
matrix with NE, curve b, or KA, curve c.

To highlight the significance of the formation of the boronate
complexes between the phenylboronic acid ligand and the vicinal
hydroxyl groups of the NE, KA, or ST antibiotic in the formation
of the imprinted sensing matrixes, we tried to imprint the
enrofloxacin substrate (EN, 7) into the bisaniline-cross-linked Au



NP layer. EN does not include vicinal hydroxyl groups (e.g.,
Scheme 1), and hence, this antibiotic cannot form the active
boronate complex for imprinting. Accordingly, EN was interacted
with the phenylboronic acid-functionalized Au NPs, and these were
electropolymerized on the thioaniline-modified Au surface. The
rinsed Au NP composite was, then, interacted with EN. Under
these conditions, we did not observe any reflectance change up
to an EN concentration of 1 uM. At this high concentration of
the analyte, a minute reflectance change was observed, presum-
ably due to a change in the refractive index of the solution. Thus,
we conclude that the vicinal hydroxyl groups in NE, KA, and ST
are essential to form the imprinted sites through the formation
of the boronate complexes on the electropolymerizable Au NPs.

We, then, attempted to analyze the three antibiotic components
in milk samples taken from three different local milk producers
(milk samples 1—3, fat content in all samples 3%). The interaction
of the milk sample with the imprinted Au NP composite resulted
in a substantial reflectance change that, presumably, originated
from the change of the refractive index of the buffer solution and/
or was due to a nonspecific adsorption to the matrix. The high
sensitivity of the imprinted Au NP matrixes and the MRL values
defined by the health authorities suggest, however, that the milk
samples can be substantially diluted, while still allowing the
quantitative analysis of the antibiotics in the milk samples.
Accordingly, the milk samples were 5000-fold diluted. The interac-
tion of the NE-imprinted Au NP composite with the diluted milk
samples of any of the three milk samples did not induce any
substantial reflectance changes; cf. Figure 4A, point a. Treatment
of the NE-imprinted Au NP composite with 5000-fold-diluted milk
samples that included different concentrations of NE yielded the
reflectance changes depicted in the sensogram presented in
Figure 4A. From the respective calibration curve, shown in Figure
4B, we realize that a NE concentration as low as 10 pM is
detectable in the diluted milk sample. The MRL value for NE in
milk is 1.65 x 1076 M, a value that translates to a concentration
that corresponds to 330 pM in a 5000-fold-diluted sample. Thus,
our sensor system reveals the sensitivity to detect the MRL as
well as lower levels of NE. Similarly, KA-imprinted and the ST-
imprinted Au NP composites were used for analyzing KA and
ST in the diluted milk samples, respectively, Figure 4B. The
MRLs for KA and ST are 2.6 x 1077 and 1.4 x 1077 M,
respectively. These values translate to concentrations of 52 and
28 pM, respectively, for the KA and ST in the 5000-fold-diluted
milk samples. From the calibration curves shown in Figure 4B,
we realize that the two antibiotics can be detected in the diluted
samples significantly below the MRL values (the observable
detection limits for KA and ST are 2.00 + 0.10 pM and 200 + 21
fM, respectively). Moreover, the absence of SPR responses during
the introduction of the diluted milk samples suggests that the milk
samples of all three local manufacturers were not contaminated
by any of the three antibiotics NE, KA, and ST. This observation
was further supported by performing complementary internal
standard addition experiments, Figure S4, Supporting Information.
In these experiments, variable concentrations of ST, KA, or NE
were added to any one of the milk samples, and the recorded
reflectance changes provided a quantitative measure for the
content of the added antibiotic. Figure $4, inset, exemplifies the
resulting calibration curve obtained for analyzing NE on the NE-
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Figure 4. (A) Sensogram corresponding to the changes in the
reflectance intensities, at 0 = 63.5°, at the NE-imprinted bisaniline-
cross-linked Au NP composite upon analysis of a milk sample. The
measurement begins with a pure 0.1 M HEPES buffer solution (pH
9.2) in the absence of NE. Point a corresponds to the addition of
milk sample 1 diluted 5000-fold with the HEPES buffer solution. The
following NE concentrations were subsequently added to the 5000-
fold-diluted milk sample: (b) 10 pM, (c) 20 pM, (d) 100 pM, (e) 200
pM, (f) 1 nM, (g) 4 nM, (h) 20 nM, (i) 100 nM, (j) 200 nM, (k) 1 x«M.
Arrows indicate the time of addition of the analyte. Also presented
are three insets, depicting magnified regions corresponding to
reflectance intensity changes by (lower left) the bulk HEPES buffer,
(lower right) milk sample 1 diluted 5000-fold in the HEPES buffer
solution, and (upper right) milk sample 1 diluted 5000-fold with the
HEPES buffer solution with added NE, 10 pM. Upper left inset:
Reflectance changes, by the NE-imprinted Au NP composite-modified
Au electrode, corresponding to the analysis of milk sample 1 diluted
5000-fold with 0.1 M HEPES buffer solution (pH 9.2) and containing
(a) 200 pM NE, (b) 200 pM NE, 10 pM KA, and 100 pM ST, (c) 200
pM NE, 50 pM KA, and 50 pM ST, and (d) 200 pM NE, 100 pM KA,
and 10 pM ST. (B) Calibration curves corresponding to the analysis
of various concentrations of (a) ST, (b) NE, and (c) KA on the
bisaniline-cross-linked Au NP composites imprinted with the respec-
tive antibiotics. Measurements were performed in milk sample 1
diluted 5000-fold with a 0.1 M HEPES buffer solution (pH 9.2).

imprinted matrix in one of the milk samples. By extrapolation of
the plot to AR = 0, the content of the antibiotic was estimated. In
this specific example, the concentration of NE was estimated to
be <8 pM, far below the MRL values. Similar results were
obtained for the other antibiotics (Figure S5, Supporting Informa-
tion), leading to the conclusion that the residual content of
antibiotics in all three samples was below the MRL values. Also,
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it should be noted that the NE—Au NP for composite could be
regenerated at least five times, and the results analyzing variable
concentrations of NE revealed an impressive reproducibility of
+3%.

We also find that the imprinted Au NP composites allow the
selective analysis of antibiotics added to the milk samples. For
example, Figure 4, upper left inset, shows the reflectance changes
of the NE-imprinted composite upon analysis of NE, 200 pM
(column a), and upon the addition of different concentrations of
KA or ST, columns b—d, to the NE solution. Clearly, the foreign
nonimprinted antibiotics do not have any significant effect on the
reflectance changes. Similar results were observed for analyzing
KA or ST by the respectively imprinted Au NP composites upon
the addition of the nonimprinted antibiotics to the solution
containing the imprinted antibiotic (see Figure S6, Supporting
Information). The method to fabricate the imprinted cross-linked
Au NP composites by electrochemical means represents a major
advantage in the future design of SPR chips for the parallel sensing
of the different antibiotics. By using an electrode array, the
different sensing matrixes may be addressed to specific electrodes,
thus enabling the parallel analysis of the substrates.

To conclude, we have demonstrated the use of electropoly-
merizable thioaniline-modified Au NPs capped with phenylboronic
acid ligand as a functional material for the development of sensitive
and selective matrixes for the detection of a series of antibiotics
that include vicinal hydroxyl groups in their molecular structure.
The electropolymerization of the NPs on a Au surface in the
presence of NE, KA, or ST led to the formation of molecularly
imprinted Au NP matrixes. The imprinted composites revealed
high sensitivity and specificity toward the detection of the
imprinted antibiotic substrates. The binding processes of the
antibiotic analytes to the imprinted sites were probed by surface
plasmon resonance spectroscopy. The detection of the antibiotics
by the matrixes was amplified due to the changes in the dielectric
properties of the matrixes, occurring upon the binding of the
substrates to the imprinted sites, through the coupling of
the localized plasmon of the NPs with the surface plasmon wave.
The different sensing matrixes were successfully applied to
analyze the antibiotic substrates in milk samples. The selectivity
demonstrated by the different imprinted Au NP composites toward
the sensing of the imprinted antibiotic substrates, suggests that
electropolymerized imprinted Au NP composites addressed on
Au arrays could be implemented for the parallel SPR analysis of
the antibiotic substrates.

EXPERIMENTAL SECTION

Synthesis of the Functionalized Au Nanoparticles. Au
nanoparticles functionalized with 2-mercaptoethanesulfonic acid,
p-aminothiophenol, and (p-mercaptophenyl) boronic acid (Au NPs)
were prepared by mixing a 10 mL solution containing 197 mg of
HAuCl, in ethanol and a 5 mL solution containing 36 mg of
2-mercaptoethanesulfonic acid, 10 mg of (p-mercaptophenyl)-
boronic acid, and 8 mg of p-aminothiophenol in methanol. The
two solutions were stirred in the presence of 2.5 mL of glacial
acetic acid in an ice bath for 1 h. Subsequently, a 7.5 mL
aqueous solution of 1 M sodium borhydride, NaBH,, was added
dropwise, resulting in a dark color solution associated with the
presence of the Au NPs. The solution was stirred for an
additional 1 h in an ice bath and, then, for 14 h at room
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temperature. The particles were successively washed and
centrifuged (twice in each solvent) with methanol, ethanol, and
diethyl ether. A mean particle size of ca. 3.5 nm was determined
using TEM.

Preparation of the Au-NP-Modified Au Surfaces. p-Ami-
nothiophenol-functionalized electrodes were prepared by immers-
ing Au-coated glass slides for 24 h in a p-aminothiophenol ethanolic
solution, 10 mM. To prepare the bisaniline-cross-linked Au NP
composite, a 2 mg-mL™! of the functionalized Au NPs were
dissolved in a 0.1 M HEPES buffer solution (pH 9.2), and were
electropolymerized on the p-aminothiophenol-modified Au
electrode. Electropolymerization was performed by the applica-
tion of 10 potential cycles between —0.35 and +0.85 V vs a Ag
wire quasi-reference electrode (QRE), at a scan rate of 100
mV-s~!, followed by the application of a constant potential, £
= 0.85 V vs a Ag QRE, for 60 min. The resulting films were,
then, washed with the background buffer solution to exclude
any residual monomer from the electrode. Similarly, antibiotic-
imprinted bisaniline-cross-linked films were prepared by react-
ing 2 mg of the modified Au NPs, prior to the electropolymer-
ization process, with 2 mL of HEPES buffer solution (pH 9.2)
that included 10 mM of the selected antibiotic, and allowing
the antibiotic—Au NP complex to precipitate for 30 min. The
precipitate was separated, washed, and redissolved in 4 mL of
0.1 M HEPES buffer (pH 9.2) to yield the electropolymerization
solution for the imprinted matrixes.

The extraction of the antibiotic molecules from the film was
carried out by immersing the electrodes in a 0.1 M H,SO, (pH
1.3) solution for 15 min and thoroughly washing with a HEPES
buffer solution (pH 9.2). The full removal of the antibiotic
molecules from the electropolymerized film was verified by
monitoring the SPR curve until a steady curve shape was
obtained.

Instrumentation. An SPR Kretschmann-type spectrometer,
NanoSPR 321 (NanoSPR devices), with a LED light source, 1 =
650 nm, and a prism refraction index » = 1.61 was used. The
SPR measurements were performed using a home-built cell,
volume 0.5 mL. Electropolymerization was performed using a Pt
wire (diameter 0.5 mm) counter electrode and a Ag wire quasi-
reference electrode (diameter 0.5 mm) which were installed in
the SPR cell (volume 0.5 mL, working electrode area 0.2 cm?).
Au-coated semitransparent glass plates (Mivitec GmbH, Ana-
lytical u-Systems, Germany) were used as working electrodes.
Prior to modification, the Au surface was cleaned in hot ethanol
(50 °C) for 20 min.

For the electropolymerization process a PC-controlled (Autolab
GPES software) electrochemical analyzer potentiostat/galvanostat
(uAutolab, type III) was employed. AFM imaging was performed
at room temperature using a multimode scanning probe micro-
scope with a Nanoscope 3A controller (Digital Instruments, Veeco
Probes). The image was taken with an NSC 15 AFM tip (Mikro-
masch, Germany) using the tapping mode at its resonant fre-
quency. The image was analyzed with WsXM SPIP software
(Nanotec, Inc., Spain). QCM measurements were performed using
a home-built instrument linked to a frequency analyzer (Fluke)
using Au-quartz crystals (AT-cut 10 MHz). Nanopure (Barnstead)
ultrapure water was used in the preparation of the different
solutions.



Analysis of the Antibiotic Substances. The NE-, KA-, or ST-
imprinted Au NP matrixes were subjected to different concentra-
tions of the respective antibiotic substances. Sensograms were
recorded at a fixed reflection angle corresponding to 63.5°. The
detection limit confidence intervals were estimated according to
the IUPAC recommendations where the detection limit (Cy) is
“the lowest detectable concentration that can be detected with
reasonable certainty”, and is given by C = C, + tS,/+/n, where
C, is the average value of the lowest detectable concentration,
t is the Student factor chosen according to a 95% confidence
level and using #» = 5 measurements, and S,, is the measured
standard deviation for five separate measurements.
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