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In this study, we aimed to create synthetic polymer receptors with the fluorescence signalling ability,
using molecular imprinting, precisely designed template molecules, and site-specific post-imprinting
modifications, which can mimic conjugated proteins and are capable of specific molecular recognition,
and wherein successful binding can be indicated by a change in fluorescence. A molecularly imprinted
APO-type nanocavity with a reconstructable domain was prepared by co-polymerisation of a template
molecule containing cephalexin conjugated to polymerisable groups via a Schiff base, a disulphide bond,
and a cross-linker, followed by hydrolysis of the Schiff base and a disulphide exchange reaction.
Fluorescence-based indication of binding was devised by the Schiff base formation reaction with 4-
formylsalicylic acid, and the interacting site was introduced via a disulphide exchange reaction with
4-mercaptobenzoic acid, yielding a multifunctional mature (HOLO)-type molecularly imprinted
nanocavity. The ability to indicate binding events using changes in the fluorescence of the HOLO
polymer was investigated, and it was revealed that the target antibiotic cephalexin can be selectively
detected in aqueous media with high affinity (K, = 1.1 x 10* M™Y. Furthermore, the proposed sensor
exhibited the potential to detect spiked cephalexin in chicken extracts with a limit of detection of 18 uM
(1.3 ppm). The proposed fluorescence-sensing system based on molecular imprinting and post-
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imprinting modification is expected to enable the development of advanced materials for the specific

rsc.li/materials-b detection of trace antibiotics in complex samples.

chromatography is a robust tool used for analysing trace amounts of
antibiotics.”” However, it requires time-consuming pre-treatments

Introduction

Antibiotics are frequently used as therapeutic agents in humans, and technical expertise and involves complicated procedures for

livestock, and plants." The most famous antibiotic penicillin was
discovered in Penicillium notatum by Alexander Fleming in 1928.>
Currently, several antibiotics have been discovered, developed, and
are in use; however, the improper or excessive use of antibiotics has
resulted in the emergence of certain issues, such as development of
drug-resistant bacteria and related diseases. In addition, humans
are also exposed to unknown doses of antibiotics upon consump-
tion of contaminated foods, and this has an impact on human
health.? Therefore, technologies for sensing antibiotics are becom-
ing increasingly important, especially for food analysis.* Liquid
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successful completion of the analysis. Another attractive method for
antibiotic analysis, that is, enzyme-linked immunosorbent assay, is
highly sensitive and involves the use of antibodies and enzyme-
mediated molecular recognition.® However, antibodies and enzymes
have some disadvantages owing to their high cost of production,
low stability to chemical/physical stimuli, and arduous quality
control processes that are characteristic of naturally occurring
materials. To overcome these disadvantages, various synthetic
receptors have been developed for antibiotics, including
aptamers’ and synthetic polymers. Fluorescence is a highlight
attractive method for rapid and sensitive detection of antibiotics.
Various fluorescent sensors, including fluorescently labelled
proteins'® and aptamers,'" have been reported. Recently fluorescent
metal-organic frameworks have also been used for detection of
antibiotics."

Molecular imprinting is an attractive technology for the
creation of abiotic receptors.”*™® In molecular imprinting,
synthetic polymers with binding cavities complementary to

This journal is © The Royal Society of Chemistry 2022
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the target molecule are created in three simple steps. First, the
target molecule (or its analogues) is complexed with functional
monomers via covalent or non-covalent interactions. Second,
the complex is co-polymerised with co-monomers and cross-
linkers, yielding a cross-linked polymer matrix. Finally, the
target molecule moiety is removed by washing, resulting in
the generation of molecularly imprinted polymers (MIPs).
Various MIPs have been reported for antibiotics.”*8

Previously, we reported sophisticated MIPs for antibiotics,
called conjugated protein mimics, which have large molecu-
larly imprinted cavities that allow the introduction of various
synthetic prosthetic groups for on/off switching of binding
activity, photo-responsiveness, and fluorescence signalling as
post-imprinting modifications (PIMs)."**°

Conjugate proteins are proteins capable of binding non-
peptide co-factors or prosthetic groups in their structure; a
protein bound to its groups, referred to as ‘Holo-protein’ (or
enzyme) exhibits functionality, whereas ‘Apo-protein’ does not
have the bound groups. A precisely designed template molecule
was synthesised, wherein two functional monomers bearing
modifiable parts, a Schiff base moiety and a disulphide bond,
were coupled with cephalexin (Fig. 1a). The template was co-
polymerised with triethylene glycol dimethacrylate (TEGDMA),
as a cross-linker, in dimethyl sulphoxide (DMSO), as the solvent
(Fig. 1b). Thereafter, the cross-linked polymer was treated with
diphenyl disulphide and acetic acid (AcOH) to remove cepha-
lexin and the interacting parts, via a disulphide exchange
reaction and hydrolysis of the Schiff base, yielding a molecu-
larly imprinted immature nanocavity (APO-type scaffold;
Fig. 1c). To create a mature (HOLO-type) nanocavity by PIMs,
4-mercaptobenzoic acid (MBA) was introduced using a disul-
phide exchange reaction (Fig. 1d). MBA was selected as an
interacting prosthetic group because its carboxyl group can
form hydrogen bonds with the carboxyl group on the target
antibiotic. Next, 4-formylsalicylic acid (FSA) was introduced by
the re-formation of the Schiff base, resulting in the construc-
tion of a HOLO-type nanocavity (Fig. 1e). FSA was selected as a
fluorescence signalling prosthetic group because its size was
similar to that of the original benzoic acid group. This HOLO
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polymer was able to detect B-lactam antibiotics with high
affinity and selectivity compared with other structurally related
compounds. However, the binding of HOLO polymers has only
been investigated in organic solvents, like DMSO. For wide-
spread application of the proposed sensing system, its use in
aqueous media would be preferable for reducing the environ-
mental load and enhancing sustainability. In addition, ampi-
cillin—having a structure similar to that of the original target,
cephalexin—was used in binding experiments as cephalexin is
unstable in DMSO, which is the solvent used in the poly-
merisation step and in the binding experiments. Therefore, in
this study, we investigated the fluorescence signalling activity
of the HOLO-type molecularly imprinted nanocavity that binds
to cephalexin in aqueous media and chicken extract samples.

Experimental

Chemicals and reagents

Dichloromethane, methanol (MeOH), DMSO, N,N-diisopro-
pylethylamine (DIEA), trifluoroacetic acid, acetone, sodium chloride
(NaCl), magnesium sulphate, and triethylamine (TEA) were pur-
chased from Nacalai Tesque, Inc. (Kyoto, Japan). AcOH, acetonitrile,
boric acid, ethanol, 4-formylbenzoic acid, thioanisole, n-hexane,
FSA, ampicillin =~ (Amp), 2,2'-azobis(4-methoxy-2,4-dimethyl-
valeronitrile) (V-70), Celite™, sodium hydroxide (NaOH), trisodium
citrate dihydrate, disodium hydrogen citrate sesquihydrate,
p-aminobenzoic acid (PABA), penicillin G (Pen G), and diphenyl
disulphide were purchased from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan). MBA, cephalexin monohydrate, 4,4'-
dithiodianiline, 6-aminopenicillinic acid (6APA), and TEGDMA were
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
Phosphoric acid was purchased from Katayama Chemical Indus-
tries Co., Ltd. (Osaka, Japan). Nafcillin (Naf) was purchased from
Toronto Research Chemicals Inc. (Toronto, Canada). Dichloro-
methane was distilled prior to use. TEGDMA was treated with an
inhibitor remover (a packed column) for removing hydroquinones
(Sigma-Aldrich, St. Louis, USA) prior to use. Pure water was obtained
using a Milli-Q purification system (Millipore). The chicken tender
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Fig. 1 Schematic illustration of the preparation of conjugated protein mimicking molecularly imprinted proteins (MIPs). (a) Designed template molecule;
(b) cross-linked polymer matrix; (c) molecularly imprinted cavity (APO-type scaffold); (d) introduction of the interacting group via a disulphide exchange
reaction; and (e) introduction of the fluorescence-reporting prosthetic group by Schiff base formation, yielding a mature (HOLO-type) nano-cavity.
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sample was purchased from a local supermarket store (Ikarisuper
Co. Ltd., Hyogo, Japan).

Synthesis of the template molecule

The template molecule was synthesised as previously described."**

The disulphide side functional monomer was synthesised using a
coupling reaction between methacryloyl chloride and 4,4-
dithiodianiline in the presence of DIEA. The monomer proximal
to the Schiff base was synthesised by a Schiff base formation
reaction between 4-formylbenzoic acid and N+(4-amino-
phenyl)methacrylamide, which in turn was synthesised by a
coupling reaction between p-phenylenediamine and methacryloyl
chloride. Then, the disulphide side monomer was coupled with the
tert-butyloxycarbonyl-protected cephalexin via a condensation reac-
tion. After de-protection of the amino group on cephalexin, the
monomer proximal to the Schiff base was conjugated to yield the
template molecule.

Preparation of the APO-type molecularly imprinted cavity and
fluorescence signalling HOLO(FSA)(MBA)

The APO-type molecularly imprinted cavity and fluorescence
signalling  HOLO(FSA)(MBA) were prepared as previously
reported. The template molecule (100 mg, 0.1 mmol) and
TEGDMA (1403 pL, 5.0 mmol) were dissolved in DMSO
(1.71 mL), and N, gas was bubbled through the solution for
5 min. Polymerisation with V-70 (33 mg, 0.11 mmol) was
thermally initiated at 40 °C. After polymerisation for 2 h, the
resulting polymer was ground and washed with MeOH using an
overnight Soxhlet extraction. After washing, the obtained poly-
mer was dried in an oven at 70 °C to yield cross-linked
polymers. The yield was 1571 mg (96.1%).

The obtained cross-linked polymer was dispersed in DMSO
(156 mL). Thereafter, diphenyl disulphide (262 mg, 1.15 mmol)
and TEA (657 pL) were added to it and the resultant mixture was
stirred at 60 °C for 24 h. After the reaction, the mixture was
filtered, and the obtained polymer was washed with DMSO and
MeOH. The polymer was then suspended in AcOH (150 mL)
and stirred at room temperature (20-25 °C) for 24 h. After
incubation, the mixture was filtered and washed with DMSO
and MeOH. The procedures described above were performed
twice on the APO-type molecularly imprinted polymer (yield:
1528 mg).

The APO-type polymer (200 mg) was re-suspended in DMSO
(30 mL), and then MBA (80 mg, 0.52 mmol) and TEA (100 pL)
were added to the suspension. The mixture was stirred at 60 °C
for 24 h, followed by filtration and washing with DMSO and
MeOH. The obtained polymer was re-suspended in DMSO
(20 mL). Thereafter, FSA (80 mg, 0.47 mmol) and TEA (800
puL) were added, and the suspension was stirred at room
temperature for 24 h. The mixture was filtered and washed
with DMSO and MeOH to yield HOLO(FSA)(MBA).

Binding with cephalexin in aqueous media at different pH
values

HOLO(FSA)(MBA) (2 mg) was suspended in 2 mL of Britton-
Robinson buffer at various pH values (pH 4.2, 5.1, 6.3, 7.2, and
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8.3) and stirred for 10 min at 20 °C. The fluorescence intensity
at 468 nm (Jex = 365 nm) was measured after 60 min of
incubation with various concentrations of cephalexin. The
concentrations of cephalexin used were 0, 31.3, 62.5, 125,
250, 500, and 1000 puM. The relative fluorescence intensity
(F — F,)/F, was calculated, where F is the fluorescence intensity
at 468 nm after incubation with cephalexin and F, is the initial
fluorescence intensity at 468 nm. The apparent binding con-
stants (K,) were calculated using graph calculation software
(Microsoft Excel 2013, Microsoft Corporation, USA) with the
following equation:

AF  AFp
Fy, K

1 + K[G] + K[H] — \/(1 + K[G] + K[H])*—4K2[G][H]
x 2K[H]

The equation is generally used with the binding constant for
1:1 complex formation, where K is the binding constant, H is
determined by fitting raw data to a theoretical curve, G is
cephalexin concentration, and AF,, is the maximum change
in fluorescence.

Selectivity test by fluorescence measurements

HOLO(FSA)(MBA) (2 mg) was dispersed in 2 mL of 50 mM
Britton-Robinson buffer (pH 7.2) and stirred for 10 min at
20 °C to stabilise the fluorescence intensity. The fluorescence
intensity at 468 nm was measured after 60 min incubation of
the reference compounds, namely Amp, Pen G, PABA, 6APA,
and Naf. The concentration of the reference compounds was
125 puM. Changes in the relative fluorescence were calculated
using the formula: (F — F,)/F,.

Selectivity test by ultra-performance liquid chromatography
(UPLC) measurements

The selectivity of HOLO(FSA)(MBA) was also examined using
UPLC. The procedure was similar to that used for the fluores-
cence measurements. After incubation, polymer particles were
removed by filtration using a disposable syringe filter (pore
size: 0.3 pm, ADVANTEC). The obtained supernatant was
analysed using the following: the UPLC system, LCT-Premier
XE (Waters); column, ACQUITY UPLC BEH C18 50 mm x
2.1 mm LD. 40 °C; flow rate, 0.8 mL min~'; eluent, MeOH/
water = 55/45 (v/v); sample size, 10 pL; detection, 254 nm. The
experiments were performed in triplicate.

Real sample measurements

The chicken tender sample (10 g) was dispersed in a mixture of
acetone (10 mL) and Milli-Q water (2 mL), containing NaCl
(1 g), trisodium citrate dehydrate (1 g), disodium hydrogen
citrate sesquihydrate (0.5 g), and magnesium sulphate (4 g),
and homogenised by sonication. The homogenised sample was
centrifuged (3000 rpm, 4 °C, 5 min) and cooled to —30 °C. After
cooling, the acetone phase was collected. n-Hexane (3 mL) was
added to the acetone (0.5 mL) solution and absorbed onto

This journal is © The Royal Society of Chemistry 2022
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Celite® and an ion exchange resin. The absorbed sample was
eluted using MeOH/Milli-Q water (1/1, v/v, 2 mL). The eluate
was passed through a C18 column (Cosmosil 75C18-OPN,
Nacalai Tesque, Inc., Japan) to yield the sample solution.
Cephalexin was diluted with the sample solution to yield a
sample solution containing various concentrations of cepha-
lexin (0, 1.9, 3.9, 7.8, 15.5, 31.1, 62.1, 99.1, 124, and 196 uM).
The fluorescence intensity at 468 nm of HOLO(FSA)(MBA) was
measured after incubation in the prepared sample solution for
60 min at 20 °C. As a control solution, various concentrations of
cephalexin (0, 1.9, 3.9, 7.8, 15.5, 31.1, 62.1, 99.1, 124, 196, and
245 pM) were dissolved in MeOH/Milli-Q water (1/1, v/v).

Results and discussion

The designed template molecule—wherein cephalexin was
connected to two polymerisable groups, via a disulphide bond
and a Schiff base—was co-polymerised with TEGDMA as a
cross-linker. After a disulphide exchange reaction with diphenyl
disulphide and hydrolysis of the Schiff base to remove the
cephalexin moiety, a molecularly imprinted nanocavity (APO-
type scaffold) was created. The yields of the disulphide
exchange reaction and Schiff base hydrolysis were 88.0% and
98.6%, respectively.'®

To generate a fluorescence signalling HOLO cavity, FSA was
reacted with the aniline residue in the APO-type scaffold. In
addition, a benzoic acid moiety, MBA, was introduced proximal
to the disulphide bond via a disulphide exchange reaction,
yielding the HOLO(FSA)(MBA) (Fig. 1). The fluorescence spectra
of HOLO(FSA)(MBA) dispersed in aqueous buffer (pH 7.2) were
measured at an excitation wavelength of 365 nm, and a fluores-
cence peak of approximately 480 nm, which was due to the
presence of FSA, was observed (Fig. S1, ESIt). The fluorescence
intensity of around 480 nm decreased after treatment with
AcOH, indicating that the FSA moiety was incorporated into the
polymer matrix via the Schiff base.

The fluorescence signalling ability of HOLO(FSA)(MBA) in
aqueous media was investigated by fluorescence measurements
at an excitation wavelength of 365 nm, and fluorescence
intensities at 468 nm were recorded after incubation with
various concentrations of cephalexin. Fluorescence intensities
at 468 nm increased with the addition of cephalexin (Fig. S2,
ESIT). These results implied that fluorescence signalling of
cephalexin-imprinted nanocavities was induced in the polymer
matrix by cephalexin binding in the cavity prepared via mole-
cular imprinting and the PIM process. The apparent K,, calcu-
lated from the relative fluorescence changes, using curve fitting
based on a 1:1 binding model, was 1.1 x 10* M ™" (Fig. 2). This
value was comparable to that in the organic solvent, DMSO,*°
indicating that the fluorescent HOLO polymer can detect
cephalexin in aqueous media as in the organic solvent used
in polymer synthesis.

The fluorescence of FSA depends on the protonation status of
the carboxyl group on FSA>" indicating that the fluorescence
signalling properties of HOLO(FSA)(MBA) would be consequently

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Changes in relative fluorescence intensity at 468 nm in
HOLO(FSAYMBA) upon the addition of cephalexin (/ex = 365 nm). The correla-
tion factor of the fitting curve (dashed line) was 0.98.

changed. In fact, the initial fluorescence intensity (F,) of
HOLO(FSA)(MBA) varied in the aqueous media with different pH
values (Fig. S3, ESIf). The fluorescence signalling activity of
HOLO(FSA)(MBA) towards cephalexin in aqueous media at various
pH values was investigated (Fig. 3). Changes in the relative fluores-
cence intensity ((F — F,)/F,) in solutions of lower pH were greater
than those in solutions of higher pH. These results indicated that a
carboxyl group on FSA can interact with the amino group of
cephalexin and the benzoic acid moiety proximal to the disulphide
bond in the imprinted cavity and can form hydrogen bonds with the
carboxyl group on cephalexin. These two complementary interac-
tions synergistically contribute to a greater fluorescence. The
apparent K, in aqueous solution of pH 4 was calculated to be
4.3 x 10* M~" and was four times higher than that in a solution of
PH 7. However, at a higher pH, the ionised benzoic acid moiety in
the imprinted cavity and the carboxyl group on cephalexin repel
each other, resulting in a lower fluorescence. These results indicate
that the designed nanocavity—consisting of a fluorescence signal-
ling FSA moiety and a benzoic acid moiety and connected to the
polymer backbone via a Schiff base and a disulphide bond—was
successfully created in the polymer matrix.

Selectivity tests were performed using structurally related
compounds, including Amp, Pen G, Naf, PABA, and 6APA
(Fig. 4a). The fluorescence of HOLO(FSA)(MBA) upon binding
to cephalexin was greater than that upon binding to the
reference compounds (Fig. 4b), revealing the existence of a
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Fig. 3 Changes in relative fluorescence intensity in HOLO(FSA)(MBA) on
binding cephalexin in aqueous media at different pH values.
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Fig. 4 Selectivity of HOLO(FSA)(MBA) towards structurally related com-
pounds: (a) chemical structures of the examined compounds; (b) changes
in the relative fluorescence of HOLO(FSA)(MBA) on binding to the refer-
ence compounds; and (c) selectivity of HOLO(FSA)(MBA) examined by
UPLC analysis.

selective fluorescence signalling cavity. Binding to Amp and
PenG resulted in a slightly lower fluorescence intensity com-
pared with that observed upon binding to cephalexin because
the chemical structures of these two compounds are similar to
that of cephalexin, except for the structure around the carboxy
group. These results imply that HOLO(FSA)(MBA) can exhibit a
structurally small difference. These sophisticated properties of
MIPs have been reported earlier.”*>* However, Naf showed a
lower fluorescence intensity because it contains a bulky
naphthyl group and hampers binding to the nanocavity. PABA
and 6APA showed negligible fluorescence because they are too
small to bind to the nanocavity. The binding properties of
HOLO(FSA)(MBA) were also found to be similar when examined
using UPLC (Fig. 4c). These results indicated that the nanocav-
ity created in HOLO(FSA)(MBA) can selectively bind to the
target molecule, cephalexin, and transduce these binding
events into changes in fluorescence.

We also examined the fluorescence signalling of HOLO(FSA)
(MBA) in a diluted chicken extract sample. A chicken tender was
purchased from a local supermarket and treated with acetone, an
anion exchange resin, and a C18 column for the removal of fatty
acids. The extract was diluted four times with an elution solution
(MeOH/water = 1/1, v/v) and spiked with various concentrations of
cephalexin (0-196 pM). As shown in Fig. 5, the changes in

1.2
® Control

-

I @Chicken extract sample

:

o
@
T
HO HM

(F-Fo)/Fo
o
(o))

=] o
N EN
T T
o]
OB

0 " n " "
50 100 150 200

-0.2

cephalexin conc. (pM)

Fig. 5 Changes in the fluorescence emitted by HOLO(FSA)(MBA) upon
binding with cephalexin in the control medium (MeOH/water = 1/1, v/v)
and diluted chicken extract samples.
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fluorescence were comparable to those in the control solution
(MeOH/water = 1/1, v/v) and the recovery range for cephalexin was
86.3-101%, indicating the feasibility for the use of the nanocavity for
specific detection of antibiotics in a complex sample. The fluores-
cence responses of the HOLO polymer presented a linear calibration
range of 0-196 UM with 7> = 0.972 (Fig. S4, ESIT). The limit of
detection of cephalexin for the developed fluorescent sensor was
calculated as 3SD/m, where m is the slope of the linear range of the
calibration curve and SD is the standard deviation for 0 pM
cephalexin. The limit of detection was calculated to be 18 puM
(1.3 ppm). However, a decrease in the fluorescence signalling ability
was observed when an anion exchange resin step was excluded. This
indicates that residual fatty acids interfered with the binding of
cephalexin to the HOLO polymer (Fig. S5, ESIt). These undesired,
non-specific binding events could be reduced by incorporating
hydrophilic monomers, such as 2-methacryloyloxyethyl phospho-
rylcholine** and oligo ethylene glycol based monomers.>

Conclusions

A fluorescence signalling nanocavity for specific detection of
antibiotics in aqueous media was successfully demonstrated,
wherein fluorescence-based reporter prosthetic groups and
interacting groups were site-selectively introduced together in
an APO-type imprinted cavity via Schiff base formation and a
disulphide exchange reaction, respectively. The resultant
HOLO(FSA)(MBA) could transduce the target antibiotic cepha-
lexin binding events into changes in fluorescence with high
selectivity. Furthermore, high recovery rates of cephalexin were
observed in cephalexin-spiked chicken extract samples. These
results expand the proposed conjugated protein mimic system
to complex aqueous media. Therefore, this easy and specific
sensing material would be a powerful tool for analysing resi-
dual target molecules in complex media, such as food extracts,
river water, blood, and urine.
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