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Abstract Gallic acid (GA) is important for pharmaceutical
industries as an antioxidant. It also finds use in tanning, ink
dyes and manufacturing of paper. Molecularly imprinted
polymers (MIP), which are tailor made materials, can play
an excellent role in separation of GA from complex matri-
ces. Molecular recognition being the most important prop-
erty of MIP, the present work proposes a methodology based
on density functional theory (DFT) calculations for selection
of suitable functional monomer for a rational design of MIP
with a high binding capacity for GA. A virtual library of 18
functional monomers was created and screened for the tem-
plate GA. The prepolymerization template-monomer com-
plexes were optimized at B3LYP/6-31G(d) model chemistry
and the changes in the Gibbs free energy (AG) due to
complex formation were determined on the optimized struc-
tures. The monomer with the highest Gibbs free energy gain
forms most stable complex with the template resulting in
formation of more selective binding sites in the polymeric
matrix in MIPs. This can lead to high binding capacity of
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MIP for GA. Amongst the 18 monomers, acrylic acid (AA)
and acrylamide (AAm) gave the highest value of AG due to
complex formation with GA. 4-vinyl pyridine (4-Vp) had
intermediate value of AG while, methyl methacrylate
(MMA) gave least value of AG due to complex formation
with GA. Based on this study, the MIPs were synthesized
and rebinding performance was evaluated using Langmuir-
Freundlich model. The imprinting factor for AA and AAm
based MIPs were 5.28 and 4.80 respectively, 4-Vp based
MIP had imprinting factor of 2.59 while MMA based MIP
exhibited an imprinting factor of 1.95. The experimental
results were in good agreement with the computational
predictions. The experimental data validated the DFT based
computational approach.

Keywords Density functional theory - Gallic acid -
Hydrogen bond - Molecularly imprinted polymer - Template-
monomer interactions

Introduction

Molecular imprinting is a procedure used to synthesize
molecularly imprinted polymers (MIP) by the formation of
a polymer network around a template molecule. A pre-
polymerization complex is formed between the template
and functional monomer by non-covalent approach which
can exhibit several possible interactions, such as hydrogen
bonds, hydrophobic interactions, van der Waals forces as
well as electrostatic interactions. These interactions deter-
mine the spatial arrangement of monomers around the tem-
plate. This spatial arrangement is then fixed by polymerization
of monomers in presence of crosslinker. Removal of the
template leaves a chemically and sterically complementary
void (imprint) in the polymer network which is able to rebind
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the template [1]. The high selectivity and stability of MIPs
render them promising alternatives to enzymes, antibodies,
and natural receptors for use in various applications. MIPs
have been developed for a variety of applications including
chromatography [2—4], solid-phase extraction (SPE) [5], en-
zyme catalysis [6] drug delivery matrices [7] and biomimetic
sensors [8]. Molecular imprinting is an attractive method for
extraction of wide range of chemical compounds and can
serve a useful technique for extraction of antioxidants [9].
MIPs are robust, inexpensive and in many cases possess
affinity and specificity that are suitable for industrial
applications.

Although MIP synthesis is easy and inexpensive, the
selection of the best precursors for polymer preparation is
not trivial in practice. Generally, selection of the best pre-
cursors is based on the trial and error approach, which is a
tedious and reagent consuming task. Some monomer selec-
tion strategies, such as mathematical formalism like Chemo-
metrics [10] and experimental protocols like combinatorial
methods [11] are reported in order to modify the tedious
imprinting protocol. However, these methods suffer from
one or other drawbacks. The technical difficulty of
performing detailed thermodynamic calculations on a
multi-component system like MIP makes Chemometrics
approach difficult to implement. In the combinatorial
screening approach, the amount of resources and time re-
quired is more. For example, to check a simple two-
component combination of 100 monomers one has to syn-
thesize and test more than 5000 polymers which is a very
difficult task. This task will be further complicated by the
possibility that these monomers could be used in monomer
mixtures in different ratios [12, 13].

Over the years, the approach is focused on computa-
tional modeling [14]. The computational modeling for
design of MIP is based on the prophetic statement of
Nicholls et al. [15], i.e., the basis for the molecular
memory of MIPs lies in the formation of template—
functional monomer adducts in the pre-polymerization
reaction mixture. The quantity and quality of molecu-
larly imprinted polymer recognition sites is a direct
function of the extent of the template-monomer interac-
tions present in the prepolymerization mixture. This
prepolymerization complex is transformed into active
binding or recognition sites after polymerization and
template extraction. More stable the pre-polymerization
complex is, more selective the MIP. Hence, the choice
of functional monomers capable of forming stable com-
plexes with template is important.

Computational modeling considerably reduces the te-
dious task of finding the best recipes for MIPs. A number
of studies are reported describing the application of compu-
tational methods for the design of molecularly imprinted
polymers, which includes application of ab initio and
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semi-empirical methods to the design of MIPs [16]. Dong
et al. [17] employed computational approach to screen
monomers using the binding energy (AE) of the template
theophylline and monomers as a measure of their interac-
tion. Dineiro et al. [18] used the similar approach to select
the best functional monomer and porogenic solvent for the
template homovanillic acid for the creation of a sensor.

In the present study, the authors have reported the use of
computational modeling for selection of optimal functional
monomer for synthesis of Gallic acid (GA) based MIP. GA
is an important antioxidant of polyphenol family. GA pos-
sesses scavenging activities against several radicals and
protects cells from damage induced by UV-B or ionizing
irradiation [19]. It is extensively used in tanning, ink dyes,
as well as in the manufacturing of paper and also as an
important substrate for the synthesis of propyl gallate in
the food industry and the drug trimethoprim in the pharma-
ceutical industry [20]. GA is generally extracted from the
natural matrix by conventional chromatographic methods
which consume a large quantity of solvents [21]. Thus,
development of a simple extraction procedure for GA is
important. Use of MIP may serve as a promising technique
to extract GA from complex matrices [22]. MIPs synthe-
sized using 4-vinyl pyridine as monomer and its use for
extraction of GA from herbs is reported [23]. However, the
selection of monomer was based on the experimental pro-
tocol which involves a considerable amount of chemicals as
well as tedious work involved in finding the best recipe for
MIP.

In the past few years, Density Functional Theory
(DFT) has emerged as a cost effective computational
method in which, the effects of electron correlation is
included. It is commonly applied to MIP studies due to
the advantages such as high accuracy level of informa-
tion, reliability, and reasonable computational costs in
comparison with other computational methods [24]. The
DFT method is also an established tool to study inter-
actions such as hydrogen bonds [25].

The molecular modeling and simulation methods were
used by Madhan et al. [26] to study the interaction between
GA and collagen with the aim to study the stability of
collagen brought about by the GA molecule in the process
of tanning. Authors reported use of molecular mechanics
and molecular dynamics to analyze interaction of GA with
the collagen and binding of GA with peptide models in order
to understand the effect of hydrogen bonding and non-
covalent interactions. In continuation to this study, interac-
tion energy of various dipeptides with GA was calculated
using DFT and various modes of intermolecular complexa-
tion were explored [27].

In the present work, the functional monomer capable of
forming most stable complex with the template GA is
screened from a virtual library of 18 functional monomers
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in order to synthesize the MIP which can selectively
rebind the GA from the complex matrix. The template-
monomer complexes were simulated and the change in
the Gibbs free energy (AG) of the complex formation
between the template and the functional monomers was
computed for selection of an optimal functional mono-
mer. To check the validity of the theoretical predictions,
the MIPs were prepared with the functional monomers
showing highest, average and least AG with GA. The
rebinding capacity of MIPs was determined experimen-
tally and their performance was compared with the
theoretical binding score. To the best of our knowledge,
this is the first report on the computational study of
MIPs for GA with its experimental validation.

Materials and methods
Computational methods
Hardware and software

All computer simulations were undertaken on a workstation
with an Intel Pentium 4, 3.20 GHz CPU, 4 GB RAM, and
260 GB hard disk running on the Linux operating system.
The software employed in this work was Gaussian 03 [28]
(Gaussian Inc., Wallingford, CT). Chem 3D Ultra 8.0.3
(Cambridgsoft Corporation, USA) provided graphical user
interface for Gaussian.

Geometry optimization and energy computations

The designing of MIP includes several steps, mentioned as
follows.

Building of models The first step was building of molecular
models using Chem 3D Ultra software. The virtual library of
functional monomers consisting of acidic, basic and neutral
monomers is presented in Table 1.

The 3-D structures were drawn and cartesian coordinates
of stable conformers were generated to prepare input file for
running the Gaussian simulations.

Geometric optimization The B3LYP (Becke-Style 3-
Parameter density functional theory using the Lee-Yang-
Parr correlation function) with 6-31G(d) basis set was used
for geometry optimizations to obtain structures with mini-
mum energy.

Frequency calculations The harmonic vibrational frequen-
cies confirmed the structures as minima with no imaginary
frequencies and enabled the calculation of Gibbs free
energies.

Calculation for change in the Gibbs free energy (AG)
during the complex formation - The Gibbs free energy gains
of the complexes were calculated using Eq. 1

[Gtemplate + Gmonomer} (1)

AG = Gtemplatefmonomer complex —

where AG is the change in Gibbs free energy on the forma-
tion of template-monomer compleX, Giempiate—monomer complex
is the Gibbs free energy of template-monomer complex,
Giemplate 18 the Gibbs free energy of template and Guonomer
is the Gibbs free energy of monomer molecules.

Chemicals

GA, acrylic acid (AA), 4-vinyl pyridine (4-Vp) and
methyl methacrylate (MMA) were purchased from
Sigma-Aldrich (Buchs, Switzerland). Ethylene glycol
dimethacrylate (EGDMA), acrylamide (AAm) were pur-
chased from Merck (Darmstadt, Germany), and 2,2-azoi-
sobutyronitrile (AIBN) from National Chemicals (India).
AIBN was recrystallized using methanol before use. All
the solvents were reagent grade or HPLC-grade and
purchased from Merck (India) and used without further
purification.

Preparation of imprinted and non-imprinted polymers

The template GA, 0.17 g (1 mmol) and functional
monomer AA, 0.28 g (4 mmol) were added into
10 mL acetonitrile in a round bottom flask, followed
by 7.92 g of cross-linker EGDMA (40 mmol) and
initiator AIBN (50 mg). This prepolymerization solution
was sonicated for 15 minutes till all the precursors
dissolved in the porogen. The mixture was cooled in ice and
subsequently purged with nitrogen for five minutes to remove
oxygen and other polymerization inhibitors. The flask was
sealed and polymerization was performed via thermal initia-
tion in a water bath maintained at 60 °C for 12 hours to
obtain MIPy4.

Similar procedure was followed using 0.28 g of AAm
(4 mmol), 0.42 g of 4-Vp (4 mmol) and 0.33 g of MMA
(4 mmol), as the functional monomers to obtain MIPa A,
MIP4.v, and MIPypa respectively. The resultant rigid
bulk products were washed with water to remove the
unreacted precursors, dried, crushed and ground into pow-
der with mortar and pestle and passed through sieves
(ASTM No. 200 and 240) to obtain particle size fractions
between 63 and 75 u. Retained particles (>75 p) were
reground and passed through the sieve again. The remain-
ing fine particles were removed by sedimentation in ace-
tone. Non-imprinted polymers (NIPsa, NIPAam NIP4 vy,
and NIPypa) were prepared following the same proce-
dure as for the imprinted polymers but, without addition
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Table 1 Virtual library of monomers created for screening with GA for preparation of MIPs

of the print molecule (GA). NIPs were washed with water
to remove the unreacted precursors followed by grinding
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until no desorption of the template was observed in the eluent.
After complete template removal, MIPs were washed with

and sieving.

The MIPs were washed with methanol:acetic acid (80:20 v/
v) to extract GA from its polymeric matrix in a Soxhlet
extractor. The procedure was repeated for subsequent cycles
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solution of 0.1 mmolL " Na,COj followed by water to remove
the residual acetic acid. Finally, the polymers were dried
at 55 °C for 6 hours and stored at ambient temperature
for further experiments.
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Table 1 (continued)
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UV-visible spectroscopy analysis

A series of prepolymerization complexes were prepared
using a varying amount of monomers (0.08 mmolL",
0.16 mmolL™", 0.24 mmolL™, 0.32 mmolL") with a
fixed amount of GA (0.08 mmolL™") in acetonitrile
and their UV absorbance spectra were recorded using
corresponding solution of functional-monomer in aceto-
nitrile as blank.

Equilibrium binding experiments for study of sorption
isotherms

The rebinding experiments were carried out in triplicate to
study the binding capacity of MIPs. A series of GA standard
solutions (1-20 mmolL™") were prepared in acetonitrile.
10 mL aliquots of each solution were mixed with 50 mg
of the imprinted and non-imprinted polymers separately, in
100 mL conical flasks. These mixtures were shaken at 25+
5 °C on a water bath shaker for five hours. The solutions
were centrifuged at 4500 rpm for four minutes and the
supernatant was filtered into 10 mL volumetric flask and
analyzed for GA by UV-visible spectrophotometer at
268 nm.

Results and discussion

Selection of optimal functional monomer for synthesis
of MIP for GA

Values of the Gibbs free energy gains of the complexes
(AG) are presented in Table 2.

From the values of Table 2, it was observed that three
monomers namely acrylic acid, methacrylamidoglycolate
and acrylamide formed the most stable complex with GA,
amongst which acrylic acid was found to possess the stron-
gest affinity for GA. The most striking observation is that,
contrary to the usually applied criteria, an acidic functional
monomer, AA, was found to be the best monomer for the
imprinting of an acidic template molecule. The carboxylic
functional group of acidic functional monomers is an excel-
lent hydrogen bond donor acceptor group which can partic-
ipate in the formation of hydrogen bonding interactions with
the template [29]. Due to this property acidic functional
monomers can be used for imprinting of acidic templates

4-vinyl pyridine had medium AG with GA and methyl
methacrylate gave lowest AG with the template.

Template-monomer complex formation

The optimized structure of template GA is presented in
Fig. 1.
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Table 2 Change in the Gibbs free energy (AG) due to the complex
formation between the template and the functional monomers

Template-monomer complex A G (kcalmol™)

Gallic acid —Acrylic acid -21.2
Gallic acid — Methacrylamidoglycolate —20.1
Gallic acid-Acrylamide -19.8
Gallic acid - Acrylamido-(2-methyl)- -11.4
propanesulfonic acid
Gallic acid -Methacrylamide -10.6
Gallic acid -3-anilino-1-propanesulfonic acid -10.1
Gallic acid —Methacrylic acid -9.7
Gallic acid —Hydroxy ethyl methacrylate -9.3
Gallic acid -1-vinyl imidazole -9.1
Gallic acid -Allylamine -8.7
Gallic acid -4(5)vinyl imidazole -8.5
Gallic acid - 4-vinyl pyridine —8.2
Gallic acid — Vinylglycine =74
Gallic acid - 2-vinyl pyridine -6.9
Gallic acid —Vinyl benzoic acid —6.2
Gallic acid -Acrylonitrile -5.4
Gallic acid — Trifluoromethacrylic acid —4.2
Gallic acid —~Methyl methacrylate -34

The optimized structures of template-monomer com-
plexes were analyzed further to determine the nature of
interaction between functional monomer and the GA. The
structures of the template-monomer complexes are pre-
sented in Fig. 2a, b and c.

In all the complexes, the functional group of mono-
mer interacted with GA through its carboxylic group. In
the case of acrylic acid, methacrylamidoglycolate, acryl-
amide, acrylamido-(2-methyl)-propane sulfonic acid and

(-0.44) =0.39)

(0.17) (0.12)

0 (0.04)
¢ 4

o
- 80

(-0.67)

W (0.42)
0.
(0. 43) HO "

Fig. 1 Optimized structure of the template Gallic acid (GA) showing
bond length between the various atoms, values in the bracket repre-
sents the atomic charge on atoms
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Fig. 2 a, b and ¢ Optimized structures of prepolymerization complexes of GA generated at B3LYP/6-31G(d) model chemistry

methacrylamide complexes, two interactions were ob-
served between the functional group of monomer and
the hydrogen bond donor-acceptor —COOH group of
GA.

The bonding distances for GA-acrylic acid complex was
found to be 1.67 A and 1.68 A and it was the shortest
amongst all the complexes. The bond distance for most of
the complexes was found in the range of 1.8 A. It was
observed that as the bond distance increased, the value
AG decreased.

Nature of interaction

Hydrogen bonds can be formed between proton donors such
as N-H, O-H and proton acceptors such as C=0O and are
very important in imprinting [30]. It is well known that the
hydrogen bond formation is related to the elongation of the
proton donating R(X-H) bond due to shifting of proton to
the other electronegative atom. Longer X-H bond leads to
the shifting of proton to the other electronegative atom
which in turn leads to stronger interaction between the two
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GA-methacrylic acid complex
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Fig. 2 (continued)

moieties involved in the hydrogen bonding [31]. Variation
in bond length (AR) of the groups involved in the complex
formation before and after complex formation were studied
and reported in Table 3.

Analysis of complex geometries reveals that the distances
of molecules such as R(O-H), R(C=0) and R(N-H) in-
volved in bonding were elongated to some degree after
formation of bonds between template and monomer as com-
pared to isolated fragments. As shown in Table 3, most of
the interactions had positive AR values. The highest value
of AR (0.05 A) was found in O9H15--019=C22-bond of
GA-acrylic acid complex.

Template-monomer complex mole ratio optimization

The computation time and cost increases with increase in the
number of components in the model. In computational study
of template-monomer interactions, the template-monomer
complexes are simulated in 1:1 ratio in order to reduce
computational cost and time required for simulation when
a larger virtual library of monomers is tested with template.
Further optimization of template-monomer mole ratio is
carried out on the selected functional monomers [32, 33].
Following a similar approach, we studied the interaction
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energies of template GA with 18 different functional mono-
mers. Further, mole ratio optimization of template-monomer
complex was carried out in order to test the influence pro-
duced by the increase in the functional monomer concentra-
tion for the selected template-monomer complexes. The
template-monomer complexes were simulated in the ratio
from 1:1 to 1:6. The AG of template-monomer complexes
with different mole ratio of monomer are presented in
Table 4.

From Table 4 it can be seen that the AG values of
template-monomer complex increased up to a ratio of
1:4 after that it decreased gradually for all the function-
al monomers. GA has four functional groups, one car-
boxylic which is a proton donor-acceptor group for
hydrogen bond formation and three hydroxyl groups
which act as donor sites for hydrogen bond formation.
Consequently, four monomer molecules can participate in
bond formation.

UV-visible spectroscopic analysis
UV-visible spectra of functional monomers, GA and

template-monomer complexes in acetonitrile are presented
in Fig. 3.
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Fig. 2 (continued)

As shown in Fig. 3a, acrylic acid, acrylamide and methyl
methacrylate have peaks at 194 nm, 198 nm and 205 nm
respectively while 4-vinyl pyridine exhibits two absorption
peaks at 197 and 241 respectively.

GA has two absorbance peaks at 214 nm and at 268 nm
respectively (as seen in (1) of Fig. 3b, c, d and e). In the
spectra of GA-AA complexes presented in Fig. 3b, the first
absorbance peak of GA (at 214 nm) was red shifted with
gradual decrease in the intensity. On moving from 1:0 to 1:4
molar ratio of template: monomer (from peak 1 to 5), the red
shift (AX) was about 12.0 nm. The second peak of GA at
268 showed almost no shift in absorbance on addition of
AA but its intensity considerably decreased.

Similarly, for GA-AAm and GA-MMA complexes pre-
sented in Fig. 3c and e, the peak of GA at 214 nm was slightly
red shifted, with AA=3 nm for GA-AAm and AA=4 nm for
GA-MMA respectively. Intensity of second peak of GA at

GA-methyl methacrylate complex

268 nm was decreased with no shift in absorbance wavelength
for both complexes.

For GA-4Vp complex, presented in Fig. 3d intensity of
both the peaks decreased with slight red shift (AA=3). The
red-shift of the absorption band is typical for hydrogen
bonding effect on the JI-JI* absorption band of a molecule
whose chromophore acts as a proton donor. These observa-
tions indicate formation of hydrogen bonds between tem-
plate and monomers [34].

Sorption isotherm and rebinding performance of polymers

To validate the computational modeling experiments, MIPs
were prepared using monomers giving highest AG, i.e,
acrylic acid and acrylamide, monomer with the average
AG, i.e., 4-vinyl pyridine and the monomer with the least
AG, i.e., methyl methacrylate with the template GA.
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Table 3 Variations in the bond lengths of the groups involved in the formation of complex

Template-monomer complex Bond parameters Rinitial (A) Ry (A) AR (A)
(Rm Rinitial)

GA-Acrylic acid complex i) R(09-H15019=C22)

R(O9-H15) 0.97 1.02 0.05

R(019=C22) 1.21 1.24 0.03

ii) R (C7=08"H27-023)

R(023-H27) 0.97 1.00 0.03

R(C7=08) 1.20 1.23 0.03
GA-Methacrylamidoglycolate complex i) (09-H15026=C24)

R(09-H15) 0.97 0.99 0.02

R(026=C24) 1.20 1.22 0.02

ii) R (C7=08"H29-025)

R(H29-025) 0.97 1.01 0.04

R(C7=08) 1.20 1.23 0.03
GA-Acrylamide complex i) (0O9-H15021=C20)

R(0O9-H15) 0.97 1.00 0.03

R(021-C20) 1.22 1.24 0.02

ii) (C7=08""H25-N19)

R(C7=08) 1.20 1.23 0.03

R(N19-H25) 1.00 1.02 0.02
GA- Acrylamido-(2-methyl)-propane sulfonic acid complex i) (09-H15044=C24)

R(09-H15) 0.97 0.99 0.02

R(044=C24) 1.20 1.24 0.04

ii) (C7=08""H40-023)

R(C7=08) 1.20 1.22 0.02

R(H40-023) 0.97 1.0 0.03
GA-Methacrylamide complex i) (09-H15023=C19)

R(0O9-H15) 0.97 0.98 0.01

R(023=C19) 1.22 1.24 0.02

i) (C7=08"H31-N24)

R(08=C7) 1.20 1.21 0.01

R(N24-H31) 1.00 1.01 0.01
GA-3-Anilino-1-propanesulfonic acid (09-H15030=C29)

R(09-H15) 0.97 0.98 0.01

R(030=C29) 1.46 1.47 0.01
GA-Methacrylic acid complex (09-H15023=C19)

R(09-H15) 0.97 0.98 0.01

R(023=C19) 1.21 1.23 0.01
GA-Hydroxy ethylmethacrylate (09-H15+023=C19)

R(09-H15) 0.97 0.98 0.01

R(023=C19) 1.21 1.22 0.01
GA-1-Vinyimidazole complex (09-H15"N20=C19)

R(0O9-H15) 0.97 0.99 0.02

R(N20=C19) 1.31 1.31 No change
GA-Allylamine complex (09-H15"N21-C19)

R(09-H15) 0.97 0.99 0.02

R(N21-C19) 1.47 1.47 No change
GA-4(5)Vinyimidazole complex (09-H15"N20=C19)

R(09-H15) 0.97 0.99 0.02

R(N20=C19) 1.37 1.37 No change
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Table 3 (continued)
Template-monomer complex Bond parameters Rinitiar (A) Rem (A) AR (A)
(Rr.m ~Rinitiar)
GA-4-vinyl pyridine complex (09-H15"N21=C22)
09-H15 0.97 0.99 0.02
N21=C22 1.34 1.34 No change
GA-Vinylglycine complex (09-H15023=C19)
R(O9-H15) 0.97 0.97 No change
R(023=C19) 1.20 1.21 0.01
GA-2-vinyl pyridine complex (09-H15"N21=C22)
09-H15 0.97 0.99 0.02
N21=C22 1.33 1.33 No change
GA-4-Vinylbenzoic acid complex (09-H15029=C19)
R(09-H15) 0.97 0.98 0.01
R(029=C19) 1.21 1.22 0.01
GA-Acrylonitrile complex (09-H15"N22-C19)
R(09-H15) 0.97 0.97 No change
R(N22-C19) 1.16 1.16 No change
GA-Triflouromethacrylic acid complex (09-H15026=C19)
R(0O9-H15) 0.97 0.97 No change
R(026=C19) 1.21 1.22 0.01
GA-Methyl methacrylate complex (09-H15023=C19)
R(09-H15) 0.97 0.98 0.01
R(023=C19) 1.21 1.22 0.01

Methacrylamidoglycolate was excluded from the study due
to its commercial unavailability.

The rebinding isotherm models commonly applied to
the MIPs are Langmuir isotherm, Freundlich isotherm
and Langmuir-Freundlich (LF) model. However the
most widely acceptable rebinding isotherm model is
Langmuir-Freundlich (LF) model [35]. Not all
imprinted polymers can be modeled using solely
Freundlich or Langmuir isotherms. This is because;
Langmuir isotherm and Freundlich isotherm are only
accurate within limited concentration regions. The
Langmuir isotherm best models the saturation behavior
of an MIP, usually in the high concentration region

Table 4 AG of template-monomer complexes in different mole ratios
of monomers in kcalmol™!

Composition AG (kealmol™)
GA-AA GA-AAm GA-4Vp GA-MMA
1:2 —252 -23.7 -9.8 —4.2
1:3 -30.8 -27.6 -13.3 —6.3
1:4 -36.4 -323 -16.5 -8.9
1:5 -32.1 30.4 —-14.6 -7.5
1:6 =315 28.7 -12.8 —6.2

whereas; the Freundlich isotherm is limited to the
lower sub-saturation concentration region of the sorp-
tion isotherm. As MIPs improve, the concentration
window that is measured will begin to span both sat-
uration and sub saturation regions. In addition, to ac-
curately characterize a system, the isotherm should be
ideally measured over both concentration regions.
Therefore these isotherms require hybrid heterogeneous
binding models that can span both saturation and sub-
saturation regions [36]. Along these lines, we have
applied the Langmuir-Freundlich (LF) isotherm (Eq. 2)
to characterize MIPs.

The LF model describes the relationship between the
equilibrium concentration of absorbed (B) and free (F) ana-
lyte to characterize MIPs.

N,aFm

5= arm =

Where ‘B’ (umolg™) is the amount of analyte bound per
unit weight of polymer, ‘F’ (mmolL™") is the concentration
of analyte in solution at equilibrium, ‘N;’ is the total number
of binding sites, ‘a’ the distribution of binding sites of
varying binding strengths present in the polymer and ‘m’
is the heterogeneity index. For a homogeneous material,
m=1. When m<1, the material is heterogeneous [37]. The
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Fig. 3 UV spectra of (a) a b
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rebinding performance of the MIP, o, MIPA A, MIP4y, and
MIPyaa were studied using Langmuir-Freundlich (LF)
model and the binding parameters were calculated to corre-
late the theoretical performance predicted in computational
modeling and experimental data.

The imprinted and non-imprinted polymers were equili-
brated with varying initial concentrations of GA in acetoni-
trile. The concentration of GA bound to polymers, i.e.,
binding capacity was plotted against concentration of GA
in solution and rebinding isotherm data was fitted into the
LF isotherm model. Equation 2 was used to fit the sorption

@ Springer

isotherm by a non-linear least square-fitting program which
yielded fitting parameters ‘a’, ‘m’ and ‘N, as presented in
Table 5.

From Table 5, it is observed that all the MIPs have an
increased number of binding sites and have higher affinity
distribution of binding sites (a) than the corresponding NIPs.
The presence of template in the synthesis procedure creates the
binding pockets of definite shape and selectivity in the MIPs
[38].

It was observed that MIP,, has the highest number of
binding sites as well as a higher binding constant followed
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by MIPsam and MIP,4_y,,. The values of N;, a and K de-
creased for MIPypva.

The extent of template monomer interactions as the quan-
tity and quality of molecularly imprinted polymer recogni-
tion sites is a direct function of the extent of the template-
monomer interactions present in the prepolymerization mix-
ture [15], thus the stability of the template-monomer com-
plex (AG) can be correlated with the values of N..

The values of ‘m’ between 0 to 1 confirmed the exis-
tence of surface heterogeneity. The MIPs were more het-
erogeneous than the corresponding NIPs, due to the
presence of varying types of binding sites in the MIPs.
Significant trend of values of ‘m’ is not observed with the
stability of the template-monomer complex strength as
many factors such as process of polymerization and for-
mation of different types of binding sites affects the
surface heterogeneity [39] and no correlation of AG with
surface heterogeneity is observed.

The specific rebinding in terms of the imprinting factor is
presented in Fig. 4. The imprinting factor of MIP,A was
highest followed by MIPsam and MIP,.y,,. The MIPyvia
had the lowest imprinting factor.

The rebinding performance of MIPs was in accordance with
the trend of stability of the template-monomer complexes.
Thus, it was found that computational predictions and experi-
mental results were in good agreement based on the parameters
of interaction energy of monomers and the rebinding perfor-
mance of MIPs prepared using these monomers

Earlier reported value for the imprinting factor of GA based
MIPs is 2.19 and 4-Vp was found to be a better monomer than
AA when methanol was used as porogenic and rebinding
solvent [23]. 4-Vinyl pyridine forms ionic interaction with
GA and acrylamide forms hydrogen bonding interactions with
the GA. Methanol is a polar protic solvent which can stabilize
ionic interactions between 4-Vp and GA. On the other hand it

Table 5 Fitting parameters for Langmuir-Freundlich model for
imprinted and non-imprinted polymers

Langmuir Freundlich model (LF)

Polymer N, (umolg’l) a (M'l) K (mmol'1 L) m R?

MIPap 512.85 63.09 98.13 0.7823  0.9921
NIPAA 198.34 3220  45.67 0.8947 0.9914
MIPaam  383.96 42.27 63.75 0.8564 0.9951
NIPpam  178.45 12.59 27.85 0.9522  0.9937
MIP,.y,  286.74 26.23 42.10 0.7864 0.9810
NIP4yp,  129.14 8.21 16.84 0.8874 0.9878
MIPyma 164.56 13.85 24.53 0.8612 0.9941
NIPypva  78.24 4.14 8.51 0.9567 0.9818

disrupts hydrogen bond formation between acrylamide and
GA which in turn leads to poor rebinding performance [40].
However, in the present study, acetonitrile an aprotic solvent is
used as porogen and rebinding solvent which does not inter-
fere with hydrogen bond formation.

The MIPs synthesized using the best monomer have shown
an imprinting factor of 5.28. Thus, MIP with higher imprint-
ing factor can be obtained using the functional monomer
capable of forming a stable complex with GA. DFT based
computational modeling proved useful for synthesizing MIPs
with higher rebinding capacity and imprinting factor.

Conclusions

MIPs for GA were developed using quantum chemical com-
putational approach. A virtual library of 18 functional mono-
mers was developed and prepolymerization complexes were
simulated using density functional theory. The simulated pre-
polymerization complexes indicated that the functional groups
of monomer interacted with GA through its carboxylic acid
group. Computational study predicted that AA is the most
suitable functional monomer for synthesis of GA based MIP
while MAA had the least AG with GA. The validation of the
computational study as experimentally performed, was found
in good agreement.

The rational computational MIP design is a safer and
economical method in order to find the best monomer for a
particular template before MIP synthesis. A large number of
monomers can be tested against the template in a shorter span
of time. By using the computational approach, it is possible to
select the best monomer for MIP synthesis which in turn leads
to better performance of MIP. This study proves useful in the
selection of optimized MIP precursors for Gallic acid.

2000-‘ anmul='= 5.28 I MIP
18004 CINIP
1600 B,./B,,,= 4.80
1400 o

— 1200 -

" 3

g 1000 - i

3 ] Bur’ B~ 2-59

o 800-
600 —
400 _ B,,/B, .= 1.95
o | mﬁ

0 T T T T T 1
AA AAmM 4-Vp MAA

Fig. 4 Rebinding performance of MIPs in terms of imprinting factor
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