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ABSTRACT: Submicron sized polyacrylamide particles
were prepared via modified precipitation polymerization
method. Experimental design based on Taguchi approach
was employed to study the influence of the polymerization
composition including monomer (acrylamide), crosslinker
(methylenebisacrylamide), initiator (azobisisobutyronitrile),
and modifier (polyvinylpyrrolidone, K-30), on the size and
morphology of the particles. Varying the polymerization
composition, submicron-particles with sizes ranging
between 100 and 600 nm were achieved. In all the cases,
polydispersity index (PDI) of the particle size was found to
be almost 1 indicating uniformity of the particle size. The
concentration of crosslinker was found to be the most in-
fluential parameter on the particles size and the modifier
concentration as an extra tunable parameter was believed

to affect the nucleation mechanism and the viscosity of the
medium to help controlling the particle size. To validate
the optimization, particles with a preset diameter, i.e., 500
nm, were synthesized based on the composition predicted
by the mathematical correlation. The polymer with the pre-
set particle size was also imprinted with verapamil and
characterized by FTIR, DSC, SEM, physisorption, elemental
analysis, swelling, and batch rebinding experiments. The
verapamil imprinted polymers bearing nano-cavities exhib-
ited high affinity with imprinting factor 2.17 towards the
target molecule. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci
125: 189-199, 2012
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INTRODUCTION

Polymeric microbeads have long been used in many
areas including ion exchange resins and sorbents,
catalyst supports, materials for biomedical applica-
tions, and stationary phases for high performance
liquid chromatography (HPLC).! In such applica-
tions, it is of prime concern to obtain beads with an
appropriate particle size and morphology. For exam-
ple, particles smaller than 450 nm are not suitable
for HPLC separation column, because it may cause
severe problems in the system, such as clogging the
column and the frits.? On the contrary, to obtain a
system with high adsorption capacity, small and/or
porous particles are required. In short, for a special
application there is a need for a specific particle size
and morphology.

Polymeric microbeads of a particular size and uni-
formity are generally obtained with one of the hetero-
geneous polymerization methods such as suspension,’®
inverse-phase suspension,3 emulsion,* dispersion,5
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precipitation,® and multistep-swelling” polymerization.
In such methods, molecular imprinting technique
could be easily integrated to produce specific molecu-
lar recognition sites for a target molecule.

Molecular imprinting involves the arrangement of
functional monomers around template molecules in
a porogenic solvent. The complex is subsequently
copolymerized with a suitable crosslinker through
free radical polymerization mechanism. After the re-
moval of the template, the specific cavities, which
are complementary in shape, size, and chemical
functionality to the template, are left within the
polymer matrix. These specific cavities can selec-
tively rebind target (i.e., the template) molecule.
Typically, molecularly imprinted polymers (MIPs)
were prepared by a bulk polymerization method.
Preparation of MIPs via the conventional bulk poly-
merization method always leads to monolithic mate-
rials which have to be pulverized, crushed, and
sieved to produce polymer particles with a desired
size.*? This method always results in particles with
irregular shapes and size. Additionally, during the
crushing and sieving processes large quantities of
the material and also recognition sites are destroyed,
and typically less than 50% of the ground polymer
is recovered as useable particles.'”'" This causes a
system with low capacity and slow mass transfer
properties leading to the reduction of system
efficiency.
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Among the aforementioned polymerization meth-
ods, precipitation polymerization as an attractive
stabilizer-free method produces particles in the
range of 0.1-10 pm, which involves polymerization
of monomers in diluted solution.'” In this method,
the special mechanism of the reaction obviates the
need for stirrer and stabilizer.'” Besides precipitation
polymerization, dispersion polymerization has been
used to make spherical MIPs. In dispersion polymer-
ization method, the initial state of the reaction is the
same as that in precipitation polymerization, but the
formed droplets needs to be stabilized by a stabilizer
or a surfactant. The method produces polymer par-
ticles within ranges from about 1-10 pm."?

Horvath et al.'* prepared micron size polymer
microspheres using a modified precipitation poly-
merization method. They studied the effect of addi-
tion of paraffin oil in the polymerization solution on
the morphology of the particles. However, they did
not study the influence of different parameters on
the particle size. In our previous work,'” we pro-
duced hierarchically structured porous polymer
particles with predefined particle size and pore
properties for protein imprinting. In the present
work, establishing a modified precipitation polymer-
ization technique submicron sized molecularly
imprinted particles was produced to target vera-
pamil as template. Verapamil is an L-type calcium
channel blocker of the phenylalkylamine class which
has been used as a vasodilator during cryopreserva-
tion of blood vessels, and also in the treatment of
cluster headaches, hypertension, and angina pecto-
ris.'® The measurement and identification of an
active pharmaceutical ingredient (API) like vera-
pamil is addressed using several different techniques
in a series of analyses. The techniques are often a
time consuming and laborious process. However,
the verapamil imprinted polymer can be used in
drug purification or detection.'” The literature shows
a few reports on the verapamil imprinted polymers.
Mullet et al.'” presented verapamil imprinted poly-
methacrylic acid via the bulk polymerization of
methacrylic acid (MAA) and ethylene glycol dime-
thacrylate (EDMA) to investigate the verapamil
metabolism and to further evaluate the application
of the polymer in solid-phase extraction. Employing
precipitation polymerization method, Javanbakht
et al.'® reported verapamil imprinted polymers pro-
duced by the same recipe as Ref. 17 for selective
solid-phase extraction of verapamil from biological
fluids and human urine. However, they did not
investigate the influence of different parameters
neither on the particle size nor on the polymer mor-
phology. The present work is, therefore, a detailed
investigation on the size of polymer particles pro-
duced by the modified precipitation polymerization.
The method is a unique hybrid of precipitation and
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dispersion polymerization in which we take advant-
age of both methods to control the particle size. For
the experimental proof of the concept, acrylamide
was copolymerized with methylenebisacrylaide to
prepare the submicron sized non-imprinted polymer
(NIP) particles. In order to reduce the number of
experiments and to determine the most influential pa-
rameters on the particle size and possible interaction
between the parameters (considering the influence of
system composition including monomer, crosslinker,
initiator, and modifier), experimental design based on
Taguchi approach'® was employed. Composition of
the NIP for a specified particle size which already
was predicted by the Taguchi analysis was selected
to prepare the corresponding MIP. Verapamil rebind-
ing and pore properties of the obtained submicro-
particle MIP/NIP were investigated.

EXPERIMENTAL
Materials

Verapamil-HCl  (2-(3,4-dimethoxyphenyl)-5-[[2-(3,4-
dimethoxyphenyl)ethyl] (methyl)amino]-2-isopropyl-
pentanenitrile) was purchased from Sigma-Aldrich
(St. Louis, MO). Analytical grades of acrylamide
(AAm) and N,N'-methylenebisacrylamide (MBA)
were purchased from Merck (Darmstadt, Germany)
and double-recrystallized in methanol and acetone,
respectively. 2,2’-Azobis (2-isobutyronitrile) (AIBN)
was obtained from Merck and recrystallized in
methanol as well. Polyvinyl pyrrolidone (PVP-K30),
acetonitrile (MeCN), dimethylsulfoxide (DMSO),
methanol, and acetic acid provided by Merck were
used as received.

Taguchi analysis

In an experiment that multiple factors affect the
result, design of experiment helps defining and
investigating all possible conditions. Taguchi
approach is one of the common methods to perform
the design of experiments. The technique is applied
in four steps: (1) choosing the design parameters or
the most influential factors and levels for each factor,
(2) randomly distributing the runs (experiments) in
a special set of orthogonal arrays (OA) and collect-
ing the result of each set of experiment, (3) analyz-
ing the results to estimate the contribution of indi-
vidual factor (in this step the analysis of variance
(ANOVA) is performed to determine the percent
contribution of each factor. Study of the ANOVA
results helps to decide which of the factors need
control and which do not), and (4) running a con-
firmatory tests wusing the optimum condition
achieved in step 3.
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TABLE I
Different Factors and Their Levels for Design of
Preparation of NIP

Levels
Factors 1 2 3 4
(A) Monomer, AAm (wt %)? 0.25 0.5 0.75 1
(B) Crosslinker, MBA (wt %)” 1 2 3 4
(C) Initiator, AIBN (wt %)° 1 2 3 4
(D) Modifier, PVP (wt %)* 0 0.5 1 1.5

2 Based on total solvent amount of 25 mL.
 Based on total amount of monomers.

The factors used in this study include the concen-
trations of monomer, crosslinker, initiator, and
modifier each at four levels. Table I describes the
factors and their levels. In this table, the weight per-
cent of the monomers (AAm and MBA) are based
on the total volume of the solvent while the weight
percent of the initiator (AIBN) is based on the total
mass of the monomers. For an experiment with four
factors each at four levels, Taguchi’s method sug-
gests an Myq OA." Table II shows the standard M
orthogonal array. In this table, each row, which is
indicated by a number, shows a trial condition and
each column represents the various levels of a factor.
The statistical analysis relevant to this OA including
average trend of influence and the relative influence
of factors (referred to as contribution of factor) on
the results was conducted using Minitab (V15.1) and
Qualitek-4 software.

Furthermore, the extent of interaction between any
factor pairs, in terms of the severity index (SI) in
percent ranging between 0 and 100%, was displayed
in a histogram format. The SI value of 100% indi-
cates the strongest interaction between two factors,
while 0% SI shows no interaction.

Preparation of the particles

The polymer particles (16 samples, P1-P16) were
prepared according to the composition given in
Table II. Typically, in a glass vial, AAm, MBA, and
PVP were dissolved in 0.5 mL DMSO. The mixture
was shaken for 5 min and then 24.5 mL MeCN and
AIBN were added to the mixture. Then the vial con-
tent was sparged with nitrogen for 10 min in an ice
bath. The polymerization was thermally initiated at
60°C in an oven (JP Selecta, TV), capable of main-
taining the preset temperature within =1°C and
circulating hot air (with a homemade circulator).
The reaction duration was at least 16 h to let the
polymerization to be completed.

To produce MIP, in a glass vial, AAm (0.447%,
111.7 mg or 1.6 mmol) was dissolved in 0.5 mL
DMSO and then verapamil (200 mg, 0.4 mmol) was

added to the mixture. To provide a complex
between the template and the monomer, the mixture
was stirred for 16 h. Later, MBA (4%, 1.00 g or
6.5 mmol) and PVP (0.469%, 1174 mg or ~
0.003 mmol) and then 24.5 mL MeCN and 0.14
mmol AIBN were added to the mixture. The ration-
ale for the selection of these amounts is discussed in
Result and Discussion section. After addition of
AIBN, the vial content was sparged with nitrogen
for 10 min in an ice bath. The polymerization
solution was polymerized in the same manner as
mentioned above. At the end of the reaction, the
particles were separated from the reaction medium
using centrifugation (EBA20, Hettich). NIP was pre-
pared in the same manner without addition of the
template molecule. The resultant products (MIP/
NIP) were washed with methanol and acetic acid
(9 : 1, v/v) and then with methanol to remove the
template, modifier, and any unreacted monomers or
oligomers. The removal of the template was con-
firmed by UV spectroscopy of extraction solvent at a
wavelength of 280 nm. The samples were dried in a
vacuum oven at 40°C overnight.

Particle morphology and size

The morphology of the synthesized particles was
assessed by scanning electron microscope (SEM,
LEO 1455 VP, Oxford). Final images were recorded
from randomly chosen areas at magnification indi-
cated in each SEM. The number of polymer particles
(in total 50 particles for each sample) could be
counted via Image] software®® from the scanning
electron micrographs. The statistical characteristics
of particles namely number-average diameter (D,),

TABLE II
Experimental Layouts of M16 Orthogonal Array

Factor levels®
B
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O

Run no.

P1
P2
P3
P4
P5
P6
p7
P8
P9
P10
P11
P12
P13
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P15
P16
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@ The value of the levels are given in Table 1.
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weight-average diameter (D,), and polydispersity
index (PDI), were calculated using the following
equations®?*:

D, == M
d)?

D, = %E d1;3 @)

PDI = % 3)

where d; represents the diameters of the micro-
spheres, and n is the number of particles. Particle
size was rounded up to *1 nm.

Rheological measurement

The viscosity of the polymerization medium (MeCN)
at different concentrations of PVP (0.25, 0.5, 0.75,
1, 1.25, 1.5%) was measured using Brookfield vis-
cometer (Model DV-E viscometer). The removable
sample chamber (equipped with temperature probe)
was filled with about 16 mL of each sample and the
measurements were conducted at 25°C or 60°C.

FTIR and UV/vis spectroscopy

Fourier transforms infrared spectroscopy (FTIR) was
used to study the polymer structure and to define
extraction of the template and the modifier from the
samples. Samples were accurately weighed in which
the mass ratio of sample : KBr was 1 : 20 and infra-
red spectra were carried out by using 32 scans for
each sample with a resolution factor of 4. Infrared
spectra were recorded in the wave-number range of
4000450 cm ™' on an ABB Bomem MB series spec-
trophotometer. Ultraviolet spectra were collected on
Lightwave UV/vis spectrophotometer 52000 series.

Elemental analysis

Analyses for carbon, hydrogen, and nitrogen were
performed using a Heraeus Elemental Analyzer
CHN-O-Rapid (Elemental-Analyses system, GmbH).
About 10 mg of dried sample was submitted
to elemental analysis. The experimental values
obtained in this way were compared with the theo-
retical values calculated through eq. (4) given as
follows:

k

.
T % 100 @)
> i1 1M

k
. . N
%X = My [23]1

where, X displays the C, H, or N element and N;x
is the number of the element X in compound j
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(monomer or crosslinker). Mx and M; are the molec-
ular weight of the element X and compound j
respectively, and 7; is the mole percent of the com-
pound j. For a system with two monomers k = 2.

Thermal analysis

Thermal analysis was carried out by means of a Per-
kin—Elmer differential scanning calorimeter (DSC) con-
sisting of thermal analysis microprocessor controller.
Temperatures and enthalpies were calibrated using in-
dium phase transition (99.99% pure; heat of fusion,
28.45 J/g; melting point, 429.76 K). Samples (5.0 mg)
were weighed by a balance with accuracy of 0.1 mg
and encapsulated in aluminum crimped pans. Ther-
mal curves were recorded with a heating rate of 10
°C/min in a temperature range from 25 to 190°C
under a dry nitrogen purge (20 cm®/min). Before each
scan, a baseline was recorded with the same heating
rate and then subtracted from the experimental scan.

Surface area and pore size analysis

The pore properties of the samples including surface
area, pore volume, and pore size were assessed by
nitrogen gas sorption analyzer (NOVA-4000e, Quan-
tachrome), and were determined by a Multipoint
BET (Brunauer—-Emmett-Teller) method. The BJH
(Barret-Joyner—-Halenda) method was applied to cal-
culate the pore size distribution from the analysis of
the desorption branches of the isotherms. Before the
experiment, a total of 100 mg of the polymers were
degassed at 40°C for 17 h. The dry polymer was
used for nitrogen sorption isotherms at —196°C. The
average pore diameter was calculated using the
Wheeling equation expressed as®*:

 10° Pore volume (cc/g)

Pj(nm) = 4 Surface area (m?2/ g)

©)

Swelling ratio

In order to better elucidate the difference between
the dry and swollen state of the polymers, swelling
tests were performed in acetonitrile. Swelling was
measured in graduated NMR tube by allowing a
known volume and weight of dry polymer to equili-
brate in acetonitrile, where after the volume of the
swollen particles was measured. The swelling ratio,
given as volume of the swollen polymer to volume
of dry polymer, was read after 24 h.

Batch binding experiment

One hundred milligrams of each MIP and NIP poly-
mer particles were placed in a separate HPLC glass
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vials containing 1 mL of a 10 mM verapamil stand-
ard solution prepared in MeCN. Each suspension
was gently shaken for 24 h and then the superna-
tants were separated by centrifuge. The concentra-
tion of verapamil in the supernatants solution was
measured by UV spectroscopy at a wavelength of
280 nm.

RESULTS AND DISCUSSION

It is known that the concentrations of the compo-
nents involved in the polymerization are the key
parameters in the synthesis of the MIPs and the
particles.'>** Therefore, in the design of the experi-
ments, the levels for each factor was chosen, taken
into account the common molar ratios between tem-
plate : monomer : cross-linker which corresponds
to1l:4:20 (i.e., 83 mol% crosslinker over total
monomers).** It is noteworthy to mention that in
this study the molar ratio was 1 : 4 : 16 (or 80 mol%
crosslinker over total monomers), which is close to
the common molar ratio. We slightly decreased the
amount of the crosslinker to help the slightly big
template penetration into the nanocavities.”> The
chosen monomers should be soluble easily in the
solvent used in the addition to bear the highest
interactions with the template. Moreover, in the
molecular imprinting technology, the best imprinting
porogens are solvents with very low dielectric con-
stant such as toluene, chloroform, acetonitrile, etc.
The use of more polar solvents will weaken the
interaction forces resulting in poorer recognition.
Thus the solvent must be chosen carefully to maxi-
mize the possibility of the formation of template—
functional monomer Complex.26 Therefore, in this
work acetonitrile was used as the porogenic solvent.
Since MBA at room temperature is not soluble in
acetonitrile, a small quantity of DMSO (0.5 mL or
2%) was used as co-solvent. Spizzirri and Peppas®
proofed that DMSO as an amphipathic solvent does
not take part in the hydrogen bond host-guest inter-
action but it helps in the achievement of porous
materials. According to literature, the volume ratio
of the monomer phase to the polymerization
medium was kept within 1-5%.°

Taguchi analysis of the particles size

Influence of the composition of polymerization sys-
tem on the particles size characteristics for a set of
experiments defined using OA (My,) is presented in
Table III. The results indicate that the particles
obtained from each experimental run are in submi-
cron size, i.e., diameters less than 1 um. It is also
deduced that the PDI of the particles is close to 1
showing the uniform size of the particles obtained in
all the cases. The smallest particle size belongs to

TABLE III
Average Particle Size (nm) and Polydispersity Index for
the 16 Samples Prepared Based on M4 (OA)

Sample D,, (CV%)? D (CV%)*P PDI (CV%)*P
P1 191 (1.83) 194 (1.30) 1.02 (2.20)
P2 239 (2.51) 258 (1.89) 1.08 (2.91)
P3 402 (1.47) 408 (0.98) 1.01 (1.75)
P4 511 (1.27) 529 (1.10) 1.04 (1.62)
P5 130 (5.23) 136 (4.21) 1.05 (6.39)
P6 138 (4.86) 141 (3.96) 1.02 (6.14)
P7 602 (1.10) 626 (0.88) 1.04 (1.35)
P8 534 (1.05) 547 (0.75) 1.02 (1.23)
P9 157 (2.68) 163 (2.11) 1.04 (3.28)
P10 372 (0.75) 376 (0.23) 1.01 (0.78)
P11 273 (2.53) 285 (1.97) 1.04 (3.08)
P12 541 (1.18) 555 (0.84) 1.03 (1.41)
P13 176 (2.05) 185 (1.68) 1.05 (2.52)
P14 371 (1.81) 386 (1.12) 1.04 (2.04)
P15 245 (0.94) 281 (0.72) 1.15 (1.03)
P16 249 (1.89) 271 (0.99) 1.09 (1.96)

@ Coefficient of variation (CV% = Standard deviation x
100/mean).

" The total standard deviation was calculated employing
multiplication and division rule for standard deviations.

experiment P5 (D, of 136 nm) and the biggest one is
relevant to experiment P7 (D,, of 626 nm). This indi-
cates that the domain of variation of particles size by
changing the content of constituents is noticeable (more
than fourfold increase in the average particle size).

The data relevant to the particle size, according to
Table III, were used to perform the analysis of var-
iance (ANOVA) using Qualitek-4 software. The
results are represented in Table IV. The presented
results indicate that the crosslinker has the biggest
impact on the particles size (Percent P ~ 52%). The
initiator has the second order in influencing the par-
ticle size (Percent P ~ 24%), the role of monomer
concentration on the particle size is found to be very
little. Figure 1 shows the effect of the factors on the
weight average particle size with the levels varia-
tion. Obviously, the concentrations of initiator and
crosslinker (two most influential parameters) display
increasing trend on the average particle size. Indeed,
the initiator concentration alters the particles size
from 200 nm to 380 nm (difference of 180 nm), while
the crosslinker concentration alters the particles size
in a wider range between 163 nm and 459 nm (dif-
ference of 296 nm). This may be attributed to the
entropic precipitation mechanism of the polymeriza-
tion in which the cross linker prevents the polymer
and solvent from freely mixing.?® Unlike the conven-
tional dispersion polymerization, in the absence of
any modifier (or stabilizer), the beads were still sta-
ble and it was believed that they were formed
through precipitation polymerization mechanism.
Additionally, through Figure 1 and Table III, it was
found that as the amount of the modifier increases
the particle size decreases. This can be due to the fact

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE IV

Analysis of Variance (ANOVA) for Particle Size Obtained by Qualitek-4 (Quality Characteristic (QC) = Smaller is Better)

Factors DOF* (f) Sum of sqrsb (S) Variance® (V) F-ratio® (F) Pure sum® (5') Percent P! (%)
Monomer 3 18,926 6309 102.2 18741 4.98
Crosslinker 3 197,461 65,820 1066 197,275 52.39
Initiator 3 912,92 30,431 493 91,107 24.19
Modifier 3 68,694 22,898 371 68,509 18.19
Other/Error 3 185 62 0.25
Total 15 376558 100.00%

@ Degree of freedom, is the number of impendent quantities that can be calculated from experimental data and cannot
exceed the number of data points applied to characterize four separate items. ,
" Sum of squares, is calculated by adding deviations of the individual data from the mean value (Y), St = Z v, -5

where, T is the summation of the all results and N is the number of the experiments.

A
¢ Variance (or mean squares): V4 = —-.

. V,
4 Fratio: Fy = A fa
¢ Pure sum of scfuares: S;‘ =S4 — (Ve fa).
. s . . . .
f Percent influence: P, = S—A, where V, is the variance for the error term (obtained by calculating error sum of squares

and dividing by error degreeTs of freedom) and f4 is the degrees of freedom (DOFs) of factor A.

that when the concentration of the modifier increases,  concentration [Fig. 2(A)], which could be estimated
the number of nuclei of particles increases. Indeed, in by the following equation at 60°C:

the absence of any modifier, the initially formed poly-

mer nuclei are adhered together as a result of colli- U = 0.0583C, + 0.661; (R2 — 0_997) (7)
sion and in a certain size (or weight) they start pre-
cipitating.'> Moreover, it has been reported'? that the

R ; . . 092 -
viscosity of the reaction medium may influence the
particle size in a way that increasing the viscosity of 058 1 = 00608x+ 0784
the polymerization medium decreases the particle 084 R*=0.995
size. In other word, increased viscosity, opposing the = Gh
motion of the particles relative to its neighbors,” i
results in smaller particles. Hence, viscosity of the § e
. . . r . f y = 0.0583x + 0.661
reaction medium (v,,) and modifier concentration (C;) $ o072 - A2 0,097
can affect the average particle size (d) inversely, *
according to the following expression,'? but with the ae @A 60 oC
two above mentioned mechanisms. ’ WAL 25 oC
06 . . . . . .
A) 0 025 05 075 1 1.25 15
d= 6
=f(:2¢) © -
In this work, viscosity of the reaction medium was 0.76 -
found to be a linear function of the modifier (PVP) 074 ¢
500 _ 0721 *
450 % 07 - .
£ 400 % 068 -
"._: 350 é 0.66 - *
3 300 064 -
=
g 250 - 062
2 200 .- x—Mename; 06 . : . : .
B0t 0 ——==—- ¢ -Cewlinkr B) 200 250 300 350 400 450
< 163 —4— Initiator Average particle size (nm)
100 —— Stabilizer
50 4 . ; . Fi.gure 2 A: Viscosity change of the polymerization me-
1 2 3 4 dium (MeCN+PVP) versus the concentration of the modi-
Léves fier (PVP-K30) at two different temperatures (25°C and
60°C) and (B) Effect of polymerization medium viscosity
Figure 1 Main effect plot of average particle size. (at 60°C) on average particle size.
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Figure 3 Interacting factor pairs (in order of SI): (A)
monomer, (B) crosslinker, (C) initiator, (D) modifier.

where v,, is the viscosity of the solution (mPa s) and
C, is the concentration of the modifier (wt %). The
effect of polymerization medium (MeCN + PVP)
viscosity on the average particle size is shown in
Figure 2(B). This correlation indicates that the viscos-
ity of the reaction medium increases slightly by
addition of the modifier. Therefore, the reduction of
the particle size with the modifier concentration is
speculated to be much prominent to the nucleating
role of the modifier (not to the enhanced viscosity).

Furthermore, an analyzed possible interaction
between the four factors, the six possible interacting
factor pairs (4 x (4 — 1)/2 = 6) in order of the inter-
action severity (SI), is represented in Figure 3, quan-
titatively. It was observed that the interaction
between the monomer and initiator (A x C) is more
severe than the other interactions.

Figure 4 displays the particle morphology of typi-
cal systems in the presence (samples P1 and P14)
and absence of the modifier (sample P4).

Correlation of particle size and the polymerization
composition

Due to the influence of the different parameters on the
particle size, a nonlinear model is required to describe
the correlations between the components of the reac-
tion and the mean particle size. Following previous
studies,®*?! contour plot between any pairs of compo-

(b) Particles

size (nm)
e < 200
©1200 - 300

300 - 400
R 400 - 500
B 500 — 600
i | B > 600

Figure 5 Contour plot of crosslinker (B) vs. initiator (C).

nents with respect to the particles size (see Fig. 5) by
means of Akima’s polynomial expressed as eq. (8).
Akima’s polynomial is a very useful technique for the
estimation of the optimal curve.*> Moreover, it is note-
worthy to point out that the two dimensional interpo-
lation (Akima’s method) can be addressed as a fast
calculation or smoothing method.

5—

d, = Z Z ;C'B/ (8)

5
=0 j=

—

where a;; are the coefficients of each local polygon, B
and C are coordinate distances relative to some local
origin (typically the crosslinker and initiator concentra-
tions), and i and j are dummy variables. Although the
contour plot of the other factors could also be obtained
easily, the contour plot of crosslinker and initiator is
presented here due to their biggest impact on the par-
ticle size (see Fig. 1 and Table IV). Obviously, with an
increase in the concentrations of both crosslinker and
initiator, bigger particles can be obtained.
Furthermore, in order to confirm the optimization
results (i.e., step four in Taguchi method: running a
confirmatory tests using the optimum condition), the
optimum condition for a target value of 500 nm
with a weight factor of 5.0 and importance value of
5.0 (the values that emphasize on the objective) is
given in Figure 6. This has been performed by the

Figure 4 SEM image of sample P1, P4, and P14. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 6 Minitab optimization plot to target 500 nm par-
ticles. CD: composite desirability; Id: individual desirability;
High: highest parameter values; Low: lowest parameter val-
ues; Cur: current or optimum values; and (A-D) are
defined in Table I. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Minitab software. To obtain particles with the aver-
age diameter of 500 nm, the optimum concentrations
for the components, A, B, C, and D were 0.45, 4.0,
2.0, and 0.47 wt %, respectively. This single opti-
mum point for the concentration of the components
is in the expected range in the proposed contour
plot (Fig. 5). In the optimization plot, it is to be
noted that composite desirability (CD) evaluates
how the settings optimize a set of responses overall,
and assess how well a combination of input varia-
bles satisfies the goal. Individual desirability (Id)
evaluates how the settings optimize a single
response. Here, the composite desirability as well as
individual desirability is equal to 1, which indicates
that the settings appear to achieve favorable results
for all responses as a whole.

Molecular imprinting of verapamil

At the first step, NIP with the optimized composi-
tion, i.e., monomer 0.45 wt %, crosslinker 4 wt %,

; » > s !
': T - . A& [
ratse 'y Coorarts Farts & Coatrin

QOURIMSLIR |,
n

4500 00 00 00
Wavenumber (cm™)

Figure 8 FTIR spectra of MIP, NIP, and PVP.

modifier 0.47 wt %, and initiator 2 wt %, was synthe-
sized. At the second step, corresponding MIP with
verapamil as the template molecule was also pre-
pared. Figure 7 shows SEM image of the resultant
particles for NIP/MIP. The weight average particle
obtained from SEM image for NIP was 489 nm. This
value is in agreement with the model prediction with
about 2% deviation in the particle size. Additionally,
the average particle size for the corresponding MIP
was found to be about 550 nm. This indicates that
imprinting verapamil in poly(AAm-co-MBA) results
in the increase of the particle size which is consistent
with literature reports.22’33 Possibly, in the MIP, addi-
tional molecular interaction between the monomer
and the template affects the polymer nucleation and
consequently results in slightly larger particles.

Figure 8 shows the FTIR spectrum of PVP, MIP,
and NIP. The characteristic absorption bands at the
frequencies 1660 cm™' (C=0), 1422 cm™' (5CH2),
1290 cm™' (C—N) are clearly observed for PVP.
Meanwhile, the FTIR spectra of the MIP and NIP do
not show such characteristic peaks justifying the ab-
sence of the modifier molecule in the system. Addi-
tionally, the characteristic peaks of the NIP and MIP
are almost similar. These observations suggest that
the template in MIP and modifier in MIP/NIP have
been successfully removed during washing.

Iratite for Cokrarts, Parss & Costrn |

Figure 7 SEM microphotographs of the resultant particles for NIP (a) and MIP (b). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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TABLE V
Elemental Analysis of MIP, NIP, and Theoretical Values
Sample % C % H % N C/N
MIP 50.40 8.18 16.97 2.97
NIP 50.77 8.65 17.05 2.98
Theoretical® 54.14 6.59 18.33 2.95

@ Calculated by eq. (4).

The elemental analysis was performed on the
polymers after template extraction indicate that the
monomer conversion is high and the monomer has
been stoichiometrically incorporated into the poly-
mers (Table V). It is also found that the template has
been successfully removed from the polymer. Even
though the elemental analysis values for C, H, and
N differ from calculated ones, the C/N for both
polymers, i.e., MIP and NIP are close to the theoreti-
cal values.

DSC analysis of NIP, physical mixture of NIP and
verapamil, and verapamil rebind MIP are presented
in Figure 9. A small endothermic peak in the physi-
cal mixture of NIP and verapamil thermogram (at
149°C, AH 9.3 J/g) can be attributed to the template.
However, the absence of the crystalline peak of vera-
pamil in the thermogram of the MIP indicates that
verapamil and polymer have interacted at molecular
level.*

Nitrogen gas sorption isotherms and the pore
properties of the MIP and NIP are given in Figure 10
and Table VI, respectively. It is verified that the MIP
presents slightly higher surface area than the corre-
sponding NIP. There is a slight difference in the
pore volume and surface area of the MIP and NIP
as well, which can be attributed to the template
effect on the polymer texture.”> Moreover, according
to BDDT (Brunauer, Deming, Deming, and Teller)36
isotherm classification, the resultant isotherm shows
that the particles are macroporous. The crystalo-
graphic data®” have shown that the molecular
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Figure 9 DSC thermograms of NIP, physical mixture of
NIP, and verapamil and verapamil-rebind MIP.
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Figure 10 Nitrogen gas adsorption and desorption iso-
therms for the MIP and NIP.

volume of verapamil in solid-state-conformation is
1382.1 A® and the distance between the aromatic
rings is 5.25 A, (a = 7.086, b = 10.591, ¢ = 19.196 A).
Therefore, the macroporous structure of the poly-
mers provides enough big pores for the template to
penetrate into the polymer matrix.

Swelling ratios of the MIP and NIP were found to
be 1.27 and 1.24, respectively. The swelling ratio val-
ues can be regarded as indications of the extent of
the cross-linking of the polymeric particles. Since the
swelling ratio is not high (for both NIP and MIP), it
is inferred that sufficient level of cross-linking has
been achieved. Additionally, as the swelling ratios of
NIP and MIP show almost similar values, it is
deduced that the verapamil imprinting has not influ-
enced the swelling ratio.

Distribution coefficient (Kp), adsorption amount
(Q), and molecular imprinting factor (IF) was calcu-
lated to evaluate the imprinting effect on verapamil
adsorption. The distribution coefficient, according to
the classical adsorption model, is expressed as**:

_G

Kn =22
D C

©)

where C, and Cy are the concentration of verapamil
on the MIP particles (umol/g) and in the solution
(umol/mL) at equilibrium, respectively. The concen-
tration of free verapamil was determined by analyz-
ing the supernatant solutions. Using a standard

TABLE VI
Pore Properties of the MIP and NIP

Pore size (nm)

Surface Pore
area volume Pore Ave. pore
Sample (m?/ g) (cc/g) ratio® Meso size
MIP 186.0 0.647 1.03 3.72 13.91
NIP 168.2 0.625 3.71 14.88

@ The ratio between the pore volumes.
P Calculated using eq. (5).
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calibration curve, the amount of verapamil bound to
the polymers was calculated by subtracting the free
amount verapamil from the initial amount of that.

As mentioned above the polymers swell very lit-
tle, therefore, the effect of swelling on the template
concentration might be negligible and the amount of
verapamil adsorbed by the polymeric particles could
be determined by the following equation:

(Co—-Cp)V
m

Q= (10)
where Q is the mass (mg) of verapamil adsorbed per
gram of dry polymer, Cy (mg/mL) and C; (mg/mL)
are the initial and final verapamil concentration in
the supernatant, respectively. V (mL) is the total vol-
ume of the verapamil solution, and m is the mass (g)
of polymer in rebinding mixture.

The IF was achieved via the following equation:

QMIP

IF =
Qnrp

(11

where Qupp and Qnpp are the amount of verapamil
adsorbed into a unit mass of dry MIP and NIP at equi-
librium, respectively. It is to be noted that the UV
absorbance of MeCN solution which had already been
equilibrated with the polymers (i.e., gently shaken for
24 h) was the same as that for the neat MeCN. There-
fore one could say that the polymers were free from
any unreacted materials and no chemicals released
from the polymers to disturb the UV absorption.
Hence the washing step with MeOH/AcOH and cen-
trifugation were quite sufficient. Otherwise, one needed
to assess the background absorbance from any tem-
plate or oligomers that could desorb from the particles.

In the batch binding assay, verapamil concentration
in the supernatants solution of MIP and NIP was
measured as 3.17 and 6.86 mM, respectively. There-
fore, Kp for the MIP was 21.5 mL/g and the IF was
2.17. The result indicates that the imprinting method
creates a microenvironment and nano-cavities includ-
ing functional groups that recognize verapamil as
imprinted molecule. Therefore, verapamil is taken up
much more by the MIP than by the NIP. It is notewor-
thy to mention that verapamil molecule is bearing 6
hydrogen-bond acceptor moieties and the most sus-
ceptible group to be hydrogen-bond is the —C=N
group in verapamil.”’ Therefore, it is hypothesized
that the success of the MIP is due to a large number
of weak hydrogen bonds formed between the polymer
and the template, giving an overall strong interaction.

CONCLUSION

Modified precipitation polymerization method was
utilized to obtain poly(AAm-co-MBA) particles with

Journal of Applied Polymer Science DOI 10.1002/app
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tunable particle size. This polymerization method
involves both precipitation and dispersion polymer-
ization recipes. The Taguchi method for the design
of experiment was used to investigate the influence
of polymerization constituents, including monomer,
crosslinker, initiator, and modifier, on the particle
size. Depending on the composition, products with
different submicro-particles with sizes ranging
between 100 and 600 nm were achieved. In all cases,
PDI of the particle size was found to be almost 1
indicating uniformity of the particle size. The cross-
linker was found to be the major factor affecting the
particles size, even though the initiator and modifier
showed also some contribution. It was revealed that
the particle size increases by increasing the concen-
tration of the crosslinker. The influence of modifier
on the particle size was attributed to the nucleating
role of this component. For a predefined particle
size, the optimum composition was predicted by
Taguchi method. The particle size of the predicted
composition for NIP was found to be consistent with
the experimentally determined particle size using
the SEM. Single point batch rebinding experiment
showed the affinity of verapamil as a template to
the imprinted polymer. The MIPs especially with a
controlled particle size have a potential use for the
separation, drug delivery systems, and etc.
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