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In this study, we prepared molecularly imprinted polymer nanogels with good affinity for the Fc domain
of immunoglobulin G (IgG) using 4-(2-methacrylamidoethylaminomethyl) phenylboronic acid as a
modifiable functional monomer for post-imprinting in-cavity modification of a fluorescent dye (F-Fc-
MIP-NGs). A novel nanogel-based biotic/abiotic hybrid sandwich detection system for porcine serum
albumin (PSA) was developed using F-Fc-MIP-NGs as an alternative to a secondary antibody for fluor-
escence detection and another molecularly imprinted polymer nanogel capable of recognizing PSA
(PSA-MIP-NGs) as a capturing artificial antibody, along with a natural antibody toward PSA (Anti-PSA) that
was used as a primary antibody. After incubation of PSA and Anti-PSA with F-Fc-MIP-NGs, the PSA/Anti-
PSA/F-Fc-MIP-NGs complex was captured by immobilized PSA-MIP-NGs for fluorescence measure-
ments. The analysis time was less than 30 min for detecting pork adulteration of 0.01 wt% in halal beef
and lamb meats. The detection limit was comparable to that of frequently used immunoassays. Therefore,
we believe that this method is a promising, sensitive, and rapid detection method for impurities in real
samples and could be a simple, inexpensive, and rapid alternative to conventional methods that have
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Introduction

The fast-growing market for halal meat has necessitated the
development of a halal biomarker for halal meat authentica-
tion." One of the most common contaminations of halal meat
products is pork meat, which poses a severe concern for
Muslims.? A fast, simple, sensitive, and selective sensing tech-
nique for porcine serum albumin (PSA) from pork would help
manufacturers ensure their products are free from pork and
suitable for Muslims to consume. Currently, immunoassays,
which are the popular analytical methods for detecting protein
biomarkers for disease diagnosis® and food analysis,* are most
commonly used to detect pork contamination in halal meat
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cumbersome procedures of 4 hours or more.

products owing to their high sensitivity and specificity.’
However, these methods are cost-intensive and time-consum-
ing, and natural antibodies and conjugated enzymes usually
used for these assays have low stabilities. Furthermore, two or
more antibodies and labeled antibodies are necessary to
achieve susceptible and selective detection of target marker
proteins. These limitations make the process time-consuming
and expensive.

Molecularly imprinted polymers (MIPs) prepared by the
copolymerization of functional monomers, co-monomers, and
cross-linkers in the presence of target molecules have already
been used as artificial antibody alternatives to natural anti-
bodies for various applications owing to their ease of prepa-
ration, high stability, and low cost.® This process aims to over-
come the known drawbacks. The MIP-based sensors are con-
sidered promising alternatives to immunosensors for sensitive
and selective detection of protein targets.” Previously, we have
prepared MIP-NGs by molecular imprinting using pyrrolidyl
acrylate as a functional monomer® and developed a
PSA-MIP-NG-based quartz crystal microbalance (QCM) sensor
capable of detecting PSA in meat extracts.” The selectivity of
the sensor for PSA was high; less than 10% affinity of PSA
obtained from other animal serum albumins with >80% hom-
ology in amino acid sequences. Nevertheless, the sensitivity
was lower than that of immunosensors due to the limitation
of the QCM device. Later, we developed a highly sensitive
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MIP-based fluorescence sensor to rapidly detect pork adultera-
tion in halal meat extracts."® For high-sensitivity recognition of
target proteins, fluorescent PSA-MIP-NGs (F-PSA-MIP-NGs) tar-
geting PSA were developed via molecular imprinting and post-
imprinting modification (PIM)'' using 4-[2-(N-methacryla-
mido)ethylaminomethyl] benzoic acid as a functional
monomer,'> which can create modifiable sites for fluorescence
dye introduction in molecularly imprinted nanocavities. Since
PIM-based functionalization of imprinted cavities was targeted
to functional groups on functional monomer residues within
the cavity, the undesired introduction of functional groups,
such as fluorescent dyes outside the cavity that induces non-
specific signals and high background noise, was suppressed.
The F-PSA-MIP-NG-based fluorescence sensor exhibited excel-
lent sensitivity with a limit of detection (LOD) of 2.5 ng mL™"
and allowed fast detection of pork adulteration in meat
extracts. However, the performance of the sensors was still not
comparable to that of immunosensors.

An effective strategy to amplify the signal and increase the
sensitivity of detecting target molecules in immunoassays is to
use conjugated secondary antibodies that recognize the
specific crystallizable region (Fc domain) of immunoglobulin
G (IgG) and capture primary antibodies with their antigen-
binding domains. Immunosensor formats with various sec-
ondary antibody labels, such as enzyme immunosensors,
radioimmunosensors, chemiluminescent immunosensors,
and fluorescent immunosensors, have been developed to
improve the sensor signal responses.'® Developing antibodies
labeled with fluorescent dyes, radioisotopes, biotin, avidin,
and enzymes, without compromising the intrinsic molecular
recognition capacity of the antibodies is challenging. In con-
trast, synthetic polymer-based MIPs can be easily labeled
using PIMs. MIPs are widely used as alternatives to natural
antibodies for protein recognition in MIP-based sensors.
However, to the best of our knowledge, MIPs have not yet been
used as secondary antibody mimics for sensor signal amplifi-
cation. Previous reports on different imprinting techniques
have indicated that MIPs for whole IgG or Fc domains were the
most promising artificial antibodies for application in protein
purification and biosensors due to their selective recognition
and sensitive detection of target molecules.'* Moreover,
imprinting the Fc domain exhibited strong binding affinity for
IgG in both humans and goats, such as protein A"

Recently, our group successfully synthesized MIP-NGs
using 3-methacrylamidophenylboronic acid as a functional
monomer (no PIM available), targeting the Fc domain by
precipitation polymerization of stealth nanocarriers with
specific adsorption of IgG.'® It had an excellent recognition
capability for IgG, resulting in the regulation of the protein
corona formed on the MIP-NGs. This observation inspired
us to explore a novel sensitive MIP-based sensor similar to
conventional immunoassays using Fc domain-imprinted
polymer nanogels bearing a fluorescence function (F-Fc-
MIP-NGs) as conjugated secondary antibody mimics to
increase the signal response for detecting pork adulteration
in halal food.
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Herein, we present a novel abiotic/biotic hybrid sandwich
detection system that combines the specificity of the natural
antibody and a diverse functionalization flexibility of the syn-
thetic polymer-based receptor. The proposed system for
specific detection of pork adulteration consists of MIP-NGs for
capturing target PSA (PSA-MIP-NGs), a polyclonal anti-PSA
antibody (Anti-PSA) as a primary antibody, and fluorescent
MIP-NGs for Fc domain of IgG recognition as a secondary
detection antibody. First, F-Fc-MIP-NGs were prepared via
molecular imprinting and PIM, where 4-(2-methacrylamido-
ethylaminomethyl) phenylboronic acid (MAPBA)'” was used as
a functional monomer with a modifiable site for PIM, and
ATTO 647N NHS was introduced as a fluorescent reporter dye
into the Fc domain-imprinted cavity (Fig. S11). Second, the
fluorescent signaling ability of the prepared F-Fc-MIP-NGs was
investigated using the Fc domain, the deglycosylated Fc
domain, whole IgG, and albumin. Finally, the functionality of
the abiotic/biotic hybrid sandwich detection system was
demonstrated, using the previously reported PSA-imprinted
polymer nanogels to capture target PSA;’ Anti-PSA was used as
the primary antibody, and F-Fc-MIP-NGs were used as the sec-
ondary antibody mimic. The sensitivity, selectivity, accuracy,
stability, recovery, and feasibility of the proposed sandwich
system for detecting pork adulteration for halal meat sensing
applications were evaluated (Scheme 1).

Results and discussion

F-Fc-MIP-NGs was developed as an artificial secondary anti-
body capable of detecting the Fc domain for the abiotic/biotic
hybrid sandwich detection. MAPBA was used as the functional
monomer, which can bind to the Fc domain glycan via
covalent boronate esters and bind to template molecules via
non-covalent interactions, including electrostatic and hydro-
phobic interactions. The Fc domain as a template molecule for
synthesizing Fc-MIP-NGs was prepared by a usual method.

(a) =
%"m ngnviEJ ey

Polymerization
(70°C, 12 h)

3 binding

cavity

P
" g Immobiiization "’g’

Immobilized PSA-MIP-NGs

g Purification

L 9
kﬂib Aongioie
Fiuorescein Acrytamide

(b)
Moo &3
G UL Fc domain
kg ki kg Polymerization

9
Aot (50°C, 12)
T

© fl(\
( Anti-PSA antibody {

F-Fc-MIP-NGs

B Fe domain
ikl binding
cavity

7

F-Fc-MIP-NGs

el

ATTOG47N NHS

Post-imprinting
modification

/ Purification

Scheme 1 Schematic representation of the immobilized PSA-MIP-NGs
preparation (a), F-Fc-MIP-NGs preparation (b), and the detection format
of the abiotic/biotic hybrid sandwich system for pork adulteration in
halal meat (c).
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Briefly, human IgG was digested using papain and cysteine
(Fig. S2at),"®® and then purification was conducted (Fig. S3
and S47%). The deglycosylated Fc domain was also prepared by
glycosidase digestion'®” (Fig. S2b and S4t). Under the polymer-
ization condition, the CD spectra of the template molecule
maintained their original secondary structure, as the Fc
domain template was not denatured during polymerization
(Fig. S5T). NIP-NGs were also prepared without adding the
template molecule.

After polymerization, the obtained NGs were purified by
size exclusion and ion-exchange chromatography, as reported
previously® (Fig. S61). The removal rate of the Fc domain from
the prepared NGs was >80%, which was comparable to what
was observed in our two previously reported studies,”'® con-
firming the potential ability to rebind with the target molecule
(Fig. S71). The particle sizes of Fc-MIP-NGs and Fc-NIP-NGs
appeared to be 21.1 nm and 17.8 nm, respectively. After the
purification, the zeta potential of Fc-MIP-NGs was shifted from
4.4 mv to 19.7 mV (Fig. S8%), indicating that the template
molecule Fc domain was successfully removed from the NG
matrix—morphology of the MIP-NGs was observed by trans-
mission electron microscopy (Fig. S97).

For PIM, Fc-MIP-NGs were incubated with ATTO 647N NHS
as the fluorescent reporter molecule for conjugation by the sec-
ondary amino group within the imprinted nanocavity of Fc-
MIP-NGs. NIP-NGs were also treated with the fluorescent
reporter molecule (F-NIP-NGs). The fluorescence intensity of
ATTO 647N in F-Fc-MIP-NGs, F-NIP-NGs, and untreated NGs
was investigated at an excitation wavelength of 647 nm, and a
maximum peak at 668 nm was observed. The fluorescence
spectrum of ATTO 647N was found only in F-Fc-MIP-NGs and
F-NIP-NGs (Fig. S107), suggesting that conjugation of the fluo-
rescent reporter into the secondary amino group of NGs via
PIM was successfully demonstrated.

The binding affinity and selectivity of F-Fc-MIP-NGs toward
the Fc domain were investigated by fluorescence changes on a
gold-coated sensor chip with immobilized F-Fc-MIP-NGs, using
a custom-made liquid-handling robot equipped with a fluo-
rescence microscope as previously reported (Fig. S$11t).'%'7'°
The fluorescence intensity derived from the introduced ATTO
647N in the nanocavities of F-Fc-MIP-NGs increased after immo-
bilization (Fig. S127), indicating that F-Fc-MIP-NGs were suc-
cessfully immobilized onto the gold-coated sensor chip.
Incubation with different concentrations of the Fc domain
showed that the fluorescence intensity of the sensor chip
increased with an increase in the concentration of the Fc
domain. In contrast, NIP-NGs for the Fc domain provided lower
signal responses than that provided by F-Fc-MIP-NGs at all con-
centrations (Fig. 1). The apparent binding constant (K,) of F-Fc-
MIP-NGs was estimated to be 6.20 x 10" M™" (Fig. $137), while
that of F-NIP-NGs was 6.15 x 10° M. The results confirm the
imprinting effect. The generated nanocavity can bind the Fc
domain and transduce the binding event into fluorescence
changes by molecular imprinting and PIMs.

The relative fluorescence intensities of F-Fc-MIP-NGs and
F-NIP-NGs toward the Fc domain and structurally related refer-
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Fig. 1 Binding behavior of the Fc domain (0-1600 nM) toward F-Fc-
MIP-MGs and F-NIP-NGs immobilized sensor chips. Error bars (standard
deviations) were obtained from triplicate experiments.

ence proteins, including the deglycosylated Fc domain, whole
IgG, and PSA at 100 nM, were investigated to evaluate selecti-
vity. The selectivity factors of F-Fc-MIP-NGs toward these refer-
ence proteins, ie., the deglycosylated Fc domain, whole IgG,
and PSA, were estimated to be 0.49, 0.67, and 0.25, respect-
ively. The selectivity factors of the reference proteins were
lower than those of the Fc domain, indicating that F-Fc-
MIP-NGs provided high selectivity for the Fc domain (Fig. 2a).
The signal responses of the deglycosylated Fc domain, where
the glycan was depleted from the polypeptide chain, and
whole IgG for F-Fc-MIP-NGs, were higher than those of PSA,
suggesting that F-Fc-MIP-NGs can selectively bind to the Fc
domain of IgG. The apparent K, values of F-Fc-MIP-NGs
toward the deglycosylated Fc domain and whole IgG were esti-
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Fig. 2 Relative fluorescence intensities of F-Fc-MIP-NGs (a) and
F-NIP-NGs (b) for Fc domain and structurally related reference proteins:
deglycosylated Fc domain, whole IgG, and PSA. The protein concen-
trations were 100 nM. Error bars (standard deviations) were obtained
from triplicate experiments.
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mated to be 3.02 x 10’ M™" and 5.06 x 107 M, respectively
(Fig. S14%). The K, value toward the deglycosylated Fc domain
was half that of the glycosylated Fc domain, indicating that the
interaction between MAPBA residues and the sugar chain on
the Fc domain is essential for specific recognition.
Furthermore, these K, values were higher than those of
NIP-NGs, indicating that the functional monomer MAPBA can
interact with the sugar chain moiety and the polypeptide
moiety in the Fc domain. In contrast, Fc domain selectivity
was not observed in F-NIP-NGs. The selectivity factors of the
deglycosylated Fc domain, whole IgG, and PSA at 100 nM were
estimated to be 0.76, 2.37, and 1.51, respectively (Fig. 2b).
These results indicated that the Fc domain-specific recognition
nanocavities of F-Fc-MIP-NGs were completed by the mole-
cular imprinting process and allowed ATTO 647N to be intro-
duced into the nanocavities via the PIMs.

To develop an abiotic/biotic hybrid sandwich detection
system for pork adulteration, the detection conditions were
optimized considering four parameters: effective blocking
reagents, the concentration of Anti-PSA, the concentration of
F-Fc-MIP-NGs, and the binding time. The effect of blocking
reagents was examined by incubation with PBS, Protein free
PBS-blocking buffer, 0.1% and 0.5% (w/v) bovine serum
albumin (BSA), and 0.5% (w/v) skimmed milk for 60 min after
immobilization of PSA-MIP-NGs. A blank measurement with
premix solutions containing Anti-PSA and F-Fc-MIP-NGs
without PSA was performed to evaluate the appropriate block-
ing solution. After binding under the blank experiments, 0.5%
w/v BSA blocking reagent was finally selected, because it pro-
vided the lowest relative fluorescence intensity change with
blank measurement (Fig. S151). Using the appropriate block-
ing reagent, the concentration of Anti-PSA in the premix solu-
tion was optimized (Fig. S16at). The highest response was at
0.1 pg mL™" Anti-PSA. The lower response values were observed
at high concentrations of Anti-PSA owing to the self-binding or
overlapping of antibodies in the solution.

The concentration of F-Fe-MIP-NGs mixed with 0.1 pg mL™
Anti-PSA was optimized (Fig. S16bt). A concentration of 100 pg
mL™" F-Fc-MIP-NGs was selected, because it yielded the most
significant response with a smaller amount of F-Fc-MIP-NGs.
The response was not significantly different upon increasing the
concentration of F-Fc-MIP-NGs above 100 pg mL~". Thus, an
Anti-PSA concentration of 0.1 ug mL~" and an F-Fc-MIP-NGs
concentration of 100 pg mL™" were ultimately selected as the
optimum conditions for use in further experiments.

The incubation time for PSA binding under the optimized
concentration of Anti-PSA and F-Fc-MIP-NGs with 10 nM PSA
in the premix solution were optimized (Fig. S17%). The opti-
mized binding time was determined to be 30 min, because it
yielded the highest response with the minimum incubation
time. The results indicated that the proposed abiotic/biotic
hybrid sandwich detection system provided a more rapid PSA
detection compared to the conventional ELISA-based sandwich
assay (4 h analysis time).

To confirm the potential of this detection system in the
decreased analysis time from conventional 4 h to 30 min, the
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binding isotherm and sensitivity of the step-by-step immobiliz-
ation of PSA, Anti-PSA, and F-Fc-MIP-NGs with a multi-
washing system on the sensor chip with immobilized
PSA-MIP-NGs were investigated (Fig. S18f). The binding iso-
therm and sensitivity of the proposed system with step-by-step
immobilization were similar to those of the premix solution
immobilization. As shown in Fig. S19,7 the relative fluo-
rescence intensity of the blank solution of step-by-step immo-
bilization was higher than that of the premix solution immo-
bilization due to high non-specific binding with multi-step
immobilization and washing. The results confirmed that the
proposed sandwich detection for PSA with the premix solution
exhibited higher affinity and sensitivity for PSA and provided a
more rapid detection of PSA compared to the step-by-step
immobilization frequently used for ELISA.

A novel abiotic/biotic hybrid sandwich detection system for
PSA was constructed under the optimized conditions using
PSA-MIP-NGs as a capture antibody mimic and F-Fc-MIP-NGs
as a fluorescent secondary antibody mimic. To develop a detec-
tion system with a sensitivity comparable to that of ELISA,
natural Anti-PSA was adopted to increase the selectivity of PSA
detection. The gold-coated sensor chips immobilized with
PSA-MIP-NGs were incubated with the premix solution of Anti-
PSA and F-Fc-MIP-NGs at different concentrations of PSA
(0-100 nM), and the fluorescence intensity derived from
bound F-Fc-MIP-NGs on the sensor chip was measured. The
binding isotherm of the PSA detection presented a linear cali-
bration range of 0.01-10 nM with 7> = 0.969 (Fig. S207). The
LOD of PSA for the developed system was calculated according
to 3 SD m™', where m is the slope of the linear part of the
binding isotherm and SD is the standard deviation for 0 nM
PSA. The LOD was determined to be 10 pM (0.5 ng mL™"). The
sensitivity of the PSA abiotic/biotic hybrid sandwich detection
system was higher than that of our previous PSA-MIP-NG-
based QCM® and fluorescent'® sensors. This detection system
also exhibited the greatest sensitivity of MIP-based sensors for
PSA detection compared to earlier reports,*® confirming that
combining the advantages of artificial and natural antibodies
can improve the sensitivity of PSA detection.

The binding behavior of PSA to the prepared abiotic/biotic
hybrid sandwich detection using mixed F-Fc-MIP-NGs and
F-NIP-NGs in premix solutions was investigated (Fig. 3a). The
relative fluorescence intensity of PSA showed concentration-
dependent binding to the proposed system with a premix solu-
tion containing Fc-MIP-NGs, such that the relative fluo-
rescence intensities increased with increasing PSA concen-
tration in solution. However, the response of F-NIP-NGs was
lower at almost concentrations, suggesting that the premix
solution containing F-NIP-NGs had low selectivity for the
developed abiotic/biotic hybrid sandwich detection. These
results indicate that the proposed sensor’s high affinity for
PSA was increased via the molecular imprinting process.

To illustrate the selectivity of the PSA abiotic/biotic hybrid
sandwich detection, the immobilized PSA-MIP-NGs on the
gold-coated sensor chip were incubated with a premix solution
containing 10 nM PSA or four animal serum albumins (BSA,

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) The concentration-dependent fluorescence responses of the

abiotic/biotic hybrid sandwich detection for different porcine serum
albumin (PSA) concentrations (0 to 100 nM). (b) The selectivity factor for
PSA and four animal serum albumins (bovine, goat, sheep, and rabbit) at
a protein concentration of 10 nM. Error bars (standard deviations) were
obtained from triplicate experiments.

bovine serum albumin; GSA, goat serum albumin; SSA, sheep
serum albumin; and RSA, rabbit serum albumin) that served
as potential interference matrices, Anti-PSA, and F-Fc-
MIP-NGs. As shown in Fig. 3b, the premixed solution contain-
ing other animal serum albumins exhibited a much lower
selectivity factor than PSA, confirming that the proposed
sensor had high selectivity for PSA. This proposed system pro-
vided the highest selectivity for PSA detection, compared with
our MIP-based sensors reported previously.”'® The results
indicated that the developed system’s selectivity was increased
by combining the abiotic antibodies and the biotic antibody
for capturing and detecting PSA in solution.

To evaluate the precision of the proposed system, the repro-
ducibility of self-assembled monolayer preparation, capture
PSA MIP-NG immobilization, and the blocking process was
demonstrated using seven different premix solutions contain-
ing 1 nM PSA. The results, shown in Table S1, show that the
developed sensor’s reproducibility was acceptable, with a rela-
tive standard deviation (%RSD) of 7.5%. The stability of the
developed system was evaluated by detecting 1 nM PSA using
immobilized PSA-MIP-NGs on the gold-coated sensor chip
after storage for 30 days at 4 °C (Fig. 4a). After 30 days, the rela-
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Fig. 4 Analytical performance of the developed abiotic/biotic hybrid
sandwich detection system for porcine serum albumin (PSA). (a) The
stability of the developed sensor and (b) the concentration-dependent
fluorescence responses of PSA (0—100 nM) in PBS and real meat extract.
Error bars (standard deviations) were obtained from triplicate
experiments.

tive fluorescence intensity was not significantly different from
that on the day of preparation. The results indicate that the
sensor was stable and capable of PSA detection for at least one
month.

An appropriate dilution of the meat extract was evaluated to
detect PSA in real meat extract samples (Table S27) to reduce
the matrix interference effect for PSA detection. Different
dilutions of real meat extract samples in PBS from 1- to
500-fold were prepared to detect 1 nM PSA using the detection
system compared to the control solution (PBS). As shown in
Fig. S21,1 the relative fluorescence intensity in the system
using undiluted and 10-fold diluted samples was much lower
than that in the control solution, because of the interference
matrix effects of the real meat extract samples, suggesting that
PSA detection in the detection system was interrupted by the
matrices in the meat extract samples. In contrast, the
responses of 100- and 500-fold diluted meat extract samples
were not significantly different from that of the control solu-
tion, confirming that the appropriate dilution of real meat
extract sample for PSA detection using the developed system
was a 100-fold dilution.
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To demonstrate the accuracy of the detection system, a
recovery test by spiking various concentrations of PSA (0-100
nM) into 100-fold diluted meat extract samples was performed
(Fig. 4b). The fluorescent responses of the spiked real meat
extracts for the developed system was similar to that of the PBS
solution. Based on the binding profiles, the recovery rate
results of the developed system, shown in Table S3,7 were
90-136%. These results implied that PSA could be detected by
the developed system, even in real meat extracts.

Under optimum conditions, the proposed system detected
pork adulteration in halal meat extract samples (beef and
lamb). Simulated pork-contaminated halal meat extract
samples were prepared by mixing diluted pork extract and
halal meat extracts solutions in the ranges of 0, 0.001, 0.01,
0.1, 1, 10, and 100 wt%. As shown in Fig. 5a, the fluorescent
responses of the proposed sensor increased with increasing
pork adulteration levels in beef and lamb extract samples.
However, the response signals of 0.001% pork adulteration in
halal meat extracts were close to those of the negative controls
(100% of beef and lamb extracts) with overlapping error bars.
Significant response signals were found for the 0.01 wt% con-
taminated samples, with non-overlapping error bars for the
non-contaminated halal meat extract, indicating that the
detection limit of pork adulteration in the two halal meat
extracts for the proposed system was 0.01 wt%. With extremely
low LODs of pork adulteration at 0.01 wt%, the potential of the
proposed detection system for commercial use for identifying
pork adulteration in halal raw meat samples is significant.
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Fig. 5 Relative fluorescence intensities of the developed detection
system for halal meat extract samples (beef and lamb) contaminated
with various concentrations (0—100 wt%) of pork (a). The absorbance at
450 nm of ELISA assay for detecting pork adulteration in halal extract
samples (b). Error bars (standard deviations) were obtained from tripli-
cate experiments.
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Compared to our previous MIP-based methods for detecting
pork adulteration in meat extracts,”'® the abiotic/biotic hybrid
sandwich detection system developed in this study provided
increased sensitivity and selectivity. The sensitivity of the pro-
posed system was also higher than those of previously devel-
oped immunoassay methods of pork adulteration detection
based on indirect ELISA (0.5% w/w),>* sandwich ELISA (0.1%
wiw),””¢ and lateral flow immunosensor (0.1% w/w).>? It was
comparable to the highest sensitivity of pork adulteration
detection using the enzyme immunoassay method with the
same detection limit of 0.01 wt%.” Moreover, the advantages
of our developed detection system are the high sensitivity and
selectivity and the reduced analysis time (from 4 h to 30 min)
of detection of pork adulteration in halal meat extracts.

The effectiveness of the developed system in detecting pork
adulteration in halal meat extract samples was compared with
an immunosensor based on a sandwich ELISA. PSA solution at
different dilutions in PBS buffer were used as control samples,
and the detection limit was determined to be 0.01 wt%
(Fig. S22a and Db¥). As shown in Fig. 5b, the ELISA method
could not detect pork adulteration halal meat extract at
0.001 wt% simulated pork adulteration. At 0.01% pork adul-
teration, only pork contaminated with beef extract had a sig-
nificantly different optical density (OD) value compared to the
negative control, but pork adulteration in lamb extract was not
detected. The observation may be due to the interference effect
of the matrices in the raw lamb extracts. The results indicated
that our detection system provided a sensitivity comparable to
that of the ELISA standard method for detecting pork adultera-
tion in halal meat extracts more rapidly.

Conclusion

This study used a combination of artificial and natural anti-
bodies to develop a novel abiotic/biotic hybrid sandwich
system for sensitively detecting pork adulteration in halal meat
extracts. F-Fc-MIP-NGs were successfully developed using
molecular imprinting and PIM with high affinity and selecti-
vity for the Fc domain. They were used as a fluorescent second-
ary antibody mimic for the abiotic/biotic hybrid sandwich
detection system. The system enhanced the sensitivity and
selectivity of the MIP-based sensor. The developed system
exhibited extremely sensitive detection of PSA with an excep-
tionally low LOD (0.5 ng mL™") and excellent selectivity com-
pared to other animal serum albumins (BSA, GSA, SSA, and
RSA). Good analytical performance with 30 min analysis time,
7.5% RSD of repeatability, and >30 days of stability were
achieved. The proposed detection system allowed the rapid
detection of low levels of pork adulteration (0.01 wt%) in halal
meat extract in 30 min, which was eight times faster than
ELISA. Our detection system has a high potential for appli-
cation in halal biomarker sensing owing to its rapid detection,
sensitivity, specificity, easy preparation, and low cost. As
various MIP-NGs can be easily prepared by changing the tem-
plate molecules used and most of the corresponding polyclo-
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nal antibodies would be available commercially, the proposed
abiotic/biotic hybrid sandwich detection system could be a
powerful tool for establishing systems for detecting target pro-
teins in broad areas, including food analysis, food control,
diagnosis, and environmental analysis.

Experimental section

The abiotic/biotic antibody hybrid sandwich detection was per-
formed using the following procedure: (1) PSA-MIP-NGs were
immobilized on a sensor chip, and the blocking process was
performed using 0.5% w/v BSA; (2) the cocktail solution was
prepared by mixing equal volumes of PBS containing 0.1 pg
mL™" of Anti-PSA with 100 pg mL™" of F-Fc-MIP-NGs; (3) PSA
was then added to the reaction mixture, followed by incubation
for 30 min; (4) the premixed cocktail solution was dropped
onto the PSA-MIP-NGs-immobilized sensor chip and incubated
for 30 min; (5) after washing with pure water (3 x 500 uL) and
PBS (3 x 500 pL), the sensor chip was inserted into a designed
flat-type pipette tip, the fluorescence intensity was measured
using a custom-made liquid-handling robot equipped with a
fluorescence microscope. The relative fluorescence intensity
was calculated using of the following equation: (F — Fy)/Fj,
where F, and F are the fluorescence intensities before and
after incubation with PSA, respectively.

Meat extract samples were prepared. Chopped raw meat
(1 g) was mixed with 5 mL PBS, and then homogenized using
a benchtop homogenizer (Polytron PT 1600 E, Kinematica AG,
Luzern, Switzerland) for 2 min (10 000 rpm), followed by cen-
trifugation for 30 min at 4 °C (3 x 16 000g). The clear super-
natant was collected and filtered thrice through a 0.2 pm
polytetrafluoroethylene (PTFE) filter (DISMIC-13HP, Toyo
Roshi Kaisha Ltd, Tokyo, Japan). The filtered meat extract
samples were then used to measure total protein concentration
using a NanoDrop One UV/Vis Spectrophotometer at 280 nm.
The meat extract samples were then stored at —20 °C until use.
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