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• DMISPE with good adsorption capacity 
and selectivity toward AFB1 were syn
thesized under the guidance of molecu
lar simulation. 

• A self-assembled thioctic-decorated 
AgNPs monolayer film was employed as 
a SERS-active substrate. 

• The LOD of AFB1 detected by DMISPE- 
SERS was 0.1 μg/L.  
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A B S T R A C T   

As a class I carcinogen, aflatoxin B1 (AFB1) contamination in foods and feeds accounts for 75 % of the total 
mycotoxin contamination. In this work, a simple and reliable surface-enhanced Raman spectroscopy (SERS) 
method for sensitive and selective detection of AFB1 in peanut samples integrated with dummy molecularly 
imprinted polymers (DMIPs) is developed. N-isopropylacrylamide (NIPAM) and 7-ethoxycoumarin (7-EOC) are 
chosen as monomer and dummy template, respectively and their ratio was screened through molecular design in 
both of kinetic and static adsorption views to form the optimal DMIPs. As-prepared dummy molecularly 
imprinted solid-phase extraction (DMISPE) could selectively enrich AFB1 from peanut samples. Finally, a liq
uid–liquid interface self-assembly constructed thioctic acid-decorated AgNPs monolayer film (TA-AgNPs MF) as a 
SERS-active substrate is employed to determine the amount of AFB1 eluted from DMISPE. SERS assay shows high 
detection sensitivity for AFB1 in peanut samples with limit of detection of 0.1 μg L− 1 and a linear concentration 
relationship range from 0.1 to 10 μg L− 1.   

1. Introduction 

Aflatoxin is produced by Aspergillus flavus and Aspergillus para
siticus. Aflatoxin, mainly including B1, B2, G1, and G2, can cause acute 

hepatitis, hemorrhagic necrosis, and growth disorders [1,2]. Among 
them aflatoxin B1 (AFB1) has attracted widespread attention and the 
International Agency for Research on Cancer (IARC) have placed it on 
the list as a class I carcinogen [3–5]. The contamination of AFB1 in foods 
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and feeds accounts for 75 % of the total mycotoxin contamination [6]. 
Many countries have established strict limitation for AFB1 in foodstuffs 
(AFB1 in cereals and their products, China: 5 μg/L, EU: 2 μg/L) [7,8]. 
Therefore, it calls for developing novel method with sensitivity and 
selectivity to monitor AFB1 levels. 

Liquid chromatography–tandem mass spectrometry (LC–MS) [9] and 
high-performance liquid chromatography–tandem mass spectrometry 
(HPLC–MS) [10] to determinate AFB1 have been explored, which 
achieving high selectivity, sensitivity and precision. However, expensive 
equipment and skilled technician are needed for those methods. Alter
natively, enzyme-linked immunosorbent assay (ELISA), colorimetric 
immunoassay, and fluorescence sensor are simple and rapid but they are 
susceptible to interference from the complex substrates in real samples 
[11–13]. 

Surface Enhanced Raman Spectroscopy (SERS) is a powerful detec
tion method that can enhance the chemical “fingerprint” signals of 
target molecules by a million times when the molecules locating the 
vicinity of surface of noble metal nanostructures [14]. However, SERS 
method confronts many challenges including poor affinity of organic 
analyte to noble metal substrate and interference in complicated sample 
system [15]. In literature, there are many reports to improve the spec
ificity of SERS detection by introduction of antibody, aptamer, and 
molecularly imprinted polymers (MIPs) [16,17]. For instance, Chen 
et al. used NH2-DNA1-CS-Fe3O4 and SH-DNA2-ADANRs as enrichment 
nanoprobe and reporter nanoprobe respectively to develop SERS 
aptamer sensor for AFB1 and a limit of detection (LOD) at 0.0036 ng 
mL− 1 was reached [18]. However, pH and salt concentration had to be 
strictly controlled. Fang et al. fabricated magnetic Ni@Au core–shell 
nanoparticles to realize ultrasensitive competition magnetic immuno
assay SERS assay for AFB1 and LOD was around 0.05 fg mL− 1 [19]. 
However, the detection reproducibility needs to be further improved. 

Molecularly imprinted polymers (MIPs) are a kind of selective cap
ture polymers with three-dimensional (3D) cavities after template 
removal. For selectively rebinding target molecule, chemical composi
tion adaptation, spatial size adaptation, and spatial shape adaptation 
contribute to the high specific affinity of MIPs [20]. MIPs as artificial 
antibodies have received extensive concern due to low cost, reusable 
possibility, ease of use and large-scale separation/purification capa
bility. The MIPs regarded as an efficient solid phase extraction (SPE) 
sorbents [21] have been widely applied in HPLC analysis [22]. The 
detection of AFB1 by using MIP technology combined with electro
chemical methods [23,24], surface plasmon resonance (SPR) [25], and 
plasmon-enhanced fluorescence (PEF) [26] was also explored. 

With the development of quantum chemistry and computers, mo
lecular simulation methods were established to screen monomers to 
optimize MIPs synthesis [27,28]. Many software programs such as 
Hyper Chem [29], Gaussian 03 [30], and Discovery Studio [31] are 
commercially available to easily screen monomers based on ab initio 
[32,33], semiempirical [34,35] and density functional theory (DFT) 
[36,37]. However, such electron level calculations are time-consuming. 
Molecular simulation at a molecular level such as Discovery Studio takes 
short machine time, showing high degree of agreement between the 
calculations and the actual results [38] but previously reported MIPs 
based on DS simulations showed low recovery [39]. 

In this work, by using 7-ethoxycoumarin (7-EOC) as an analogue of 
aflatoxin, dummy molecular imprinting-solid phase extraction (DMIP- 
SPE) column was prepared. With the aid of molecularly design, both of 
optimal monomer and ratio of monomer and template were screened. 
The resultant AFB1-DMIP was employed as sorbents for separation and 
enrichment of AFB1. Thioctic acid assembled Ag NPs monolayer film 
(TA-Ag NPs MF) was prepared as SERS-active substrate. The DMI-SPE- 
based SERS sensor was adopted to analyze AFB1 in extract of peanut 
samples, exhibiting high selectivity, sensitivity and good detection 
reproducibility. 

2. Experimental section 

2.1. Materials and instruments 

Methacrylic acid (MAA), 4-vinylpyridine (4-VP), N-isopropyl acryl
amide (NIPAM), ethylene glycol dimethacrylate (EGDMA), 2,2′-azobi
sisobutyronitrile (AIBN), silver nitrate (AgNO3, greater than99 %), 
acrylic acid (AA), acrylamide (AM), 2-vinylpyridine (2-VP), 7-ethoxy
coumarin (7-EOC), dodecanethiol (DDT), thioctic acid (TA), aristolo
chic acid I (AAI), patulin (PAT) and benzopyrene (B[a]P) were 
purchased from Sigma-Aldrich (USA). deoxynivalenol (DON), ochra
toxin A (OTA), and aflatoxin G1 (AFG1) were purchased from Pribolab 
(China). Aflatoxin B1 was obtained from Yuanye Bio. Chloroform, 
acetonitrile, and methanol were bought from Shanghai Chemicals Ltd. 
Deionized water (18 MΩ cm) used in this work was acquired by a Mil
lipore Direct-Q system. All glassware was cleaned with piranha solution 
(H2SO4:H2O2 = 7:3) and then thoroughly rinsed with deionized water. 

Scanning electron microscope (SEM) images were obtained from 
Hitachi Su8220, operating at 10.0 kV. UV–vis spectra were collected by 
using a UV-6300PC double-beam spectrophotometer (VWR (Shanghai) 
Co., Ltd.). FTIR spectra of the DMIP and NIP were obtained using a FTIR 
spectrometer (Nicolet iS5, Thermo Fisher Scientific, USA). The porous 
structure of DMIP and NIP was characterized by a BET specific surface 
area analysis tester (JW-DA, Beijing JWGB SCI&Tech Co., Ltd). Raman 
spectra were acquired by using a Jobin Yvon confocal laser Raman 
system (Super LabRam II), which was equipped with a 10 × microscope 
lens and a He-Ne laser at 632.8 nm, and each spectrum was obtained by 
a scanning time of 8 s and 3 times accumulations. Agilent1100 high 
performance liquid chromatograph meter with chromatographic col
umn DDS-C18 (4.6 × 250 mm, 5 μm) was employed for composition 
analysis. 

2.2. Molecular design 

All molecular simulations were conducted by Discovery Studio (DS, 
v3.0). The structures of commonly used functional monomers (AA, 
MAA, 2-VP, 4-VP, AM, NIPAM), dummy templates (7-EOC) as well as 
AFB1 were optimized by the Minimization module in DS. Their initial 
conformations and the potential energies (Table S1) were obtained by 
steepest descent and conjugate gradient methods for 2000 steps, 
respectively. 7-EOC or AFB1 was set as a receptor and a sphere with 
radius of 9.79 Å was set as the docking area. Then the half-flexible 
docking CDOCKER was applied to explore the interaction between re
ceptor and ligand. In this process, high-temperature kinetic was applied 
to search the best conformation of the ligand, and the binding confor
mation was optimized through simulating annealing. The most stable 
template-monomer complex was selected and template-ligand interac
tion energy (ΔE) was calculated by following equation (1) [40]: 

ΔE = Ecomplex − Etemplate − nEmonomer (1)  

where Ecomplex is total energy of the complex and n refers to monomer 
number in the complex, Etemplate and Emonomer are the potential energies of 
the template and a functional monomer after minimization, respec
tively. Based on simulation results, the monomer with the strongest 
interaction with dummy template was preliminarily selected, and the 
optimal ratio of monomer to template was also tentatively determined. 

2.3. Synthesis of DMIPs 

MAA, 4-VP, and EDGMA were purified by vacuum distillation. 
NIPAM was purified through recrystallization prior to use. Bulk poly
merization technique was applied to synthesize six different DMIPs 
using non-covalent approach. Briefly, 0.15 mmol 7-EOC and appropriate 
dosage of MAA (n7-EOC:nMAA = 1:4 or 1:5), 4-VP (n7-EOC:n4-VP = 1:4 or 
1:5) and NIPAM (n7-EOC:nNIPAM = 1:4 or 1:5) were dissolved in 1.5 mL 
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chloroform, respectively. The interaction of 7-EOC with monomer was 
performed at 25 ◦C for 2 h under stirring. Afterwards, 1.5 mmol cross- 
linker EDGMA and 5 mg initiator AIBN were added into the mixture 
under sonication. After purged with nitrogen for 10 min, the mixture 
was sealed and placed under ultraviolet irradiation (365 nm, 15 W) at a 
4 cm distance from the light source to perform the polymerization. The 
formed bulk polymer was then taken out and crushed to a fine powder in 
a mortar. Finally, dummy template was removed via Soxhlet extraction 
with 150 mL methanol/acetic acid (9:1, v/v) for 16 h followed by 
washing with 150 mL methanol. After examining the UV band at 324 nm 
to ensure that the dummy template was completely removed, the 
polymer was dried in a vacuum chamber at 55 ℃. As a control, the non- 
imprinted polymers (NIPs) were fabricated by the same procedure in the 
absence of dummy template. 

2.4. Adsorption experiment 

2.4.1. Adsorption capacity and selectivity 
The adsorption capacity of the DMIPs and NIPs were examined by 

using 7-EOC in methanol solution (50 %, v/v). Specifically, 10 mg 
DMIPs or NIPs were mixed with 6 mL 7-EOC solution (10 mg/L) and 
then the mixture were shaken at 100 rpm for 2 h at ambient condition to 
ensure saturation. After centrifuged at 4000 g at 25 ◦C for 5 min, the 
unbound 7-EOC in the supernatant was measured at 324 nm by UV–vis 
spectrometer. The adsorption capacity at equilibrium (Qe) was then 
characterized according to equation (2): 

Qe =
(C0 − Ce)V

m
(2)  

where C0 represents the initial concentration of 7-EOC (mg/L), Ce is the 
final concentration (mg/L) of 7-EOC remaining in solution after the 
adsorption process, V is the volume (mL) of solution and m refer to the 
dry weight of the DMIPs or NIPs (mg). 

The selectivity of the prepared DMIPs was evaluated by the calcu
lation of imprinting factor (IF, α) according to the equation (3): 

α =
QDMIPs

QNIPs
(3)  

where QDMIPs and QNIPs refer to the equilibrated adsorption capacity of 
DMIPs and NIPs for 7-EOC, respectively. 

2.4.2. Static adsorption test 
A series of 10 mg DMIPs or NIPs was added to 6 mL 7-EOC solution at 

different initial concentrations (C0: 2.5, 5, 7.5, 10, 12.5, 15, 25, 30, and 
40 mg/L). After 2 h of shaking the equilibrium adsorption capacity was 
determined as descried in Section 2.4.1. Scatchard isotherm model, 
Langmuir model and Freundlich model were further build by the 
following equations: 

Qe

C0
= −

Qmax

Kd
+

Qe

Kd
(4)  

lgQe = lgKF +
lgCe

n
(5)  

Ce

Qe
=

Ce

Qmax
+

1
KLQmax

(6)  

where Kd is the equilibrium dissociation constant of the binding site; 
Qmax is the maximum apparent binding amount of the binding site; n and 
KF are the Freundlich adsorption intensity and indicators of adsorption 
capacity, respectively. KL is Langmuir equilibrium constant. 

2.4.3. Dynamic adsorption test 
In the dynamic adsorption experiment, 10 mg of DMIPs or NIPs was 

added into 10 mL tubes, respectively, and mixed with 6 mL of 10 mg/L 

7-EOC solution. The solutions were shaken at 100 rpm for 5, 10, 15, 20, 
30, 45, 60, 90 and 120 min, respectively. Afterwards, pseudo-first-order 
kinetic equation and pseudo-second-order kinetic equation were 
employed to further study the kinetic data: 

ln(Qe − Qt) = lnQe − K1t (7)  

t
Qt

=
1

K2Q2
e
+

t
Qe

(8)  

where Qt and Qe are adsorbed at time t and equilibrium respectively. K1 
and K2 are the rate constants of pseudo-first-order and second-order 
adsorption processes, respectively. 

2.5. Preparation of SERS substrate 

2.5.1. Synthesis of Ag nanoparticles 
Ag nanoparticles (AgNPs) were synthesized according Fren’s method 

[41]. Briefly, 0.15 mM AgNO3 was mixed with 150 mL ultrapure water 
in a 250 mL conical tube. Then the mixture was heated to boiling for 10 
min under magnetic stirring and subsequently slowly added with 3 mL 
of 1 % trisodium citrate solution. After 30 min of continuous heating and 
stirring, the solution changes from colorless to grayish green. After 
cooling under ambient condition, AgNPs with average size of 50 nm in 
diameter were prepared. 

2.5.2. Preparation of TA-AgNPs MF SERS substrates 
4 mL acetone was firstly added into 4 mL Ag colloid suspension and 

shaken for a few seconds. Then, 4 mL of hexane containing certain 
amount of TA (10, 50, 100, 200, and 400 μL) was rapidly added to the 
suspension. The mixture was transferred into a 50 mL beaker with 30 mL 
water. AgNPs assembled into a close-packed film at water/hexane 
interface in less than a minute. After complete evaporation of hexane, 
AgNPs film could be easily collected on quartz slide. This TA-AgNPs MF 
was used as an effective SERS substrate for analysis of AFB1 in peanuts 
eluent. 

2.6. Sample pretreatment of peanuts 

Fresh peanuts were purchased from local supermarket and crushed. 
2.5 g sample was taken out to mix with 100 mL of 60:40 methanol/0.1 M 
KH2PO4 buffer (pH = 7.4). The mixture was then ultrasonicated for 10 
min under ice bath condition. Afterwards, the extract solution was 
centrifuged at 4000 rpm for 5 min and the supernatant was filtered 
through a membrane. The extract was used for DMISPE procedure 
directly. 

2.7. Ultrasound assisted DMISPE-SERS detection 

The ultrasound assisted DMISPE for AFB1 was performed according 
to the Jayasinghe’s report with some modifications [42]. Specifically, 
100 mg DMIPs or NIPs were added into 10 mL of the above extract so
lution, and then shaken at 100 rpm for 20 min at room temperature. 
After centrifugation for 10 min at 8000r/min, DMIPs and NIPs were 
washed with 6 mL methanol to remove impurities and unimprinted 
AFB1. Subsequently, 3 mL 9:1 methanol/acetic acid mixture was ul
trasonic treated for 15 min, and eluent was eluted for 3 times in total. 
The final eluent was dried under vacuum and then dissolved in 200 μL 
methanol. 5 μL of such solution was dropped on TA-AgNPs MF surface to 
conduct SERS detection after naturally drying. 

3. Results and discussion 

Fig. 1 illustrates the schematic DMISPE-SERS sensing system for 
determination of AFB1. First, molecular simulation is performed to 
select the most suitable monomer within acidic, neutral, and basic 
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monomers including AA, MAA, AM, NIPAM, 2-VP, and 4-VP. Guided by 
the calculation results, NIPAM shows the strongest interaction with the 
template and is chosen as an optimal monomer to synthesize DMIPs for 
solid phase extraction. AFB1 is then isolated and enriched by DMISPE 
and is finally detected by the self-assembled TA-AgNPs MF SERS 

substrate. 

3.1. Molecular simulation 

To overcome the problem of high-cost and toxicity of AFB1 as well as 

Fig. 1. Schematic illustration of molecular simulation (A) and DMISPE-SERS biosensor for the detection of AFB1 (B).  

Fig. 2. The interaction patterns between NIPAM and 7-EOC in the ratio of 1:1 to 1:5.  
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to avoid template leakage, dummy template was put forward [43]. As 
AFB1 is a derivative of dihydrofuran coumarins, 7-EOC with a core 
structure like that of AFB1 is picked out as the dummy template to 
synthesize DMIPs (Fig. S1). 

As the selective adsorption of DMIPs mainly depends on the inter
action between functional monomer and template, appropriate type of 
functional monomer and the ratio of template to monomer are crucial 
for improving the performance of MIPs. Table S2 depicts the interaction 
energy values of 7-EOC-functional monomer complexes with different 
molar ratio. It can be found that the interaction energy gradually in
creases with the increase of monomer/template ratios and NIPAM, AM, 
and 4-VP shows greater interaction with 7-EOC compared to AA, MAA 
and 2-VP. It is also clear that at any template/monomer ratio, the 
interaction of NIPAM to template molecule shows the strongest one. 

We further investigate the interaction pattern during template/ 
monomer interaction. Taking NIPAM-7-EOC as an example system 
(Fig. 2 and Fig. S2), as the ratio of template to NIPAM increases from 1:1 
to 1:4, the total number of hydrogen bonds and the total interaction 
energy increase. However, when the ratio of template to NIPAM reaches 
to1:5, the 5th NIPAM interacts with NIPAMs which have already bound 
to template, implying that too high monomer-to-template ratio results in 
the redundant monomer units, which might increase the non-specific 
adsorption sites after polymerization. We therefore set the optimal 7- 
EOC/NIPAM ratio to be 1:4. In addition, as the ratio of template to 4- 
VP increases from 1:1 to1: 5, each 4-VP monomer tends to interact 
with template but the total interaction energy was weak. 

Average interaction energy referring to the average energy contrib
uted by each monomer at the optimal ratio of template and monomer, 
was introduced to reflect the specificity of MIPs. Fig. S3 is comparison 
for the average interaction energies for observed monomers. Clearly, the 
highest interaction energy (12.85 kJ mol− 1) is achieved between 7-EOC 
and NIPAM. Consequently, we selected NIPAM as the functional 
monomer and a 1:4 template/monomer ratio to fabricate MIPs for 
construction of favorable recognition cavities with selective enrichment 
capacity. 

To further confirm the feasibility of 7-EOC as dummy template for 
AFB1 imprinting, the interaction between the selected functional 
monomers and AFB1, the interaction between the selected functional 
monomers and 7-EOC, were studied respectively. CDOCKER module in 
DS software was used for the finding of optimal conformation of tem
plate/monomer interaction and the interaction energies are shown in 
Table 1. When the ratio of template to monomer was selected as 1:4, 
interaction energies of 7-EOC with functional monomers of MAA, AM 
and NIPAM were found to be − 30.19, − 46.72 and − 51.41 kcal/mol, 
respectively, while interaction energies of AFB1 with function mono
mers of MAA, AM and NIPAM are –33.56, − 48.77 and − 52.09 kcal/mol, 
respectively, suggesting that all monomers have similar capability to 
bind AFB1 compared with 7-EOC as dummy template (Fig. S4). 

3.2. Synthesis of DMIPs 

To validate the simulation results, DMIPs were synthesized by using 
7-EOC as the dummy template as well as NIPAM, MAA, and 4-VP as 

monomers with different monomer/template ratios. To ensure unifor
mity during imprinting, 7-EOC was dissolved in chloroform, which acted 
as both a solvent and a porogen. The adsorption capacity of DMIPs and 
NIPs for 7-EOC together with the imprinting factor (IF) are tabulated in 
Table 2A. As expected, NIPAM-DMIPs exhibits higher adsorption ca
pacity than (4-VP)-DMIPs and MAA-DMIPs due to the greater binding 
energy between NIPAM and 7-EOC. In case of 7-EOC to NIPAM ratio at 
1:4, NIPAM exhibits the highest selectivity with IF of 2.32. For 4-VP, the 
adsorption capacity of (4-VP)-DMIPs is strong but the selectivity is un
favorable. In addition, NIPAM5-DMIPs have better adsorption capacity 
than NIPAM4-DMIPs but a smaller IF, which is consistent with the 
simulation results. As shown in Table 2B, similarly, when AFB1 to 
NIPAM ratio set at 1:4, NIPAM exhibits the highest selectivity with IF of 
2.19. Consequently, the NIPAM4-DMIPs are used to prepare the DMIPs- 
SPE column in next study. 

3.3. Characterization of NIPAM4-DMIPs 

FTIR spectra of DMIPs, NIPs, cross-linker EGDMA and NIPAM were 
acquired. In Fig. S5, for NIPAM, FTIR bands at 1245 and 1533 cm− 1 are 
assigned to the N–H bending of amide III and amide II bands. The FTIR 
peaks at 1624 and 1641 cm− 1 are attributed to the stretching of the C––C 
and the asymmetric stretching of C––O in the amide I band, respectively. 
FTIR bands at 3290 and 3445 cm− 1 are attributed to the N–H stretch
ing. Notably, similar adsorption bands appear in the spectra of DMIPs 
and NIPs and the FTIR peak at 1624 cm− 1 from C––C of NIPAM disap
pear after polymerization into DMIPs, while a novel peak at 1725 cm− 1 

due to stretching of C–O in EDGMA occurs. Clearly, EGDMA and 
NIPAM participate in the fabrication of DMIPs. Additionally FTIR signals 
of the NIPs are similar to those of the DMIPs [44,45]. 

For the preparation of DMIPs, the ratio of dummy template, mono
mer and cross-linker is 1:4:10, and the cross-linking usage has little ef
fect on the pattern of monomer/template. Taking NIPAM4-(7-EOC) 
system as an example (Fig. S6), computer simulation shows that EGDMA 
can effectively interact with the NIPAM4-(7-EOC) pre-assembled struc
ture via the hydrogen bonds and hardly break the structure. The cross- 
linker EGDMA distributed in the pre-assembled system presents the 
average interaction energy of − 4.81 kcal mol− 1, which is much smaller 
than the average interaction between NIPAM and 7-EOC (− 12.85 kcal 
mol− 1). Therefore, it is also worth stressing that crosslinker should be 
added after sufficient interaction between monomer and template 
molecules for 2 h. 

SEM was used to characterize polymer morphology. In Fig. S7, 
compared to NIPs, DMIPs has uniform porous structures. Nitrogen 

Table 1 
The interaction energies of the selected monomers with 7-EOC and with AFB1 in 
the ratio of 4:1.  

Monomer Interaction energy (− kcal/mol) 

7-EOC AFB1 

AA  26.67  36.79 
MAA  30.19  33.56 
AM  46.72  48.77 
NIPAM  51.41  52.09 
2-VP  31.41  45.35 
4-VP  37.56  46.21  

Table 2 
Adsorption capacity of DMIPs and NIPs towards 7-EOC (A) and AFB1 (B) syn
thesized from three monomers to templates with different ratios.  

A 

Monomer Ratio of 7-EOC to functional 
monomer 

QMIPs (μg 
g− 1) 

QNIPs (μg 
g− 1) 

IF 

MAA 1:4 243 163  1.49 
1:5 278 223  1.24 

NIPAM 1:4 430 185  2.32 
1:5 483 265  1.82 

4-VP 1:4 345 188  1.83 
1:5 436 228  1.91  

B 

Monomer Ratio of AFB1 to functional 
monomer 

QMIPs (μg 
g− 1) 

QNIPs (μg 
g− 1) 

IF 

MAA 1:4 432 276  1.56 
1:5 478 292  1.63 

NIPAM 1:4 678 309  2.19 
1:5 692 368  1.88 

4-VP 1:4 486 285  1.35 
1:5 518 292  1.43  
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adsorption desorption experiment was conducted to investigate the 
porosity of DMIPs and NIPs. Fig. S8 confirms that DMIPs has mesopores 
and greater porosity than NIPs [46,47], which could provide more 
imprinting sites and larger surface area for better specific adsorption of 
template molecules. 

3.4. Adsorption properties of DMIPs and NIPs 

Molecular recognition of MIPs can be illuminated by adsorption 
amount. Static adsorption isotherm of DMIPs (Fig. S9A) indicates it is 
mainly specific binding. DMIPs shows higher 7-EOC adsorption amount 
compared with NIPs. The kinetics adsorption curves are shown in 
Fig. S9B. With the increasing of adsorption time, the adsorption amount 
of MIPs increases rapidly and then achieves equilibrium within 20 min. 
DMIPs exhibit a greater adsorption capacity than NIPs, which corrobo
rate specific recognition sites formed on the surface of DMIPs. In addi
tion, the binding capacity of DMIPs toward 7-EOC was further 
determined by building Scatchard, Langmuir, and Freundlich modules 
(Fig. S10) [48]. The resulting parameters and equations for rebinding of 
7-EOC onto the DMIPs are listed in Table S3. In Scatchard isotherm 
model (Fig. S10A), a straight line is obtained when 7-EOC binds on 
DMIPs, indicating one class of binding sites in DMIPs. The equilibrium 
dissociation constant Kd and the maximum saturated adsorption ca
pacity Qmax are of 25.64 μg mL− 1 and 1.6 mg g− 1, respectively. 

The Langmuir isotherm model (Fig. S10B) is considered to have 
greater potential for describing the adsorption process, with the fitting 
correlation coefficient of 0.9924. The correlation parameters KL of 
DMIPs also indicates an excellent imprinting effect due to the abundance 
binding sites on the MIPs. Meanwhile, the n value (adsorption intensity 
index) calculated from the Freundlich model (Fig. S10C) is 1.33 to 
DMIPs, suggesting that the 7-EOC could be easily captured by DMIPs. 

Furthermore, the pseudo-first-order model and pseudo-second-order 
model were built to evaluate the adsorption mechanism of 7-EOC on 
DMIPs [49]. The kinetic models and corresponding parameters are 
provided in Fig. S11 and Table S4. The results suggest that the second- 
order kinetic equation with a high correlation coefficient of 0.98 could 
be better fit for the adsorption of 7-EOC on DMIP, indicating adsorption 
kinetics are mainly controlled by chemistry effect rather than by the 
material transport step. 

The selective adsorption of the DMIPs and NIPs to AFB1 were also 
evaluated by choosing AAI, PAT and B[a]P as competitors. Under the 
same experimental conditions, in Fig. 3A, DMIPs show preferential 
adsorption to AFB1. The adsorption capacity of DMIPs to AFB1 is much 
more than that of its competitors. On the contrary, NIPs bearing no 

specific recognition sites have poor adsorption selectivity. Moreover, IF 
of MIP to AFB1 is higher than the other competitive molecules. 

The reusability of DMIPs was evaluated through repeating adsorp
tion and desorption experiments. The desorption procedure was con
ducted in a Soxhlet apparatus to remove the adsorbed AFB1. In Fig. 3B, 
the recovery remains 90.3 % of the initial value at the 5th adsorp
tion–desorption cycles, demonstrating excellent reusable owing to no 
adsorption capacities lost for AFB1. The simple, rapid, reliable, and 
reusable DMIPs have practically feasible for highly selective and sensi
tive analysis of AFB1 in complicated system. 

3.5. Performance of DMISPE 

Peanut extract still contains other components that interfere with 
detection of AFB1. Hence, the DMISPE procedure was performed to 
purify and enrich AFB1. To evaluate the extraction efficiency, the re
covery of AFB1 from peanut extract and DMISPE/NISPE (non-imprinted 
solid-phase extraction) were confirmed by using HPLC method. In 
Table S5, a satisfied recovery of AFB1 by using DMISPE is more than 88 
% while approximately half loss of the AFB1 if peanut extract is treated 
with NISPE. Besides, high AFB1 concentration in peanut extract results 
in decrease of recoveries even if DMISPE processes, attributed to the 
saturation adsorptions. 

3.6. SERS determination of AFB1 in peanut 

The self-assembly and transfer process for preparing TA-AgNPs MF is 
illustrated in Fig. S12. In detail, the stability of negatively charged cit
rate wrapped AgNPs is reduced by adding acetone [50]. A hexane so
lution containing TA is added under vigorous shaking to facilitate the 
replacement of citrate on the surface of AgNPs via thiolate interaction. 
The grayish green colloidal solution turns colorless after AgNPs accu
mulate to the hexane/water interface to form close-packed array 
(Fig. S13). TA on the surface of AgNPs provides hydrogen bond inter
action to enrich AFB1. As a result, DMISPE-SERS sensor exhibits sensi
tive and selective determination of AFB1. 

We investigated the interactions of AFB1 with TA and DDT by 
simulation, respectively and for the convenience of theoretical calcula
tion, S atom was replaced with C atom. In Fig. S14, two hydrogen 
bonding interactions (− 12.75 kcal mol− 1) between carboxyl group of TA 
and carbonyl groups of AFB1 is greater than hydrophobic interaction 
(− 8.86 kcal mol− 1) between DDT and AFB1. Modification of TA on the 
AuNPs array effectively trapped the AFB1 molecule to allow enhance
ment of Raman scattering. 

Fig. 3. The selectivity of DMIPs and NIPs towards AFB1 and its competitors (AFB1, AAI, PAT and B[a]P of 10 mg/L respectively in methanol/H2O solution) (A). 
Recycling experiments of MIP over five cycles of adsorption–desorption in methanol/H2O solution of AFB1 solution (B). 
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To obtain the optimal SERS signal, TA modification amount was 
observed by probe molecule R6G. In Fig. S15A and B, when TA usage is 
100 μL, the best SERS signal of R6G is achieved. In Fig. S15C, SEM image 
recorded on AuNPs array modified with TA by using 100 μL shows an 
even and closely packed state. If further increasing TA volume to 500 μL, 
the disorder assembly could be visible in Fig. S15D. 

As shown in Fig. S16A, low background Raman signal of TA-AgNPs 
MF [51] could be negligible in detection application. In Fig. S16B, 
characteristic peaks of R6G as low as 10− 9 mol/L can still be clearly 
observed (S/N > 3), indicating TA-AgNPs MF-based SERS method has 
high detection sensitivity. The repeatability and stability of TA-AgNPs 
MF -SERS method was also carefully examined. In Fig. S17A and B, 
SERS spectra of R6G collected from 15 different points on one substrate 
proves good signal uniformity. Relative standard derivation (RSD) of 
SERS signals acquired on 6 different preparation batches of TA-AgNPs 
MF is 8.21 %, showing acceptable reproducibility (Fig. S17C and D). 
The storage stabilities of TA-AgNPs MF in different environments were 
also investigated. In Fig. S18, after storage in air for 1 month, the SERS 
intensity keeps 75.6 %. On the contrary, SERS intensity could remain 93 
% in ethanol for 63 days. 

SERS determination of AFB1 were performed on TA and DDT 
modified AgNPs MF. As shown in Fig. S19, DDT-AgNPs MF show high 
background interference and are not suitable for AFB1 detection. As a 
comparison, after TA-AgNPs MF substrate is incubated with 1 mg/L of 
AFB1 solution, stronger AFB1 signal could be reached while only weak 
SERS signal of AFB1 presents on DDT-AgNPs MF. 

In Fig. S20, DMISPE-SERS showed the better SERS performance 
because DMIPs solid-phase could effectively extract AFB1 from pre
treated solution. Characteristic peaks of AFB1 at 630, 684, 830, 1246, 
1270, 1302, 1442, 1486, 1552, and 1592 cm− 1 could be clearly visible 
and the assignment to Raman shifts [52,53] is summarized in Tables S6. 

DMISPE-SERS spectra for AFB1 spiked in peanut with different 
concentrations were recorded and smoothing and automatic baseline 
correction were preprocessed. The concentration-dependent average 
SERS spectra are displayed in Fig. 4A. The distinctive SERS peak at 684 
cm− 1 due to C–H in-plane bending was chosen to plot the dynamic 
relationship between SERS intensities and AFB1 concentrations. A good 
linear relationship is found (R2 = 0.968) ranging from 0.1 to 10 μg/L. 
Limit of detection (LOD) for AFB1 is 0.1 μg/L by using DMISPE-SERS 
assay (Fig. 4B), which meets the requirements of European Union 
standards (2 μg/L). Clearly, DMISPE-SERS protocol should be an effec
tive means to determine trace AFB1 in peanut. 

The comparison with other methods previously reported in literature 
is tabulated in Table S7, including LOD and linear range. Obviously, 

HPLC and QCM methods are better than DMISPE–SERS but they are not 
suitable for the on-site detection. Fluorescence methods suffers from 
background fluorescence and quenching effects. SERS technology 
combined with aptamer or antibody could detect low level of targeted 
analytes. However, strict pH and salt/buffer concentration are required, 
which might trigger the aggregation of SERS substrate and deteriorate 
the final SERS signal, the quality of antibodies between different batches 
is also a concern. Therefore, DISPE-SERS approach exhibits a promising 
merit in detection of AFB1 in real sample. 

3.7. Detection of AFB1 in moldy samples 

As peanuts are susceptible to contamination by mycotoxins such as 
DON, OTA and AFG1 with the similar structures (Table S8) to AFB1, 
which might interfere with the detection of AFB1. The Raman spectra of 
DON, OTA, AFG1 and AFB1 are shown in Fig. S21. DON and OTA have 
SERS peaks in the range of 2800–3200 cm− 1, while AFG1 has strong 
characteristic peaks at 570, 600, 658 and 710 cm− 1. AFB1 has strong 
Raman peak at 678 cm− 1, which is free from interferences of DON, OTA, 
AFG1. 

Moldy peanuts were pretreated as described in experimental Section 
2.6 followed by the selective adsorption of AFB1 by using DMISPE. The 
DMISPE extract was directly detected on TA-Ag NPs MF. In Fig. S22, 
SERS bands AFB1 at 684, 1552, and 1592 cm− 1 are clearly visible. 
What’s more, AFB1 was spiked fresh peanuts and detected by DMISPE- 
SERS assay in blind way. The moldy peanut extract was injected in HPLC 
with acetonitrile-methanol–water (1:1:2) as mobile phase, flow rate 1.0 
mL/min, excitation wavelength at 360 nm; emission wave length of 450 
nm, column temperature 30 ◦C to detect the AFB1. In Table S9, the SERS 
detection recoveries are ranging from 93 % to 102 % which are similar 
results from 97.8 % to 102 % obtained by HPLC method. DMISPE-SERS 
sensor has the advantages of easy sample pretreatment and on-site 
determination. 

4. Conclusions 

DMISPE-SERS sensor was developed for rapid, selective, and sensi
tive determination of AFB1 in peanut. Molecular simulation was per
formed to screen the best monomer, monomer/template ratio, and cross- 
linking agent for preparation optimal DMISPE, which having good 
adsorption selectivity toward AFB1. After DMISPE treatment, the 
adsorption recovery of AFB1 was greater than 88 %. In addition, after 5 
adsorption–desorption cycles, the adsorption capacity of DMISPE could 
keep 90.3 % of the initial value. TA-AgNPs MF was prepared as SERS 

Fig. 4. (A) Representative DMISPE–SERS spectra of peanut samples spiked with different concentrations of AFB1 (a–g:10− 3–10− 7 g/L); (B)the linear relationships 
between SERS intensity at 684 cm− 1 from 0.1 to 10 μg/L. 
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substrate and SERS detectable concentration of R6G was as low as 10− 9 

mol/L with RSD of 5.96 %. After 63 days of storage in ethanol, the SERS 
signal remained 93 %, showing the reasonable stability. DMISPE-SERS 
assay was utilized to detect AFB1. A concentration linear relationship 
in the range of 0.1–10 μg L− 1 with LOD of 0.1 μg L− 1 could be achieved. 
The recoveries of SERS detection of AFB1 in peanut samples ranging 
from 93 % to 102 % exhibited great potential in the screening/quanti
fication of biotoxins. 
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