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g r a p h i c a l a b s t r a c t
� A new type of MIP-SERS substrate
which combined the selectivity of
molecular imprinting polymer (MIP)
and the sensitivity of SERS technol-
ogy was prepared with uniform
structure and dense “hot spots”.

� The method behaved a wide linear
range of 5�10 ‒10 to 10 ‒6 M with
limit of detection of 8.5�10 ‒11 M.

� The MIP-SERS substrate can be easily
used without complex sample
pretreatment.
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a b s t r a c t

We designed a new type of MIP-SERS substrate for specific and label-free detection of patulin (PAT), by
combining molecular imprinting polymer (MIP) selectivity and SERS technology sensitivity. Initially, the
solid substrate of PDMS/AAO was prepared using poly dimethylsiloxane (PDMS) concreted anodized
aluminum oxide (AAO) template. Then moderate Au was sputtered on the surface of PDMS/AAO to obtain
Au/PDMS/AAO SERS substrate. Based on the HRP enzyme initiated in situ polymerization on the Au/
PDMS/AAO, the MIP-SERS substrate was successfully synthesized with selective polymer and high tense
of SERS “hot spots”. The new MIP-SERS substrate showed strong SERS enhancement effect and good
selectivity for PAT. Besides, the results showed that the method owned a linear range from 5 � 10�10 to
10�6 M with the limit of detection (LOD) of 8.5 � 10�11 M (S/N ¼ 3) for PAT. The proposed method also
exhibited acceptable reproducibility (relative standard deviation, RSD ¼ 4.7%)，good stability (Raman
intensity is above 80% after two weeks) and recoveries from 96.43% to 112.83% with the average RSD of
6.3%. The substrate is easy to use without complex sample pretreatment, which makes it a potential
candidate as a rapid and sensitive detection method in food samples.

© 2019 Published by Elsevier B.V.
.

1. Introduction

With the progress and development of society and the people’s
living standard improvement, progressively more citizens are
concerned about the quality and food safety. Among many food
contaminants, the natural toxin produced by fungi in the food can
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cause potential health risks to humans. Wherein, PAT, one of the
common natural toxins, is commonly found in fruits (apples,
hawthorn, etc) or nuts (almonds, peanuts, hazelnuts, etc) [1].
Studies reported that patulin could make acute and chronic
poisoning impact on human’s body, including convulsions, lung,
liver and intestinal bleeding, kidney damage or neurotoxicity,
immunotoxicity, teratogenicity, and possible carcinogenicity [2,3],
which may be ascribed to the toxicity of hemiacetal and lactone
rings [4].

Due to the high risks of PAT in food, different countries and
organizations have formulated the maximum limit of PAT. For
example, the European Union has proposed that the maximum
permissible limits of PAT in children and baby food are 10 mg kg�1

（9.86 � 10�8 M） [5]. Maximum limits (MLs) of PAT for fruit juice
and fruit products are 50 mg kg�1 （4.93 � 10�7 M）adopted by
Codex Alimentarius Commission [6]. The same limits were abided
by the Food and Drug Administration (FDA) and China [7]. Thus, the
potential threat of PAT and its related contamination have been a
global problem. Therefore, establishing a rapid and sensitive
method to monitor PAT is extremely urgent.

Usually, the analytical techniques for PAT are chromatographic
methods such as thin layer chromatography (TLC) [8,9], gas chro-
matography (GC) [10], high performance liquid chromatography
(HPLC) [11,12] and gas chromatography-mass spectrometry (GC-
MS) [13,14]. Moreover, immunoassay has also received intensive
attention because of their specificity and simplicity [15]. For
example, immunoassay combined with fluorescence surface plas-
mon resonance (FSPR), quartz crystal microbalance, and chem-
iluminescence are widely used for the detection of PAT [16e18]. All
the above methods have their advantages, but also have the
shortcoming of troublesome pretreatment, low separation degree
and sensitivity, high price and/or low repeatability. Hence, it is of
great significance to construct comprehensive method by propos-
ing new strategy for PAT detection.

Surface-enhanced Raman spectroscopy (SERS), a promising
analytical tool in food safety and life science, has the advantages of
high sensitivity, rich molecular information, and narrow peak band
[19]. When the nano-gap between the two nanoparticles is less
than 10 nm, the resonance local electromagnetic field generated by
the plasma excitation is greatly enhanced, and the region is usually
called a hot spot. Therefore, weak Raman scattering can be ampli-
fied to generate SERS signals of analytes located in these hot-spots,
then achieve sensitive detection [20,21]. However, control over the
gap distance between NPs in colloids is still challenging, which
makes it problematic to use SERS for quantitative detection.
Furthermore, this has become the subject of intensive research
[22e25]. Besides, due to SERS poor selectivity restriction [26],
identification and aggregation targets rapidly in complex samples
are still considered a tough work for SERS.

Molecular imprinting technique (MIT) is a different approach to
produce synthetic receptors, which have the sites for specific
recognition in synthetic polymers [27e29]. It has the advantages of
high selectivity, good predictability and versatility [30e32].
Because of this, many studies have combined the specific recogni-
tion properties of MIP and the signal amplification properties of
SERS to solve the limitations of SERS [33e36]. Inspired by this, a
new type of MIP-SERS substrate was prepared in our work for the
selective and sensitive detection of PAT by uniting MIP and SERS
technique together which was easy to use without complex sample
pretreatment, had excellent selectivity and sensitivity for PAT, and
exhibited acceptable reproducibility and good stability.

Attributable to the good moldability, high elasticity, and adhe-
sion properties, PDMS had broad application prospects in the fields
of surface-enhanced Raman spectroscopy [37,38], microfluidics
[39,40], and biochips [41,42]. In this work, the MIP-SERS substrate
was prepared by using AAO as template, afterward PDMS was so-
lidified on AAO surface to form a flexible transparent elastomeric
polymer. Next, aluminum matrix was removed using copper chlo-
ride solution to obtain PDMS/AAO nanoarrays. After sputtering
with gold nanoparticles, HRP was immobilized on this film surface.
Then PAT was used as template, 4-VP as functional monomers, PDA
as cross-linker, and the free radical polymerization was initiated by
HRP. As shown in Scheme 1, the newMIP-SERS substrate possessed
flexible mechanical properties and excellent SERS performance.
Besides, the SERS substrate is easy to operate without complex
sample pretreatment, which makes it a promising method in the
rapid and sensitive detection in food samples.

2. Materials and methods

2.1. Chemicals and materials

5-Hydroxymethylfurfural (5-HMF, 95%), 1,4-Diacryloylpiperazine
(PDA, 97%), oxindole (98%), 4-vinyl pyridine (4-VP, 95%), horseradish
peroxidase (HRP, 180U) were purchased from Aladdin Chemistry Co.,
Ltd.; Patulin (PAT, 95%) standard (PAT, > 99.0%) was supplied by Dr
Ehrenstorfer (Augsburg, Germany); SYLGARD 184 Silicone Elasomer
Base and SYLGARD 184 Silicone Elastomer Curing Agent were ob-
tained from Dow Corning Corporation. Ultra-pure aluminum
(99.999%) was purchased from Alfa Aesar; Phosphoric acid (H3PO4),
chromium oxide (Cr2O3), absolute ethanol (C2H5OH), methanol
(CH3OH), acetic acid, acetylacetone, hydrogen peroxide (H2O2, 30%)
and ammonium hydroxide (NH3$H2O, 25%) were offered by Sino-
pharm Chemical Reagent. All aqueous solutions were prepared with
ultrapure water (18.2MU resistivity).

2.2. Instruments

Raman tests were conducted by an inVia Raman spectrometer
(Renishaw, U.K.) equipped with a confocal microscope (Leica, Ger-
many). The Raman spectra were scanned under the following con-
ditions: a diode laser at 785nm, laser power 0.05W, acquisition time
10 s. UVevis absorption spectra were measured by PerkinElmer
LAMBDA 25 (PerkinElmer, UK). Fourier-transform infrared (FT-IR)
spectra were obtained from a Nicolet Avatar-330 spectrometer.
Transmission electron microscopy (TEM) images were acquired by
transmission electron microscopy (TEM, JEM-2010). The Dynamic
Light Scattering was measured with a Zeta-sizer Nano ZS90 DLS
system (Malvern, England). NGSLabSpec and Origin 8.5 were used
for statistical calculations and graphical displays.

2.3. Fabrication of Au/PDMS/AAO nanoarray

Before the preparation of Au/PDMS/AAO nanoarray, AAO and
PDMS/AAO were first prepared according to the previously re-
ported method [43]. Then, we used the pure aluminum sheets to
fabricate the AAO template by two-step anodization [44,45]. The
detailed procedures of Au/PDMS/ AAO substrate were described in
Supporting Information.

2.4. Preparation of MIP-ir-Au/PDMS/AAO

MIP-ir-Au/PDMS/AAO (MIP-SERS) substratewas prepared by the
following two steps: (1) immobilize horseradish peroxidase (HRP)
on Au/PDMS/AAO substrate and (2) induce polymerization reaction
on the substrate surface. Firstly, the appropriate amount of Au/
PDMS/AAO was incubated with 50 mM PBS buffer (pH ¼ 7.0) so-
lution containing 2 mg HRP for 12 h at room temperature. Through
the physical and chemical force [46], HRP can be immobilized on
the surface of Au/PDMS/AAO substrate. After that, the substratewas



Scheme 1. Illustration of the preparation process of enzyme induced MIP-SERS substrate (MIP-ir-Au/PDMS/AAO).
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then rinsed three times with washing buffer to remove the free
HRP, and the HRP-Au/PDMS/AAO complex was obtained and stored
at 4 �C in PBS buffer.

The polymerization process on HRP-Au/PDMS/AAO complex
was carried out according to Attieh’ s method [47]. To be specific, 4-
VP (0.58 mM) acted as functional monomer, PDA (2.32 mM) as
cross-linker and PAT (0.1 mM) as a template, which was mixed to
prepare the molecularly imprinted polymer. The above mixture
was placed in a glass tube capped with an airtight septum, then
HRP-Au/PDMS/AAO were introduced. After that, acetylacetone
(0.035 mM) was added in a bottle and kept in ice by bubbling ni-
trogen for 10 min. Finally, 200 mL hydrogen peroxide (0.1 M) was
introduced to the mixture and kept for 3 days at 25 �C under gentle
agitation. Finally, the PAT imprinted Au/PDMS/AAO (MIP-SERS)
substrates were obtained.

To remove the PAT template, the MIP-SERS substrates were
washed 3 times by incubating in methanol/acetic acid (v:v, 8:2),
methanol/acetic acid (v:v, 9:1), methanol and acetonitrile. A non-
imprinted polymer of NIP-ir-Au/PDMS/AAO (NIP-SERS) was pre-
pared following the same way but without PAT template. Then the
MIP-SERS and NIP-SERS substrates were dried in vacuum and
stored at 4 �C refrigerator.

2.5. Detection methods

Before the SERS tests, MIP-SERS and NIP-SERS substrates were
incubated with PAT concentrations from 10�12 to 10�5 M and from
10�10 to 10�4 M, respectively. And then, the substrates were taken
out and cleaned with purified water to remove the free PAT. Next,
the MIP-SERS and NIP-SERS substrates were dried at room tem-
perature. Finally, the prepared substrates were measured by the
Raman spectrometer.

2.6. Selectivity studies

To estimate the selectivity of MIP-SERS, 100 mL of PAT, oxindole
and 5-HMF were mixed with MIP-SERS substrate, respectively.
Then the mixture was shaken in a washed glass at 4 �C for 2 h.
Finally, the MIP-SERS substrate was taken out and washed with
water for the Raman measurements.

2.7. Detection of real samples

Unlike other analytical methods, the proposed MIP-SERS
method does not require pretreatment. Basically, 1 g of blueberry
jam, grapefruit jam and orange juice were incubated with MIP-
SERS substrate for 1 h, respectively. Then the real samples pack-
aged on the substrate surface were removed by purified water.
After that, the samples can be detected by Raman spectrometer
under optimal conditions.

3. Results and discussion

3.1. Characterization of MIP-SERS substrate

SEM images for the synthetic composites are shown in Fig. 1. It
can be seen in Fig. 1A that each hole of AAO is well-aligned and the
side-view illustrated that the depth of the unique nanoarchitecture
is about 500 nm. As depicted in Fig. 1B, the obtained AAO/PDMS
membrane is of high uniformity with nanosized gaps. Followed
that, Au was sputtered on the AAO/PDMS surface to make a flexible
SERS substrate. As shown in Fig. 1C, the top-view of Au/PDMS/AAO
exhibited uniform Au nanoflower with a great deal of “hot spots”
[48e50], which could help the substrate produce huge SERS
enhancement. Based on the Au/PDMS/AAO substrate, the PAT
imprinted polymer was synthesized as displayed in Fig. 1D. A thin
polymer membrane was covered on the Au/PDMS/AAO substrate,
which remained the morphology of the SERS substrate. Through X-
ray photoelectron spectroscopy (XPS), we could find that the
element peak of N appeared on the Au/PDMS/AAO substrate after
coating the polymer in Fig. S1, and the result was consistent with
Fig. 1D.

Moreover, the size of the AAO hole and the sputtering time of
Au/PDMS/AAO were explored and characterized. To discuss the
pore size distribution of AAO, phosphoric acid was adopted to
enlarge the holes. The SEM images of AAO under different treat-
ment times were displayed in Fig. S2. It showed that the hole of
AAO enlarged with the increasing of treatment time (Fig. S2A-C).
When the time is 40 min or longer, the edge of the hole appears
damaged (Figs. S2DeF). To obtain large and uniform holes as much
as possible, 30 min was chosen as the optimal time. Besides, the
distance between the two pores is closest to 10 nm, which is
beneficial to generate SERS “hot spots” (Fig. S2C). It was reported
that the sputtering time makes some differences to the “hot spots”,
that is, when the sputtering time prolonged, Au NPs deposited on
PDMS/AAO continued to increase, thus produced a mass of “hot
spots”. Therefore, the deposition time was set as 8 min consistent
with previous report [51].

HRP-Au/PDMS/AAO substrate has a large surface area with a
strong adsorption force. In the presence of H2O2, HRP catalyzed



Fig. 1. SEM images of (A) AAO (inset, side-view image), (B) PDMS/AAO, (C) Au/PDMS/AAO and (D) MIP-ir-Au/PDMS/AAO.
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H2O2 and led to the production of these oxidative catalytic states
with the formation of acetylacetone radicals, which would induce
the polymerization of various of acrylic or vinyl monomers [47,52].
To further verify that HRP has been modified on SERS substrate, the
performance of free radical polymerization between immobilized
HRP and free HRP, which were carried out in the same concentra-
tion of H2O2. As shown in Fig. 2A and B, it revealed that both the
two methods could initiate the polymerization reaction, and the
immobilized HRP (Fig. 2B) could obtain more abundant and uni-
form polymers than the free HRP (Fig. 2A). From the dynamic light
scattering (DLS) measurements in Fig. 2 C and Fig. S3, it can further
verified that the below polymer has an average size of ~80 nm, and
the top one is ~60 nm. The results revealed that the immobilized
HRP and free HRP might have a similar reaction process in the
presence of H2O2. UVevis spectroscopy was also used to charac-
terize the two polymers (Fig. 2D). It can be seen that the charac-
teristic peak of immobilized HRP showed a slight red-shift
compared with the free HRP, which may be ascribed to the space
steric hindrance on HRP modified SERS substrate. Through the
above characterization, it was demonstrated that the PAT had been
successfully adsorbed on the MIP SESR substrate.

3.2. Sensitivity analysis

It is well-known that PAT is a water-soluble unsaturated lactone
[53]. Thus solvents with different polarities could have effects on
the stability of PAT. Moreover, the pH of solution and incubation
time affect the adsorption capacity of MIP-SERS substrate. There-
fore, the above effect factors were discussed before in the SERS
tests.

Firstly, ten common solvents including water, alcohol, chloro-
form, methane, DMF, DMSO, acetone, hexane, cyclohexane and
toluene were discussed to choose the optimal solvent for PAT
(Fig. S4). The results showed that PAT in aqueous solution had the
most vigorous SERS intensity at 1205 cm�1, which is the same as
previous report [53]. Furthermore, the experiments showed the
highest SERS intensity when pH is 5 and incubation time is 1 h
(Fig. S5). Thus, the following experiments are performed under the
above optimal conditions.

Since the combination of NIP-SERS substrate and PAT mainly
depends on physical adsorption, which showed a weak binding
force. Besides, PAT was effortlessly washed away during the
washing process. Therefore, NIP-SERS substrate behaved a rela-
tively low Raman intensity at the characteristic peak of 1205 cm�1

(Fig. 3B). Even when the concentration of PAT reached 10�6 M, the
SERS intensity is weak (~450). However, for theMIP-SERS substrate,
the Raman intensity behaved a noticeable enhancement when PAT
is 10�6 M (~1700) (Fig. 3A), which revealed the excellent perfor-
mance of the MIP-SERS substrate. Moreover, the SERS intensity at
1205 cm�1 increased gradually as the concentration of PAT
increased.

Fig. 3C presented the plots of SERS intensity versus the con-
centration of PAT at 1205 cm�1. It can be observed that the MIP-
SERS substrate can perform qualitative detection of PAT with the
range from 10�12 to 10�5M. Besides, it behaved a linear relationship
between the SERS intensity and PAT concentration of 5 � 10�10 to
10�6 M. The linear relationship can be put as y¼ 3968.95þ 381.20 x
(R2 ¼ 0.9962), where y is the SRES intensity at 1205 cm�1 and x is
the logarithm value of PAT concentration. The limit of detection
(LOD) of MIP-SERS for PAT was calculated to be 8.5 � 10�11 M (S/
N ¼ 3, LOD defined by the International Union of Pure and Applied
Chemistry) [54]. The low LOD can be ascribed to the specific
polymer of MIP and surface-enhanced Raman signal of Au/PDMS/
AAO substrate.

Moreover, for NIP-SERS substrate, when the PAT concentration
was 0.1 nM, the SERS band at 1205 cm�1 is very weak and the



Fig. 2. TEM images of MIPs synthesized by (A) free HRP and (B) immobilized HRP (C) the dynamic light scattering (DLS) measurements of the free HRP (top) and the immobilized
HRP (below) (D) UVevis absorption of the two kinds of HRP corresponding to (A) and (B).

Fig. 3. (A) SERS spectra of MIP-SERS substrate (from a to l: 10�12 to 10�5 M) (B) NIP-SERS substrate incubated with different concentrations of PAT (from a to g: 10�10 to 10�4 M).
Plots of SERS intensity at 1205 cm�1 vs different concentrations of PAT based on (C) MIP-SERS substrate (5 � 10�10 to 10�6 M) and (D) NIP-SERS substrate (10�9 to 10�5 M). The error
bars represent the average standard deviation with three parallel SERS tests.
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Raman spectrum is unstable (Fig. 3D), which is consistent with the
fact that the interaction force between the NIP-SERS and PAT is
non-specific adsorption. Similarly, the inset in Fig. 3D showed the
relationship between SERS intensity and PAT concentration of 10�9

to 10�5 M, which can be put as y ¼ 943.55 þ 84.36 x (R2 ¼ 0.9985),
where y is the SRES intensity and x is the logarithm value of PAT
concentration. The LOD of NIP-SERS for PAT was calculated to be
3.6 � 10�9 M (S/N ¼ 3). From what has been discussed above, it
indicated that the MIP-SERS substrate exhibited higher sensitivity
for PAT. Furthermore, the proposed MIP-SERS method was



Y. Zhu et al. / Analytica Chimica Acta 1101 (2020) 111e119116
compared and listed in Table S1, which revealed that the proposed
method owned a higher sensitivity and wider detection range [55].

3.3. Specificity analysis

To verify the specificity of the proposed method, two structural
analogues of 5-HMF and oxindolewere selected as a control sample
(Fig. 4A). As shown in Fig. 4B, the solid samples of 5- HMF and
oxindole do not have Raman scattering peaks at 1205 cm�1 while
PAT has characteristic peaks. Therefore, it is reasonable that the
SERS bands at 1205 cm�1 was chosen as the indicator for qualitative
and quantitative detection of PAT. Moreover, the specificity results
revealed that MIP-SERS substrate showed higher sensitivity to PAT
than that of NIP-SERS substrate. However, little difference can be
observed between the two SERS substrates for the detection of 5-
HMF and oxindole, and the Raman intensity is nearly the same as
PAT detection with NIP-SERS substrate (Fig. 4C), which indicated
that MIP-SERS substrate has a good selectivity to PAT.

To further demonstrate the specificity of the substrate, different
concentration ratios of PAT/5-HMF/oxindole mixture were incu-
bated with the substrates and measured by SERS. As depicted in
Fig. 4D, the Raman intensity decreases gradually as the concentra-
tion ratios of 5-HMFandoxindole increased. ForMIP-SERS substrate,
when the concentration ratio is 1:103:103, the SERS intensity at
1205 cm�1 reduced to 48% while decreased to 38% for NIP-SERS
substrate. However, even if concentration ratio of PAT is meagre,
the SERS intensity of MIP-SERS substrate is higher than NIP-SERS
substrate, indicating that MIP-SERS substrate has a higher recogni-
tion force. Hence, the above results demonstrated that MIP-SERS
substrate has higher selectivity and affinity for PAT, which can be
ascribed to the specific role of the imprinted template hole for PAT.

3.4. Repeatability and stability tests

To discuss the reproducibility of as-prepared MIP-SERS sub-
strate, five different batches of substrates were selected randomly
to perform the SERS measurement for PAT, which exhibited no
Fig. 4. (A) Chemical structures of PAT and the structural analogues (oxindole and 5-HMF). (B
band at 1205 cm�1 for MIP- SERS substrate and NIP-SERS substrate after incubating with Pat
MIP-SERS and NIP-SERS substrate for PAT (0.33 mM) in the presence of different concen
1:103:103).
noticeable fluctuation in SERS intensity (Fig. 5A). To further prove
the repeatability of the MIP-SERS substrate，the SERS signals from
five different batches of MIP-SERS substrates were evaluated. And
the relative standard deviation (RSD) of the Raman intensity at
1205 cm �1 was ~4.7% through statistical calculation (Fig. 5B),
which indicated that the MIP-SERS substrate exhibited acceptable
reproducibility.

Besides, we choose MIP-SERS substrate randomly and storing it
in the air for amonth to study the stability ofMIP-SERS substrate. As
shown in Fig. 5C, the SERS intensity of MIP-SERS substrate showed a
relatively minor variation with time increased. The SERS substrate
stillworkedwell and theRaman intensityat 1205cm�1 only reduced
30% compared to the initial intensity after 30 days (Fig. 5D), indi-
cating theMIP-SERS substratebehavedexcellent SERSenhancement
and stability. Judging from the above results, it can verify that MIP-
SERS substrate owned excellent repeatability and stability.
3.5. The detection of real sample

Blueberry jam, grapefruit jam and orange juice were selected as
real samples to verify the practical application of the SERS sub-
strate. Specifically, blueberry jam, grapefruit jam and orange juice
samples were obtained from a local market, which were found no
PAT by HPLC and SERS. After adding PAT to the samples, the SERS
results were compared with HPLC to evaluate the MIP-SERS sub-
strate. Herein, HPLC test was considered as a standard method by
default. As shown in Table 1, both HPLC and SERS showed response
to PAT after PAT addition, which indicated that PAT existed in added
samples. Specifically, the PATmeasured by SERS in blueberry sauce,
grapefruit sauce and orange juice real samples were average value
with three parallel SERS tests as shown in Fig. S6, and all value of
RSD were calculated as shown in Table 1. Moreover, the results
showed variations from 96.43% to 112.83% for SERS compared with
those of 98.92%e104.66% for HPLC, which suggested that the pro-
posed MIP-SERS substrate behaved acceptable accuracy and
sensitivity for the detection of PAT in real samples.
) Raman spectra of Patulin, Oxindole and 5-HMF. (C) The SERS intensity depends on the
ulin (0.33 mM), oxindole (5 mM) and 5-HMF (5 mM). (D) Verification of the selectivity of
tration ratios of CPatulin/COxindole/C5-HMF mixture (1:0:0, 1:1:1, 1:10:10, 1:102:102 and



Fig. 5. (A) SERS spectra of PAT collected from five MIP-SERS substrates and (B) the SERS intensity distribution at 1205 cm�1 corresponding to (A) (RSD ¼ 4.7%, with three parallel
SERS tests). (C) SERS spectra of MIP-SERS substrate stored in an air atmosphere at different days (1, 4, 7, 10, 13, 16, 19, 22, 25 and 30 days) and (D) the SERS intensity at 1205 cm�1

corresponding to (C).

Table 1
Results of PAT detection based on HPLC and SERS methods in real samples. (unit: nM, not found: ).

Samples Detected Added Found by HPLC Recovery Found by SERS RSD Recovery

Blueberry Jam e

e

130
350

136.06
351.93

104.66%
100.55%

146.68
346.37

7.3%
5.0%

112.83%
98.96%

Grapefruit Jam e

e

130
350

135.54
362.25

104.26%
103.50%

126.07
337.50

8.1%
7.2%

96.97%
96.43%

Orange Juice e

e

130
350

128.60
359.27

98.92%
102.65%

132.15
377.96

5.4%
4.8%

101.65%
107.99%
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4. Conclusion

In this work, a new type of MIP-ir-Au/PDMS/AAO (MIP-SERS)
substrate was synthesized for the label-free detection of PAT. Based
on the HRP enzyme initiated in situ polymerization of PAT on Au/
PDMS/AAO substrate, the MIP-SERS substrate behaved good
selectivity and high sensitivity. The results revealed that the pro-
posed method owned a linear range from 5 � 10�10 to 10�6 M with
the limit of detection (LOD) of 8.5 � 10�11 M (S/N ¼ 3) for PAT. The
proposed method also exhibited acceptable reproducibility (rela-
tive standard deviation, RSD ¼ 4.7%), good stability (Raman in-
tensity is above 80% after twoweeks) and recoveries from 96.43% to
112.83% with the average RSD of 6.3%.

Moreover, when PAT was mixed with the interferences of 5-
HMF and oxindole, MIP-SERS substrate behaved good selectivity
for PAT. What is more, owing to the solid-phase interface of the
substrate, the method can make the operations more straightfor-
ward and more convenient in the sample pretreatment process.
Overall, this work provides a new method for the selective and
sensitive detection of PAT, which showed great potential in the
rapid detection of biotoxin in food samples.
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