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Abstract

Molecularly imprinted polymers (MIPs) represent a new class of materials possessing high selec-
tivity and affinity for the target molecule. They have been utilized as sensors, catalysts, sorbents
for solid-phase extraction, stationary phase for liquid chromatography, mimics of enzymes, recep-
tors, and antibodies. In this research, molecular imprinted polymers (MIPs) for luteolin were pre-
pared using acrylamide, 4-vinylpyridine and 1-allyl-piperazine as functional monomers and ethy-
lene glycol dimethacrylate as cross-linker by non-covalent imprinting method. UV-visible spectra
were used to evaluate the interaction strength between the template and the monomers. The com-
posites of the polymers were calculated from elementary analysis. The porous properties of the
imprinted polymers have been determined from nitrogen adsorption-desorption isotherms. The
imprinting efficiency of the prepared MIPs was evaluated by selective adsorption for luteolin and
its structural analogues. Although the interaction strength of monomers to the template was in the
order 1-ALPP > 4-VP > AA, the binding affinity of the imprinted polymers towards luteolin was in
the order MIP 2 > MIP 3 > MIP 1. Our results demonstrated that the imprinting efficiency was de-
pending not only on the interaction strength between the template and the monomer, but also on
the fidelity in transferring the complex into the polymer.

Keywords

Molecular Imprinting, Luteolin, Polymerization, Efficiency

1. Introduction

Molecular imprinting has been widely used for the development of tailor-made receptor binding sites in a three-
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dimensional, cross-linked polymer matrix. Molecularly imprinted polymers (MIPs) are thus generated with li-
gand-specific recognition properties analogous to biological systems, and have gained considerable attention in
applications, such as solid-phase extraction [1] [2], chiral compounds isolation [3]-[5], sensors [6], catalysis [7]-
[10] and synthetic auxiliary [11] [12].

In the case of molecularly imprinted polymers prepared using non-covalent interactions, a key step in the po-
lymer synthesis is the formation of the complex between the template and functional monomer(s). It is com-
monly accepted that the stronger the interactions between the template and monomers are, the more stable of the
host-guest complex prior to polymerization is [13], and consequently the better imprinting efficiency of the re-
sulted polymers is. Many theoretical [14] and experimental studies [15]-[17] focused on the formation and sta-
bility of pre-polymerization complexes. However, the fidelity of MIPs could be affected by many factors, such
as the relative reactivity of the functional monomers and cross-linkers, the solvents, reaction conditions, etc., in
the polymerization step. Binding experiments can be used to evaluate the polymer performance, providing in-
formation about the polymer capacity, selectivity, affinity, etc. Texture properties of imprinted polymers may re-
flect the physical and chemical events in the polymerization process. There are little reports emphasized on the
later. In order to understand the influence of physical and chemical events during polymerization process on the
performance of MIPs, both texture structure study and binding experiments evaluations are necessary.

Luteolin, 3’,4°,5,7-tetrahydroxyflavone, is a common flavonoid that exists along with other structural analo-
gue flavonoids, such as rutin, genestine, etc., in many types of plants including fruits [18], vegetables [19], and
medicinal herbs [20]. Plants rich in luteolin have been used in Chinese traditional medicine for treating vari-
ous diseases such as hypertension, inflammatory disorders, and cancer. Having multiple biological effects such
as anti-inflammation, anti-allergy and anticancer, luteolin functions as either an antioxidant or a pro-oxidant bi-
ochemically. However, due to the occurrence of luteolin in natural resources in low concentrations, and because
of the structural similarity of the co-existing flavonoids, new selective materials employing molecular recogni-
tion mechanisms may enable selective isolation from complex samples.

This paper addresses the importance of understanding the factors influencing the imprinting efficiency in the
polymerization step during MIP preparation. Luteolin, a polyphenol flavonoid, is chosen as the template. The
polymers were prepared by using three functional monomers, namely, acrylamide (AA), 4-vinyl pyridine (4-VP)
and 1-allypiperazine (1-ALPP), respectively. THF was as porogen, and ethylene glycol dimethycrylate (EGDMA)
was as cross-linker. The texture properties were investigated by elementary analysis and N, gas adsorption/de-
sorption experiments. The correlation between the texture characteristics and the imprinting efficiency was also
evaluated by binding tests.

2. Experimental

2.1. Materials and Chemicals

Luteolin, Genistein, Rutin, and Pyrene were purchased from Sigma-Aldrich. Acrylamide (AA) and 4-vinyl pyri-
dine (4-VP) were supplied from Shanghai Aladdin Industrial Corporation. 1-allylpiperazine (1-ALPP) and ethy-
lene glycol dimethacrylate (EGDMA) were obtained from Guangdong J&K Scientific Ltd. Analytical-grade
acetonitrile (ACN), tetrahydrofuran (THF) and glacial acetic acid, were purchased from Sichuan Xilong Chemi-
cal Co., Ltd.
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2.2. Instrumentations

The Fourier transform infrared (FTIR) spectra of the prepared polymers were obtained by using a Perkin Elmer
Spectrum One FTIR spectrometer in the spectral range of 4000 - 400 cm ™' at a spectral resolution of 1 cm ™.
UV-Vis spectra [21] were performed using a Perkin Elmer Ultraviolet-visible spectrophotometer. Euro EA3000
was used for elementary analysis. The nitrogen adsorption-desorption isotherms at 77 K were measured using a
HYA2010-B2 instrument supplied by Beijing Zhongke Huiyu corporation of science and technology. Before the
adsorption measurements, samples were degassed at 200°C for a period of 2 h prior to analysis. The data were
evaluated with the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods to calculate the
surface area and pore volume/pore size distribution, respectively.

2.3. Preparation of the Molecularly Imprinted Polymers

Imprinted (MIP) and non-imprinted (NIP) polymers were prepared via bulk polymerization in presence of a po-
rogenic solvent. Briefly, 0.4 mmol template (luteolin) and 2.4 mmol functional monomers (AA, 4-VP and 1-
ALPP) were dissolved separately in 4.0 ml of THF. Then 12.0 mmol EGDMA (cross-linker) and 20 mg 2,2’-
Azobis(2-methylpropionitrile) (AIBN) were added to the prepared solutions. The pre-polymerization solution was
sonicated for 5 min and then deoxygenated under nitrogen for 5 min. The flask was sealed and the polymeriza-
tion was carried out at 60°C for 24 h in a thermostat-control oil bath, until the polymerization was completed.
Then, the bulk polymer obtained was grounded into powder with a mortar. The particles with diameters ranging
from 25 to 45 pm were collected through a 100 sieve. The template molecules were removed with a Soxhlet ap-
paratus using methanol/glacial acetic acid mixture 90/10 (v/v). Then, particles were rinsed with methanol to
eliminate residual acetic acid, dried under vacuum and stored at ambient temperature. The resulting imprinted
polymers from monomers AA, 4-VP and 1-ALPP were assigned as MIP1, MIP2 and MIP3, respectively. Non-
imprinted polymers were prepared via the same procedure but in the absence of template, and assigned as NIP1,
NIP2 and NIP3 correspondingly.

2.4. Spectroscopic Analysis of Interaction between Luteolin and Monomers

The analysis was conducted by adding functional monomer solutions (AM, 4-VP and 1-ALPP) in the range of
2.8 x 1020 22.4 x 102 mM into a constant concentration of luteolin solution (2.8 x 10> mM) in acetonitrile.
After equilibrating for 30 min, the changes of absorbance of these solutions were recorded at 338 nm with cor-
responding functional monomer solutions as the reference.

Calibration curve of luteolin solution

0.4 y =74.273x — 0.0009
0.3 R2=10.9999

Absorbance

0 0.001 0.002 0.003 0.004 0.005
Concentration/mg-ml~!

The stoichiometry of template-functional monomer complex was determined by Job’s plot methods [22]. A
series of acetonitrile solutions containing luteolin and 1-ALPP were prepared such that the sum of the total con-
centration remained constant (0.1 mM). The mole fraction (X) of 1-ALPP was varied from 0.1 to 1.0. The ab-
sorbance of luteolin without addition of 1-ALPP was denoted as Ay, and the absorbance of the solution contain-
ing luteolin and 1-ALPP were denoted as A. The corrected absorbance (A(-A) at 338 nm was plotted against the
molar fraction of the 1-ALPP solution.

2.5. Adsorption and Selectivity Evaluation

The equilibrium adsorption experiments were performed to evaluate the binding capability of MIPs and NIPs
particles. The dried polymer particles (20 mg) were placed in a 10 ml centrifuge tube and mixed with 5.0 ml of
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luteolin standard solutions at different concentrations (0.01, 0.02, 0.04, 0.06, 0.1, 0.2 and 0.4 mM). Then, the
tube was sealed and oscillated by a constant temperature oscillator at room temperature for 12 h. After the bind-
ing process was completed, the mixture was filtrated by 0.45 p micro-filter. The concentration of free luteolin in
the supernatant was determined by measuring the absorbance at 338 nm. The amount of luteolin bound to the
polymers (Q) was calculated by subtracting the amount of free substrate from the initial luteolin concentration.

The binding selectivity evaluation was carried out with different structural analogues of luteolin: genistein,
rutin and pyrene. The dried polymer particles (20 mg) were placed in a 10 ml centrifuge tube and mixed with 5.0
ml of different analogues standard solutions. Then the polymers were treated in the same way as described
above. To make a comparison for imprinting effect, we define the specific adsorption values as IF = QMIP/
QNIP, where QMIP and QNIP are the amounts of bound template on the imprinted and non-imprinted polymers.
The relative adsorption capacity for all materials to each of targets can be judged by bound-to-free (B/F) ratio
value, which was calculated by the following equation: B/F = (Cy — C)/C, where Cy (mmol/L) and C (mmol/L),
are the concentration before and after adsorption, respectively.

3. Results and Discussions
3.1. Preparation of MIPs

The imprinted polymers were prepared by following the process demonstrated in Scheme 1: 1) formation of pre-
polymerization complex of the template (luteolin) and functional monomers (AA, 4-VP or 1-ALPP) through
non-covalent interactions; 2) polymerization of the functional monomers and cross-linker (EGDMA) with an in-
itiator (AIBN); 3) removal of the template by Soxhlet extraction with methanol/glacial acetic acid mixture 90/10
(v/v).

3.2. UV Analysis

Presumably, the strength and structure of the assembled complex between functional monomer(s) and template
determine the subsequent affinity and selectivity of the polymers. Thus, it is important to search for monomers
that interact strongly with the template and form stable host-guest complexes prior to the polymerization. In this
study, UV-vis spectroscopic method is used to evaluate the interaction of acrylamide (AA), 4-vinyl pyridine
(4-VP) and 1-allypiperazine (1-ALPP) monomers at different molar concentrations with luteolin, as illustrated in
Figure 1.

As clearly seen from Figure 1, by increasing the concentration of 1-ALPP, the maximum absorbance at 345
nm (due to m-m transition of luteolin) decrease drastically. In case of 4-VPmonomer, less changes in maximum
absorbance at 345 was observed. On the other hand, undetectable changes was noticed in case of AA monomer,
indicating that the interaction strength between luteolin and the investigated monomers can be arranged in the
following order: 1-ALPP > 4-VP > AA.

Job’s plot analysis (Figure 2) of the complexation demonstrated a 1:1 complex between the functional mo-
nomer (1-ALPP) and the template (luteolin). The structure of the complex is assumed as in Figure 3.

3.3. IR Analysis

We take the IR spectra of three polymermaterials prepared with 1-ALPP as functional monomer before template
removal (MIP3-as), after template removal (MIP3) and non-imprinted polymer (NIP3), as an example, to eluci-
date the imprinting process (Figure 4). The common broadpeak at 3449 cm™ in all three spectra is attributed to
the stretching vibration of the N-H groups. The bands at 2950 cm ™" are assigned to the C-H stretching vibrations.
Comparison of MIP3-as with MIP3 and NIP3, the bands raised at 1630 is due to C=C stretching vibrations of
the luteolin aromatic ring. The band at 1461 cm ™' of the FTIR spectrum of MIP3-as is assigned to N-H in plane
bending vibrations of the functional monomer. The increasing intensity around 1461 cm™' and slightly shifted to
higher wavenumber for MIP3-as is probably due to the formation of -NH*" moiety between amino group and
phenoxyl group of luteolin [23]. The peak at 1162 cm ' is C-N stretching vibrations. In addition, the spectrum
shows the presence of aromatic groups at 961 and 755 cm'. The above results indicate that the template mole-
cules are included in MIP3-as and functional monomers containing amino groups were successfully incorpo-
rated in all three polymers. In addition, the FTIR patterns of MIP3 are similar with those of non-imprinted ma-
terial (NIP3), indicating the complete removal of luteolin from MIP3-as.
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Scheme 1. Schematic representation for the process of MIPs preparation and rebinding.
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Figure 1. UV-Vis spectra of Luteolin in the presence of different concentrations of monomers in acetonitrile: (a) AM; (b)

4-VP; (c) 1-ALPP. Concentration of Luteolin: 2.8 x 1072 mM; Concentration of monomers for lines 1 - 6: 0, 2.8 x 1072, 5.6
x 1072, 11.2 x 1072, 16.8 x 10™', and 22.4 x 10”" mM, respectively.
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Figure 2. Job’s plot of the complexation between 1-ALPP and luteolin.
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Figure 4. IR spectra of the luteolin MIPs and corresponding NIPs.

3.4. Elementary Analysis

As a complementary technique, elementary analysis for nitrogen contents was performed to identify the incor-
poration of functional monomers into the imprinted polymer. The results are summarized in Table 1.

Data in Table 1, column 3 and 4 represent the molar ratio of functional monomer/cross linker added and ob-
tained by elementary analysis, respectively, which indicate that MIP 1 and NIP 1, and MIP 2 and NIP 2 contain
almost the same amount of functional monomers AM and 4-VP, respectively. On the other hand, nitrogen con-
tent of NIP 3 is lower than that of MIP 3. The addition of template in MIP 3 increased the nitrogen content as
compared to its corresponding non-imprinted materials. It is worth to mention that 1-ALPP contains two nitro-
gen atoms in each 1-ALPP molecule rather than one as in AM and 4-VP. Thus, MIP 3 contains only 50% of func-
tional monomer corresponding to MIP 1 and MIP 2. Allyl monomers are known to retard polymerization [24].
They produce dead polymer chains due to N radicals via hydrogen abstraction which are less reactive than propa-
gating radicals. The addition of luteolin leads to the protonation of the nitrogen on 1-ALPP, preventing the H-
abstraction, and consequently increasing their reactivity, but still less reactive than other propagating radicals.

3.5. N; Adsorption/Desorption Measurements

The porous structures of MIPs are formed due to the template-functional monomer induced cavities and the tex-
ture voids formed by solvents among cross-links. The N, adsorption/desorption isotherm and BJH pore size dis-
tribution graphs are shown in Figure 5.

The prepared polymers all exhibit “type IV isotherm (Figure 5), according to [UPAC classifications, which
are related to mesoporous materials. The fact that all imprinted and non-imprinted polymers gave a peak center
around 4 nm, suggested that this dimension of pores were probably generated during the polymerization due to
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Table 1. Elementary analysis of prepared materials.

Functional Monomer/Cross Linker

Sample Code Nitrogen Content (%)
Used Integrated
MIP 1 1.76 1:5 0.97:5
NIP 1 1.76 1:5 0.97:5
MIP 2 2.06 1:5 1.03:5
NIP 2 1.84 1:5 1.02:5
MIP 3 2.00 1:5 0.65:5
NIP 3 1.38 1:5 0.51:5
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Figure 5. Nitrogen adsorption/desorption isotherm and pore size distribution.

the presence of porogens (solvents). For MIP1, very weak interactions between functional monomers and tem-
plate do not appreciably form uniform new voids during polymerization process, as can be seen from the overlap
of imprinted and non-imprinted on the pore size distribution (Figure 5(a)). On the other hand, for MIP3, very
strong interactions may result in the ionic complex insoluble in the pre-polymerization solution, causing incom-
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plete polymerization between the monomers complexed on the template and cross-linkers. After washing, the un-
reacted monomers along with the templates were removed, left voids with heterogeneous functionality and pore
sizes with broad distribution (Figure 5(c)). The pore size distribution curve shows no maxima; indicating a very
wide distribution of pore size, resulted from the removal of different compositions of monomer-template com-
plexes. Only MIP2, made with 4-VP as functional monomer, formed a distinguish peak around 10 nm, revealed
the formation of new pores by addition of the templates during polymerization (Figure 5(b)).

The porous properties of the imprinted and non-imprinted polymers were summarized in Table 2.

As clearly seen in Table 2, BET surface areas, BJH pore volumes and pore sizes are not changed for MIP 1
and NIP 1. BET surface area of both 4-VP and 1-ALPP prepared polymers (MIP 2 and MIP 3) were decreased
after imprinting. But for MIP 2, both BJH pore volume and pore size were increased after imprinting, for MIP 3,
BJH pore volume was decreased and the pore size increased. The reduced BJH pore volume might be due to the
more condensed aggregates formed after incorporation of luteolin than non-imprinted polymer.

3.6. Binding Capacity and Selectivity

The monomers are the most important factors which influence the binding site affinity in the prepared molecu-
larly imprinted polymer. Thus, it is widely accepted that the presence of specific monomer-template interactions
is the basis for ligand (template) selective recognition sites in the resultant polymer. The template is assumed to
interact by a combination of electrostatic interactions, ©t-m interactions and hydrogen bonds with monomer prior
to polymerization, and after polymerization with the functional groups of the polymer matrix [25]. However, the
extent of template-monomer complexation is influenced after polymerization by the number of monomers at-
tached and the availability of the functional groups on the monomers.

MIP 1 and NIP 1 have lower affinity for luteolin, which are consistent with the situation in solution. However,
Figure 6 shows that MIP 2 adsorbs more luteolin than MIP 3, although MIP 3 had stronger interaction with lute-
olin in solution. This might be attributed to the following reasons: 1) in solution, one 1-ALPP interacts with two
luteolin, (Figure 3), after polymerization, the allyl attached N may not be available for interacting with luteolin,
due to steric hindrance; 2) the amount of monomer in MIP 3 is only half of that in MIP 2. Thus, less imprinted
sites exist in MIP 3 than in MIP 2, as can be seen from elementary analysis, only 60% of monomers were in-
corporated in MIP 3 while almost 100% of added 4-VP were existed in the final MIP 2.

The imprinting effects were further evaluated by selective adsorption for the template and its structural ana-
logues, genistein, rutin and pyrene, as illustrated in Figure 7. Although genistein and luteolin have the same
molecular formulae, and the same amount of functional groups, but with different placement of phenyl substitute
on chromene, the imprinted polymers had slightly higher adsorption for genistein than non-imprinted polymers.
The selective adsorption of the imprinted polymers towards luteolin and genistein were: MIP 2 > MIP 3 > MIP 1.
We interpreted these results as the imprinting effects. Since more pre-polymerization complexes were success-
fully transferred into MIP 2 than in MIP 3, as explained previously by elementary analysis and nitrogen adsorp-
tion/desorption parameters. MIP 2 showed higher selectivity to the imprint molecule (luteolin) than its analogue
(genistein). All the MIPs adsorbed more structural analogues of luteolin than the NIPs, probably due to the more
cavities (bigger pore size, surface area and pore values) existing in the former. In addition, all the MIPs and
NIPs showed very little selective adsorption for rutin and pyrene, because the size of these two molecules is far
beyond the imprinting molecule. All the polymers had slightly higher affinity for rutin than pyrene, though the
size of rutin is bigger than pyrene, because rutin bears hydroxyl groups which were interactive with the func-
tional monomers inside the polymers.

Table 2. Physical properties of MIPs and NIPs characterized by nitrogen desorption porosimetry.

Polymer BET Surface Area (m>g ") BJHpore Volume (cm*g™") Pore Size (nm)
MIP1 451.70 0.401 3.73
NIP1 457.07 0.404 3.50
MIP2 370.48 0.564 6.50
NIP2 418.37 0.474 5.12
MIP3 357.08 0.431 5.32
NIP3 454.23 0.502 435
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Figure 6. Binding isotherm of imprinted and non-imprinted
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4. Conclusion

We have demonstrated that the imprinting efficiency of molecular imprinting polymers depends not only on the
stability of the pre-polymerization complex, but also on the fidelity in transferring the complex into the polymer.
In other words, the polymerization process should not change the complexation between the template and mo-
nomers. Our findings suggest that the solubility of the pre-polymerization complex between the template and mo-
nomers must be taken into account in order to obtain effective imprinting. These results are fundamental in un-
derstanding the mechanism of imprinting and in designing and preparation of MIPs with high selectivity and per-
formance.
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