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Abstract

Nanoparticles of molecularly imprinted polymers (MIPs) were prepared by precipitation polymerization method.
Glucose was used as a template molecule. The impact of different process parameters on the preparation of
nanoparticles was investigated in order to reach the maximum binding capacity of MIPs. Experimental data based
on uniform design were analyzed using artificial neural network to find the optimal condition. The results showed
that the binding ability of nanoparticles of MIPs prepared under optimum condition was much higher than that of
the corresponding non-imprinted nanoparticles (NIPs). The findings also demonstrated high glucose selectivity of
imprinted nanoparticles. The results exhibited that the particle size for MIP nanoparticles was about 557.6 nm, and
the Brunauer-Emmett-Teller analysis also confirmed that the particle pores were mesopores and macropores around
40 nm and possessed higher volume, surface area, and uniform size compared to the corresponding NIPs.
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Background
Molecularly imprinted polymers (MIPs) are smart and
tailor-made polymers owing high selectivity for the pre-
determined template molecule. Selectivity of these mate-
rials originates from the synthetic procedure which is
followed for their preparation. Indeed, molecular imprint-
ing technique is a method of inducing receptor-like bind-
ing sites in synthetic polymers. Recently, these materials
have attracted an increasing interest for many applica-
tions, most notably for pharmaceutical and analytical ap-
plications [1-4].
Conventional MIPs have been prepared in the form of

bulk monolith. The polymers are then ground and sieved
to obtain appropriate size particles with irregularly shape
for further use. This procedure is time-consuming and
yields only moderate amounts of useful product owing
low capacity and poor site accessibility for the template
molecules because the grinding process may be detrimen-
tal to some of the binding sites. In order to overcome the
above shortcomings, recent efforts have been made to
prepare MIPs with desired shape and suitable for wide
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applications. Since decreasing the size of the particles
would have led to a larger increase in the surface area, it
seems the ideal shape of MIPs for many applications may
be the nanoparticles with regular size and shape.
In addition, successful applications of MIPs have been

limited due to their low binding capacity. It is known
that the binding capacity relies on an adequate selection
of the process parameters that influence the success of
imprinting process. Different researchers have shown
that several factors including functional monomer [5-7],
cross-linker [8-10], porogenic solvent [11], initiator [12],
polymerization method [13,14], type of solvent [15], time
[16], and temperature [17,18] of polymerization process
are concerned with the imprinting process.
Optimization of such parameters has been traditionally

carried out using a univariate method, i.e., changing each
factor at a time over the investigated range while the
others are held constant at a selected level (one-factor-
at-a-time method). The main disadvantages of this ap-
proach are that it needs high number of experiments
and it does not consider any possible interaction be-
tween the studied variables. To overcome this shortcom-
ing, multivariate optimization methods are considered as
promising techniques which use experimental design
in conjunction with multivariate analysis techniques
to optimize different processes [19-22]. Zhu et al. [19]
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investigated the influence of process parameters on the
preparation of vinblastine-imprinted polymers. The opti-
mal conditions were achieved by the regression model,
and the results demonstrated that the performance of
the imprinted polymer improved by optimizing the poly-
merization parameters. Experimental design and partial
least square model have been employed in order to op-
timize the synthesis of bisphenol A selective MIPs [20].
The findings revealed that the photoinitiated polymers
yield the highest specific binding capacity.
There are different methods to search for the opti-

mization condition in the multidimensional space [19-22].
Simplex method is one of the most simple and general
optimization methods [23]. In this method, to get the nu-
merical value of the evaluation function for a defined
system, response variables have to be measured or a math-
ematical model which predicts the properties of system
has to be found and incorporated into the optimization
process.
Artificial neural networks (ANNs) have been intro-

duced to model various chemical processes owing non-
linear relationships between variables [24,25]. Radial
basis function (RBF) neural network is one type of arti-
ficial neural networks. The theory of RBF has been
addressed in detail in the literature [26].
Uniform design as an experimental design method

presents the attractive advantages to evaluate multiple
parameters and their interactions with significantly re-
duced number of experiments [27]. The uniform design
principle is to replace the complete combination of ex-
perimental parameters by using relatively fewer experi-
ment trials uniformly distributed within the parameter
space.
This paper describes a novel approach for the prepar-

ation and optimization of nanoparticles of MIPs through
simplex technique in conjunction with RBF in order to
obtain MIPs with high binding capacity. Glucose was
used as a template molecule, and imprinted particles
were prepared by non-covalent imprinting method. The
glucose-imprinted nanoparticles under optimized condi-
tion were also synthesized and characterized.
Methods
Materials
2,2-Azobisisobutyronitrile (AIBN) and hexadecane were
provided from Kemikalieimport (Lyngby, Denmark) and
Meryer Chemical Technology Co., Ltd. (Shenzhen, China),
respectively. Phenol was purchased from Scharlau Chemie
(Gillman, South Australia, Australia). All other materials
were obtained from Merck (Darmstadt, Germany), pur-
chased locally and used as received. MATLAB version 7.0
and MultiSimplx.1 were used for construction of RBF and
simplex analysis, respectively.
Preparation of molecularly imprinted nanoparticles
Nanoparticles of MIPs were prepared by precipitation
polymerization. Briefly, 0.09 g of glucose was dissolved in
the mixture of acetonitrile and dimethylformamide (DMF)
(20/10) and then 4 mmol of methacrylic acid (MAA), 6
mmol of ethyleneglycol dimethacrylate (EGDMA), and 0.2
ml of hexadecane were added and stirred at 2 rpm for 24
h. The prepolymerization mixture was ultrasonicated for 1
min and then 30 mg of AIBN was added and sparged with
nitrogen for 5 min. Polymerization was carried out for 24
h at 60°C in an oil bath. Nanoparticles were centrifuged
(Sigma 3K30; Sigma-Aldrich Corp., St. Louis, MO, USA)
at 20,000 rpm and washed two times with the mixture of
water and acetonitril to remove unreacted monomers and
free glucose molecules. The particles were lyophilized and
stored for future experiments. The template was extrac-
ted by batch method with water at 2 rpm for 24 h. The ex-
tent recovery of glucose from MIPs was analyzed by
spectrophotometery of collected extracts at the wave-
length of 490 nm using the procedure reported elsewhere
[28]. Scheme 1 illustrates the preparation process of nano-
particles of MIPs. Non-imprinted nanoparticles (NIPs)
were prepared following the same procedure in the ab-
sence of the template in the polymerization mixture.
Experimental design
An experimental design approach based on uniform de-
sign was taken in which factors that have significant im-
pact on the extent of imprinted glucose were considered.
In this study, seven factors at six levels were included in
an 18-trial setup. The selected factors were (1) the amount
of the functional monomer (MAA), (2) the amount of
the cross-linker (EGDMA), (3) the amount of initiator
(AIBN), (4) the amount of progen (hexadecane), (5) the
polymerization solvent (DMF), (6) time (t), and (7) tem-
perature (T). The table U18(67) of uniform design was
employed to arrange selected parameters (Table 1). The
range of variables was decided after some preliminary
work and literature data for MIP compositions.
Artificial neural network
RBF was used to build predictive artificial neural network
model. The network consists of three layers, namely an in-
put layer with seven inputs representing the selected pa-
rameters, one hidden layer in which the number of nodes
was determined during training and testing, and one out-
put layer with a single output node, A, corresponding to
the glucose absorption in the extracted solution. A bias
was used to calculate the net input of a neuron from all
the neurons connected to it. The error function sum
square error (SSE) was used as criterion for finalizing the
learning process. It can be obtained from the following
equation:
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Scheme 1 The preparation process of nanoparticles of MIPs.
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SSE ¼ tj � outj
2
; ð1Þ

where tj is the experimental result, and outj indicates the
output of RBF.
There are two adaptive parameters (the spread and the

number of nodes in the hidden layer) to be adjusted in
order to achieve the best predictive model. Training and
testing of the network is a process of determination of the
neural network's topology and optimization of its adjustable
parameters, where we seek the minimum of an error sur-
face in a multidimensional space. The experiments which
Table 1 The uniform design of U18(67) with 18 experiments f

Run Temperature (°C) Time (h) AIBN (mg) EGDM

1 5 (70) 4 (16) 5 (60) 1 (4)

2 2 (55) 3 (12) 6 (70) 5 (8)

3 2(55) 3 (12) 2 (30) 4 (7)

4 3 (60) 6 (24) 1 (20) 3 (6)

5 6 (75) 3 (12) 3 (40) 4 (7)

6 6 (75) 6 (24) 4 (50) 6 (9)

7 2 (55) 4 (16) 2 (30) 6 (9)

8 3 (60) 1 (4) 4 (50) 2 (5)

9 5 (70) 1 (4) 2 (30) 3 (6)

10 5 (70) 5 (20) 1 (20) 5 (8)

11 4 (65) 6 (24) 6 (70) 3 (6)

12 4(65) 1 (4) 3 (40) 6 (9)

13 3 (60) 2 (8) 5 (60) 5 (8)

14 1 (50) 5 (20) 5 (60) 4 (7)

15 1 (50) 2 (8) 1 (20) 1 (4)

16 6 (75) 2 (8) 6 (70) 2 (5)

17 1 (50) 5 (20) 4 (50) 2 (5)

18 4 (65) 4 (16) 3 (40) 1 (4)

Numbers in parentheses imply the experimental data of the corresponding factor.
are used for training and testing the network were selected
randomly. In order to determine the optimum number of
hidden nodes, a series of different topologies was used, in
which the nodes were varied from 1 to 8. The RBF of the
lowest error constructed in this manner was then used as
the best model for optimization of nanoparticle preparation
process.

Optimum condition for MIP preparation
To achieve the highest glucose recovery, simplex tech-
nique was employed. The extent of glucose absorption
of extracted solution of MIPs prepared at predetermined
or seven factors at six levels

A (mmol) Hexadecane (ml) MAA (mmol) DMF (ml)

1 (0.05) 5 (6) 4 (18)

6 (0.3) 6 (7) 3 (15)

5 (0.25) 1 (2) 2 (12)

4 (0.2) 6 (7) 2 (12)

2 (0.1) 6 (7) 6 (24)

5 (0.25) 3 (4) 4 (18)

1 (0.05) 4 (5) 5 (21)

1 (0.05) 1 (2) 3 (15)

6 (0.3) 4 (5) 5 (21)

2 (0.1) 2 (3) 3 (15)

4 (0.15) 1 (2) 5 (21)

4 (0.15) 5 (6) 1 (9)

4 (0.2) 2 (3) 6 (24)

2 (0.1) 3 (4) 1 (9)

4 (0.15) 3 (4) 4 (18)

4 (0.2) 4 (5) 2 (12)

5 (0.25) 5 (6) 6 (24)

6 (0.3) 2 (3) 1 (9)
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Figure 1 RBF structure used for modeling of MIP preparation process.
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condition by simplex technique was predicted by the op-
timized RBF and was used to search for optimum condi-
tion. In order to validate the empirical model, MIPs and
the corresponding NIPs were prepared under optimum
conditions and were evaluated for glucose recovery.

MIP characterization
Particle size
The size and zeta potential of the particles were deter-
mined by photon correlation spectroscopy (PCS) on a
Malvern Instruments' Nano/Zeta (Malvern Instruments
Ltd., Worcestershire, UK) in water.

Binding experiments
The binding capacities of the particles were evaluated by
equilibrium binding experiments. The binding capacity
of the imprinted nanoparticles was determined using 10
mg of imprinted and NIPs added into ten tubes with 2.5
ml of glucose solutions at concentrations ranging from
10 to 90 mg l−1 at room temperature for 20 h with shak-
ing. The polymer particles were then separated by cen-
trifugation at 20,000 rpm for 15 min. The concentration
of free glucose in the supernatant was assayed by spec-
trophotometry. The amount of glucose bound to the
MIPs was calculated by subtracting the amount of free
substrate from the initial concentration.
The distribution coefficient K was utilized to evaluate

the molecular selectivity of MIPs [21]. K is defined as
follows:

K ¼ CP

CS
; ð2Þ

where CP (mmol g−1) is the amount of adsorbed glucose
on MIPs, and CS (mmol l−1) is the equilibrium concen-
tration of substrates in the solution.

Selectivity of MIPs
Selectivity of the MIPs was determined by incubating 10
mg of MIPs and NIPs with 2.5 ml of different
concentrations of fructose under similar condition used
for glucose binding experiments.Two different selectivity
factors were also calculated as indicated in Equations 3
and 4, the selectivity factor (α) as the ratio between the
template and template analogue rebinding and specific
selectivity factor (α′) which corresponds to the specific
glucose and fructose binding:

αtemplate=analogue ¼ template bound
analogue bound

ð3Þ

α0template=analogue¼
template bound by MIPð Þ
� template bound by NIPð Þ
analogue bound by MIPð Þ
� analogue bound by NIPð Þ:

ð4Þ

Pore size distribution and surface area analysis
Pore size distribution and surface areas of the washed
polymers were analyzed by Brunauer-Emmett-Teller
(BET) analysis. Relevant information was obtained as fol-
lows: A plot of pore size versus incremental pore volume
gave pore size distribution. A plot of pore size versus pore
volume gave total pore volume. The surface areas and
total pore volumes of the polymers were also obtained.

Results and discussion
Data analysis using ANN and developing predictive
model
Optimization of nanoparticles of MIP preparation condi-
tion to obtain a global optimum via experimental approach
would be a significant and time-consuming challenge.
Therefore, alternative approach is to model process using
limited experimental points representing all variable
space. RBF with logistic sigmoidal function was used
to model the process. Since there are no theoretical
principles for choosing the proper network topology
and spread, several different structures were tested.
Neural networks were trained using different numbers
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Figure 2 Influence of the variation of two input factors on glucose recovery. The remaining input factors were kept constant at optimal
level. 3D plot of glucose recovery predicted by the ANN model for (a) Temperature and AIBN, (b) DMF and Time, (c) AIBN and Hexadecane,
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of hidden nodes (1 to 8) and spread (1 to 10). At the
start of training run, all weights and all biases were
initialized with random values. The data partitioning
as training and test set was done to avoid over-training
and over parameterization. The lowest testing SSE is
obtained with 7 hidden neurons and at a spread of 1
(Figure 1). The optimized RBF resulted in the least
value for the test set SSE, i.e., Etst = 0.233, and the
corresponding SSE value for training data was Etrn = 0.134.
These results indicate high predictive capability of devel-
oped model for the preparation process of nanoparticles
of MIPs.

Optimization of experimental conditions
The aim of nanoparticle preparation process was to ob-
tain MIPs with high recovery which in turn leads to
achieve high selectivity and binding capacity while keep-
ing non-selective interactions as low as possible. The
simplex technique was used to optimize the input space
of RBF model with the objective of maximizing glucose
recovery. Since when all the adjustable parameters had
been optimized, the neural network showed high ability
Figure 3 Size distribution and zeta potential curve for MIP nanopartic
of generalization; therefore, the optimized neural net-
work model put forward to predict glucose recovery at
predetermined condition by the simplex method. Based
on the simplex method, the optimal conditions were
found to be as follows: 0.5 ml of MAA, 1.7 ml of
EGDMA, and 0.15 ml of hexadecane, 40 mg of AIBN,
and 9 ml of DMF, at 65°C for 4 h which correspond to
the maximum value of A (A = 0.568).
In order to verify the accuracy of the simplex method

in conjunction with RBF in optimizing the MIP prepar-
ation process parameters, the glucose imprinted polymer
was prepared under the optimal conditions. Glucose re-
covery for optimized MIPs was obtained to be 0.524
(n = 4, RSD 6.94%). As the results show, the prediction
error in optimum recovery by RBF was 8.40%. From the
results obtained, it can be concluded that the measured
recovery was in good agreement with that predicted by
the model which subsequently confirms the significance
of the simplex method and RBF to optimize and repre-
sent this system, respectively. This can be explained by
this fact that the neural network method scanned the
whole range of experimental parameters intensively.
les.



Table 2 The surface areas, total pore volumes, and average pore sizes (diameter)

Surface area (m2 g−1) Pore volume (cm3 g−1) Average pore size (nm)

MIPs 78.59 0.087735 4.4655

NIPs 0.8859 0.00404 18.255

MIPs along with their corresponding controls obtained from the BET studies.
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Influence of polymerization conditions on adsorption
properties of MIP
For the better view of given results and parameter inter-
action, the graphs of the response surface were drawn
(Figure 2). As a matter of fact, the response surface plots
can visualize the effect and interaction between depen-
dent variables. Each surface response plot represents a
combination of two test variables with the other ones
maintained at their optimum levels. Several important
conclusions can be drawn from these graphs. Figure 2a
shows that a maximum glucose recovery can be
obtained at 75°C using 30 mg of AIBN which is far
from the optimum value obtained by the simplex
method. This can be an evidence for the existence of
interaction between temperature and AIBN with the
other variables. A similar behavior was observed for
time (maximum 4 h) and AIBN (30 mg), too (Figure 2g).
The maximum response for other variables was in agree-
ment with the results obtained by the simplex method
which indicates lack of interaction between these
variables.
The response surface plots can also be employed to

show the extent of impact of each variable on the glu-
cose imprinting. As Figure 2 illustrates among investi-
gated variable time, temperature and the amount of
AIBN show the most significant impact on imprinting
a

b

c

de

Figure 4 Binding profile. (a) Glucose to MIP, (b) glucose to NIP,
(c) fructose to MIP, and (d) fructose to NIP. The amount of polymer
is 10 mg; volume, 20 ml; and binding time, 24 h.
performance. This finding is consistent with the results
reported in the literature [29]. The effect of temperature
is not surprising; it arises from the negative effect of
high temperature on the complex formation between the
template and functional monomers. In case of AIBN
amount, it can be related to the heat generated during
the polymerization reaction. Thus, it can be postulated
that large concentrations of initiator added to the mono-
mer mixture should increase the polymerization rate
and increase the heat of reaction. The increased tem-
perature would disrupt the complex formed and reduce
the affinity and selectivity of MIPs. The effect of time on
imprinting performance can be related to the formation
of large particles which reduces the surface area and
subsequently decreases the available imprinted sites for
the template molecule.
Optimized MIP nanoparticle characterization
The particle size and pore distribution
The hydrodynamic diameter and zeta potential of nano-
particles were determined by PCS (Figure 3). As it can
be seen, almost narrow particle size distribution with a
z-average about 557.6 nm (polydispersity index = 0.465) in
aqueous dispersant was obtained, and the zeta potential
was determined to be -11.2 mV.
The pore volume and pore diameter are considered as

two of the most important properties of MIPs. Typically,
pore sizes have been separated into three size categories,
micropores (<2 nm), mesopores (2 to 50 nm), and
macropores (over 50 nm). Table 2 shows the surface
areas, total pore volumes, and average pore sizes (diam-
eter) for the MIP nanoparticles along with their corre-
sponding NIP nanoparticles.
In terms of the surface area, the MIPs produced a sur-

face area of 78.59 m2 g−1, whereas NIP produced a surface
area of 0.8859 m2 g−1. From this data, it can be conclu-
ded that imprinting template molecule significantly can
improve the surface area. Additionally, Barrett-Joyner-
Halenda calculation for MIP nanoparticles is indicative of
its better formed and uniform pore distribution compared
to the NIP nanoparticles. It would be expected that in-
creasing the size of the pores would have led to a larger
decrease in the surface area. The BET plot shows that
MIP nanoparticles possess a relatively large population of
pores in the micro- and mesoporous range having size
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around 40 nm, while in the case of NIPs, the isotherm cor-
responds to the type III pores, which is related to the
nonporous materials with weak interaction.

Binding property and selectivity of MIP nanoparticles
The binding properties of MIPs were measured with initial
concentrations of glucose ranging from 20 to 90 mg l−1.
MIPs exhibited a high distribution coefficient (0.19) for
glucose. This indicates that the higher recognizing cavities
have been created in the resultant MIP nanoparticles.
The substrate selectivity of MIPs was also investigated

using glucose and its structurally similar compound, fruc-
tose, with the uniform molecular weight and the chemical
structures except for the different replacement site of hy-
droxy groups. The αtemplate/analogue and α′template/analogue

values for MIPs prepared at optimized condition were cal-
culated to be 2.025 and 4.66, respectively, which are indi-
cative of high selectivity of prepared MIPs.
Binding profile of MIPs and the corresponding NIPs in

the presence of glucose and its analogue, fructose, at con-
centration ranges from 10 to 90 mg l−1 is shown in
Figure 4. Curves (a) and (b) in Figure 4 show the binding
profile of glucose on MIPs and NIPs, respectively. It is ob-
vious that the binding amount of template molecules to
MIP nanoparticles were much higher than that of NIPs.
Curves (c) and (d) in Figure 4 show the adsorption iso-
therms of fructose to MIP and NIP nanoparticles, respect-
ively. The binding ability of this compound and glucose to
MIPs is speculated to be based on the same interaction
due to their similar chemical structure. When comparing
curves (a) with curve (c), it is obvious that the binding
amounts of fructose to MIP nanoparticles are much lower
than that of glucose. This observation can be explained by
the fact that since the structure of the analogue molecule
is not complementary to the imprinted cavities in the
MIPs produced by the glucose molecular imprinting, the
ability of fructose interaction with the binding sites is
expected to be weaker than that of glucose which leads to
low binding capacity. Therefore, the higher binding of glu-
cose MIPs may be attributed to the shape selective fitting
of glucose into complementary cavities created on the
MIP nanoparticles during the imprinting procedure.

Conclusion
In the present study, nanoparticles of MIPs with narrow
particle size distribution were prepared by precipitation
polymerization. Simplex technique in conjunction with
radial basis function neural network was demonstrated
to be an effective and reliable approach in finding the
optimal conditions for the preparation of MIPs for glu-
cose. The optimal conditions were found to be as fol-
lows: 0.5 ml of MAA, 1.7 ml of EGDMA, 0.15 ml of
hexadecane, 40 mg of AIBN, and 9 ml of DMF, at 65°C
for 4 h. The results showed that among the studied
variables, time, temperature, and the amount of initiator
showed the most significant impact on MIP nanoparticle
performance. Comparison of experimental and predicted
recoveries by RBF revealed that the results were closely
in agreement with each other, indicating high capability
of designed RBF to model process and subsequently sim-
plex technique usefulness in optimizing MIP nanoparti-
cle preparation parameters. The binding ability was also
evaluated, and the findings demonstrated high glucose
binding and selectivity of imprinted particles compared
to NIPs. BET analysis also confirmed that the particle
pores were mesopores and macropores around 40 nm
and possessed higher volume, surface area, and uniform
size compared to the NIPs. Hence, it is worthy to em-
ploy simplex technique in conjunction with RBF to
optimize the parameters of polymerization process and
obtain high efficiency MIPs for different purposes.
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