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ABSTRACT: Cationic copolymer nanoparticles were pre-
pared by emulsifier-free emulsion polymerization of sty-
rene and n-butyl acrylate, using [2-(methacryoyloxy ethyl]
trimethylammonium chloride as the cationic functional
comonomer and 2,2'-azobis (Z-methyproplonamldme) as
the cationic initiator. FTIR spectroscopy, H-NMR spec-
troscopy, and GPC were applied to characterize the chemi-
cal structure and molecular weight of the obtained
copolymer. The size and size distribution of the nanopar-
ticles were characterized through photon correlation spec-
troscopy. The interaction of nanoparticles with bovine

serum albumin (BSA) was investigated by the means of
transmission electron microscopy and fluorescence spec-
troscopy. It was found that the copolymer nanoparticles
were monodisperse spheres with the diameter less than 90
nm and can complex well with BSA through electrostatic
interaction. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 125:
864-869, 2012
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INTRODUCTION

Polymer nanoparticles with specific shape and
unique surface functionalities, especially those with
charged groups (—S04%~, —COO~, and —N* (CH3),)
and reactive groups (—COOH, —OH, —NH,, and
—SH)' are offering useful supports in varied fields
for many years. As a result, researches dedicated to
the design, preparation, and application of the func-
tional polymer nanoparticles are increasingly pros-
perous currently.”™

In recent years, marvelous studies focused on cati-
onic charged polymer nanoparticles are being car-
ried out. Monomers with amino groups and the
derivatives, especially ones bearing quaternary am-
monium groups, are the most applied compositions
in the design and synthesis of cationic polymer
nanoparticles. And approaches for the preparation
of them were universally reported recently, such as
methods based on emulsion polymerization,”® poly-
electrolyte complexation technique,” and self-assem-
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ble of amphiphilic copolymers.® Among them, emul-
sifier-free emulsion polymerization is a simple and
mature technique to prepare polymer nanoparticles
and owns obvious advantages. The absence of sur-
factant in the system offers the possibility to obtain
rather “clean” polymer nanoparticles,” avoiding the
interference of surfactant during property measure-
ments and even in the applications afterwards.
Meanwhile, in the process of emulsifier-free emul-
sion polymerization, the use of ionic initiator
ensures the colloid stabilization and surface charge
density of polymer nanoparticles.'’

Because of the ability to interact with fibers,
cements,13 and pollutants in waste water,14 cationic
polymer nanoparticles are widely applied in fields
like paper industry, textile or fabric finishing, and
sewerage treatment. Furthermore, positive charged
nanoparticles can complex with phosphate groups in
DNA molecules and negative charged proteins
through electrostatic interaction. Thus, cationic poly-
mer nanoparticles also possess the potentiality of
applications in biotechnology fields, including pro-
tein separation,'” protein carriers,'® and medical
diagnostics."”

As have been well known, proteins are of signifi-
cant importance in organism and are the main com-
ponent of large numbers of medical drugs nowa-
days. To apply various materials in the biomedical
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field, studies on the interaction between proteins
and other materials seem to be increasingly
urgent.'™? Because of the presence of functional
groups like —COOH and —NH, in the same mole-
cule, proteins exhibit the property of amphoteric ion-
ization and isoelectric point (pI), the pH value at
which the molecule carries no electrical charge. At a
pH below their pl, proteins carry net positive
charge, whereas above their pl they carry net nega-
tive charge.”’ That is to say, the net electrical charge
of proteins highly depends on the pH values of their
surrounding environment. Thus, by appropriately
adjusting the pH value, negative charged proteins
can be obtained and can certainly be made to bind
to the surface of cationic nanoparticles.

In this study, functional cationic comonomer
[2-(methacryloyloxy) ethyl] trimethyl ammonium
chloride (METAC) was used to introduce positive
charge into polymer nanoparticles. Nanosized, sur-
face clean, narrow distributed cationic copolymer
nanoparticles were prepared by emulsifier-free
emulsion polymerization. And their interaction with
protein, bovine serum albumin (BSA) as the model
in this set of experiment, was preliminarily investi-
gated by transmission electron microscopy (TEM)
and fluorescence spectra. The objective is to explore
the prospect of the application of polymer nanopar-
ticles as the protein carriers and drug delivery.

EXPERIMENTAL
Materials

All the chemical reagents were analytical grade. Sty-
rene (St) and n-butyl acrylate (BA) were distilled
under reduced pressure to remove the inhibitors
and stored at 4°C before use. An aqueous solution
(75 wt %) of [2-(methacryloyloxy) ethyl] trimethyl
ammonium chloride (METAC) was purchased from
Aldrich and used as received. 2,2'-Azobis(2-methy-
propionamidine) dihydrochloride (AIBA) was sup-
plied by Acros Organics Co. and purified by recrys-
tallization. Acetone and CaCl, were analytical grade
and used without further purification.

Bovine serum albumin (BSA, average molecular
weight of 66,000 g/mol) was supplied by Beijing
Shuangxuan Biological Culture Medium Plant (Bei-
jing, China). The stock solution of BSA was prepared
by dissolving BSA in distilled water and stored at 0-
4°C. The concentration of working solution of BSA
was 1 x 107> mol/L.

Preparation of cationic copolymer nanoparticles

The preparation of cationic polymer nanoparticles
was carried out by typical emulsifier-free emulsion
polymerization. The procedure can be described as

follows: St (2.34 g, 22.47 mmol), BA (2.00 g, 15.60
mmol), comonomer METAC (0.2955 g, 1.423 mmol),
and distilled water were poured into a 250-mL four-
neck round-bottom flask equipped with a reflux con-
denser, a Teflon paddle stirrer, and bubbled with a
fine stream of nitrogen. After sufficiently dispersing
at 45°C for 30 min, AIBA (0.04 g, 0.1475 mmol) was
added in to initiate the reaction. Continuous copoly-
merization proceeded for 8 h at 73°C. Then, the mix-
ture was cooled to room temperature to get the
resulting emulsion.

Certain amount of the resulting emulsion was dia-
lyzed for 72 h in the dialysis bag against 1000 mL
deionized water, which was exchanged at an inter-
val of 12 h. The dialyzed emulsion was deposited in
the mixture of acetone and CaCl, solution. Then, the
product was collected by filtration, washed three
times with acetone and distilled water, and then
dried under vacuum at 40°C. P (St-BA-METACQ)
copolymer was obtained.

Measurements

FTIR spectroscopy

FTIR spectrum of the copolymer was performed on
the Perkin-Elmer Spectrum one Transform Infrared
Spectrometer (Perkin-Elmer, USA). The copolymer
film was cast onto KBr disk, and the FTIR spectrum

was recorded from 4000 to 450 cm L.

Nuclear magnetic resonance spectroscopy

The nuclear magnetic resonance (‘H-NMR) spectrum
of the copolymer was recorded using a UNITY
INVOA-600 MHz spectrometer (Varian, USA) at
20°C with CDCl; as the solvent. Chemical shifts
were reported in ppm units with tetramethylsilane
as an internal standard.

Molecular weight and molecular weight distribution

The molecular weight and molecular weight distri-
bution of the copolymer were measured on a Waters
150-C  gel permeation chromatograph (GPC)
equipped with polystyrene gel columns (HT2, HT3,
and HT4) at 30°C. THF was used as eluant, and
polystyrene standards were used as calibrations.

Transmission electron microscopy

The morphology of the nanoparticles and that of
nanoparticles interacted with BSA were character-
ized by TEM (Tecnai G20, FEI Corp.USA). A drop of
diluted sample was placed on a carbon-coated cop-
per grid and dried in air. The TEM images were
obtained at 25°C at an electron acceleration voltage
of 200 kV.
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Size and zeta potential determination

The average hydrodynamic radius (Rh) and size dis-
tribution (Polydispersity index) of obtained nanopar-
ticles with the absence and presence of BSA were
measured by photon correlation spectroscopy (PCS)
(Auto size Loc-Fc-963, Malvern Instrument). The dia-
lyzed dispersion of copolymer nanoparticles inter-
acted with BSA were diluted with deionized water
to get an appropriate concentration and then poured
into a cuvette. The cuvette was set inside a sample
holder. The temperature of the holder was main-
tained at a desired temperature of 25°C, and the
diluted dispersions were measured at 90° scattering
angle. The value of “Polydispersity Index” ranged
between 0 and 1, and a smaller value of “Polydisper-
sity Index” meant narrower particle size
distribution.

The zeta potential measurements were carried out
using a Malvern NanoZS, model ZEN 3600 (Malvern
Instruments, UK). Each sample was properly diluted
with ultrapure water, and pH value was adjusted to
7.4 with PBS buffer.

Fluorescence spectroscopy

The fluorescence properties of a series of copolymer
nanoparticles interacted with BSA molecules were
studied on a RF-540 spectrometer (Hitachi high-tech-
nologies corp., Tokyo, Japan). A total of 50 pL dia-
lyzed dispersion of copolymer nanoparticles and
BSA solutions of different concentration were added
into a 25-mL volumetric flask, and the pH value was
adjusted to 7.01 with tris buffer. The mixture was
diluted to 25 mL with doubly distilled water and
vortexes. The fluorescence emission spectra were
recorded in the wavelength range 350-500 nm at the
exciting wavelength of 280 nm. Both the excitation
and emission slits were 5 nm.
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Figure 1 FTIR spectrum of P (St-BA-METAC) copolymer.
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Figure 2 'H-NMR spectrum (CDCl;; 600 MHz) of P
(St-BA-METAC) copolymer.

RESULTS AND DISCUSSION

Structure characterization of P (St-BA-METAC)
copolymer

FTIR studies on P (St-BA-METAC) copolymer

The FTIR spectrum of the copolymer was shown in
Figure 1. The peak at 3440 cm ' attributed to the
stretching vibration of —OH in water absorbed by
quaternary ammonium groups. The characteristic
peaks at 3028 cm ' and 1500-1600 cm 'corres-
ponded the stretching vibration of C—H and C—C
bonds in the benzene ring, respectively. And those
at 760 cm ' and 699 cm ! were the out-of-plane
bending vibration of C—H in substituent benzene
ring. The absorptions of C=0 at 1732 cm ' and
C—O at 1164 cm ' were observed correspondingly
in the spectrum, confirming the presence of ester.
The peak at 1454 cm ' corresponded the bending
vibration of —CH, in —CH,—N" (CH,);. Otherwise,
the strong absorption of —CHj3 and —CH, could be
observed at 2850-3000 cm '. The disappearance of
characteristic C=C absorption of alkenes in the
region of 1620-1680 cm ™' indicated the well poly-
merization of all the monomers.

"H-NMR studies on P (St-BA-METAC) copolymer

The '"H-NMR spectrum of copolymer measured in
CDCl; was presented in Figure 2. As can be seen in
the figure, the peaks at 6.5-7.2 ppm (a) attributed to
the phenyl region of styrene. The broad peak at 3.82
ppm (b) was assigned to the —CH,O—, whereas the
one at 3.60 ppm (c) was assigned to =N (CH3); of
METAC. The peak at 0.91 ppm (f) was the protons
of —CHj; in BA, and the peak at 2.28 ppm (d) was
due to the —CH— in the backbones. The signals at
1.29-1.9 ppm (e) were other methyl and methylene
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Figure 3 Molecular weight and molecular weight distri-
bution of P (St-BA-METAC) copolymer.

protons in the macromolecules. No signals for the
protons associated with double bond of unreacted
monomers can be detected in this 'H-NMR
spectrum.

Molecular weight and molecular weight
distribution of P (St-BA-METAC) copolymer

The molecular weight and molecular weight distri-
bution of the copolymer were demonstrated by
GPC, and the results were shown in Figure 3. The
molecular weight of the copolymer determined by
GPC was 533 x 10° g/mol, and the molecular
weight distribution (D = M,,/M,) was 2.67. The
results of GPC indicated that the copolymerization
of the monomers occurred, and the high molecular
weight copolymer was obtained.

Interaction of cationic copolymer nanoparticles
and BSA

Size and size distribution analysis

The size and size distribution of polymer nanopar-
ticles were determined through PCS, and the effect of
the concentration of BSA solution on the size and size
distribution of polymer nanoparticles were investi-
gated. Figure 4 showed the results of PCS measure-
ment of the copolymer nanoparticles with different
concentration of BSA solution. As can be seen from
Figure 4, particle size of copolymer nanoparticles is 90
nm, with the PDI of 0.002. The particle size increased
from to 90 to 113 nm with the concentration of BSA
solution varying from 0 to 5.6 x 1077 mol/L, and the
polydispersity index increased obviously as well.

The isoelectric point of BSA is around 4.6,”* which
is significantly lower than the pH value of measure
environment. After mixing the polymer emulsion
with the BSA solution, the BSA molecules presented

net negative charge. The adsorption of BSA and
nanoparticles established through the electrostatic
interaction between the cationic groups —N* (CHj);
on the nanoparticles and the negative charged
—COO™ in BSA molecule. Negative charged BSA
molecules were adsorbed onto the surface of cationic
nanoparticles, leading to the increase of the diame-
ters of the nanoparticles. With the gradual increase
of the BSA concentration, the adsorption to the parti-
cle surface came to saturation, leading the increase
tendency of the particle size to slow. This can be
seen from Figure 4. Because of the nonregularity of
the adsorption, different amounts of BSA molecules
were adsorbed onto each particle, causing a larger
particle size distribution.

Zeta potential analysis

Figure 5 showed the zeta potential of free nanopar-
ticles and nanoparticles loaded with BSA, measured
at pH value of 7.4. The zeta potential of the blank
polymer nanoparticles was +60.1 mV. The positive
charge of the particles was attributed to the cationic
groups —N" (CHs); on the particles. The zeta poten-
tial of pure BSA solution (1 x 107 mol/L) was
—16.8 Mv, at the pH value much higher than its iso-
electric point. Meanwhile, the zeta potential of nano-
particles decreased gradually from +584 to —4.68
mV as the BSA concentration increased from 1 x
10"® to 1 x 10° mol/L. The addition of BSA resulted
in a decrease in the zeta potential because of the load
of negatively charged BSA causing the electrostatic
bonding with —N" (CH3); on the particles.

TEM analysis

To get a better insight of the interactions between
polymer nanoparticles with BSA, TEM were carried
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Figure 4 Size (left) and size distribution (right) of
copolymer nanoparticles with different concentration of
BSA solution.
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Figure 5 Zeta potential of blank nanoparticles, pure BSA
(1 x 107° mol/L), and nanoparticles loaded with BSA
(1-7:1x107%1x107,2x107,4 x 1077, 6 x 1077, 8 x
1077, and 1 x 10"° mol/L) (pH = 7.4).

out to investigate the morphologies of polymer
nanoparticles interacted with BSA. Figure 6(a) dis-
played the TEM image of pure BSA. BSA is a kind
of crystalline protein®; the visual microstructures af-
ter evaporation of the solvent were observed from
Figure 6(a).

LI ET AL.

Figure 6(b,c) showed the morphologies of copoly-
mer nanoparticles obtained by emulsifier-free emul-
sion polymerization. Well-defined spherical nano-
particles with a narrow distribution and relatively
clean surface can be clearly seen in the pictures, con-
firming that the nanoparticles were monodisperse
along with the PCS results. The mean diameter of
the nanoparticles was no larger than 90 nm, which
was slightly smaller than the results measured by
PCS attributed to the different measure fundamen-
tals. It is the hydrodynamic diameter of the nanopar-
ticles in the dispersed media that obtained by PCS,
whereas TEM measures the diameters of the dry
particles.**

The morphologies of nanoparticles interacted
with BSA were shown in Figure 6(d,e) After the
adsorption of BSA molecules onto the surface of
nanoparticles, the colloid stabilization of nanopar-
ticles was extremely affected. Therefore, nanopar-
ticles exhibited high aggregation feature, which
was quite different from pure nanoparticles

themselves. As a result, nanoparticles might bind
to each other and even conglomerate together dur-
ing the process of evaporation of the solvent, as
can be seen in Figure 6(d) and Figure 6(e),
respectively.

Figure 6 TEM images of (a) pure BSA, (b), (c) pure nanoparticles, and (d), (e) nanoparticles with BSA solution (0.8 x

1077, 2.4 x 1077 mol/L).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Fluorescence spectra of nanoparticles with dif-
ferent concentration of BSA solution: Cgsa (1-5): 0, 0.8 X
107, 24 x 1077, 40 x 107, and 56 x 1077 mol/L
(pH = 7.01).

Fluorescence spectroscopy

Fluorescence spectroscopy was one of the most
applied tools to investigate the interactions between
proteins and foreign substances.”” Determination of
fluorescence properties enables analysis of microen-
vironmental changes during the process.”® Figure 7
showed the fluorescent emission spectra of obtained
emulsion in the presence of different concentration of
BSA solution. Line 1 was the emission spectrum of
pure emulsion without BSA solution. Because of the
presence of benzyl and amino groups in the macro-
molecule, emission peaks at 353 nm and 463 nm can
be observed from the emission spectrum. With the
increasing of the concentration of BSA solution, the
intensity of the peaks enhanced remarkably, with
slight red shift of wavelength from 453 to 469 nm.

As mentioned above, BSA molecules were
absorbed onto the surface of nanoparticles because
of the electrostatic interaction of positive and nega-
tive charges. The interfaces of nanoparticles and
water were obstructed by BSA molecules, so the
nanoapticles were protected from the attack of polar
water molecule, which may lead to the fluorescence
quenching.”” As the increase of the concentration of
BSA solution, each nanoparticle was protected by
more BSA molecules, leading to the intensity
enhancement of emission spectrum.

CONCLUSIONS

Cationic polymer nanoparticles were synthesized
through emulsifier-free emulsion polymerization.

The quaternary ammonium groups were success-
fully introduced into the copolymer, which can be
confirmed by the results of structure characteriza-
tion through FTIR and 'H-NMR spectroscopy. The
interaction of nanoparticles with BSA was investi-
gated by PCS, TEM, and fluorescence spectroscopy.
It was found that the obtained nanoparticles were
well-defined spheres with clean surface, and the
diameters of them were 90 nm. With the increase
of concentration of BSA solution, the mean diame-
ter of nanopaticles increased and the emission in-
tensity of the nanoparticles enhanced significantly
due to the electrostatic interaction of quaternary
ammonium groups and negative charged BSA
molecules.
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