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Abstract

Keywords: NIPA; LCST,; Temperature sensitive; PEG-
EEM; BSA; Protein; Adsorption In this study, temperature sensitive polymeric nanoparticles were prepared by emulsifier free emulsion
polymerization. N-isopropylacrylamide (NIPA) has been used as main monomer to give temperature
sensitivity and poly(ethyleneglycol) ethyl ether methacrylate (PEG-EEM) has been added to recipes as
comonomer to aid in particle formation. The effect of NIPA, PEG-EEM and crosslinker content on particle
size has been investigated. Temperature sensitivity or lower critical solution temperature (LCST) of the
nanoparticles has been followed by Zeta Sizer as change in particle size. In order to determine the protein
adsorption capacity of nanoparticles, adsorption experiments have been investigated as a function of
temperature and PEG-EEM amount. The results showed that the adsorption capacity of both NIPA and
NIPA/PEG-EEM latexes was increased similarly with the increase in temperature. However, amount of
BSA adsorbed on NIPA/PEG-EEM particles has been slightly higher than that of for NIPA alone. This study
showed that synthesized NIPA/PEG-EEM nanoparticles would be a good candidate for the further studies
on protein adsorption.
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Abbreviations

NIPA: N-isopropylacrylamide; PEG-EEM: Poly (ethyle-
neglycol) ethyl ether methacrylate; LCST: Lower Critical Solu-
tion Temperature; PNIPA: Poly(N-Isopropylacrylamide); KPS:
Potassium Persulphate; MBA: N, N’-methylene bisacrylamide;
BSA: Bovine Serum Albumin

Introduction

Stimuli-responsive polymers that respond with dramatic
property change to small changes in their environment.
They can be classified according to the stimuli they respond
to as: temperature, pH, ionic strength, light, electric and
magnetic field sensitive. They are mostly used in the field of
biomimetic actuators, immobilized biocatalysts, drug delivery,
thermoresponsive surfaces, bioseparation and bioconjugates
[1,2].

Important recent advances in poly(N-isopropylacrylamide)
(PNIPA) based systems have focused on mechanistic
understanding of phase separation, fine control of the structure-
property relationship and novel biomedical applications. PNIPA
is soluble below 32°C and precipitates above 32°C in water [3].

The adsorption of proteins on monodisperse latex particles
has been widely studied in the field of biomedical applications,

such as artificial tissues and organs, drug delivery systems,
biosensors, solid phase immunoassays, immunomagnetic cell
separations and immobilized enzymes and catalysts [1-4].
Various researchers have studied adsorption of proteins. Some
of them concluded that hydrophobic interaction is the most
important aspect of protein adsorption. [5-8]. Others claimed
that hydrogen bonding is more important then hydrophobic
interactions, in which they used the copolymerized particles
with acrylate and acrylic acid (carboxylated) [9,10]. Polystyrene
latex particles were found quite useful for promoting protein
adsorption through hydrophobic interactions [4-6]. These
particles had long been considered as colloidal polymer models
for protein adsorption onto polymeric supports. Protein
adsorption onto such latexes exhibited generally a rapid and
irreversible process, hydrophobic and electrostatic interactions
govern this process, hence the physicochemical properties of
two participating components play a predominant role, as well
as the external conditions (pH, ionic strength, buffer nature),
protein denaturation may be induced by conformation change
occurring in the influence of hydrophobic interactions.

Various polystyrene latexes incorporated with acrylamide
[3], acrylic acid [5], hydroxyethyl methacrylate [5],
N-isopropylacrylamide [11]. Many studies have been devoted to
the colloidal characterization of poly (N-isopropylacrylamide)
microgel particles, showing their outstanding thermosensitive
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properties [6-8]. An emulsifier-free polymerization is a
versatile technique to have well-defined monodisperse
microspheres in various size and surface group functionalities.

The main objective of this work was to examine the
adsorption behavior of BSA protein, used here as a model, on to
well-characterized NIPA/PEG-EEM copolymer particles. BSA
adsorption was investigated as a function of temperature and
PEG-EEM content.

Experimental
Materials

N-isopropylacrylamide (NIPA) (Aldrich, USA), poly
(ethyleneglycol) ethyl ether methacrylate (PEG-EEM) (Sigma,
USA) were used as comonomers. Potassium persulphate (KPS)
(BDH, England) was used as initiator. Crosslinking agent was
N, N’-methylene bisacrylamide (MBA) (Sigma, USA). All above
the reagents were used as purchased. Dispersion medium was
distilled water in all experiments (40 ml).

Preparation of polymeric particles

Polymerizations were conducted in an oil-in-water (o/w)
system. Typical recipes are listed in Table 1. NIPA, PEG-
EEM, MBA and KPS were added to distilled water, in a pyrex
glass reactor. Polymerizations were carried out in a constant
temperature shaking bath at 65 °C, under nitrogen atmosphere.
Polymerization duration was 24 hr. The latex particles were
cleaned by washing with water several times to remove the
unreacted monomers.

Particle characterization

The average particle size and surface charge density
measurements were carried out by Zeta Sizer (Malvern 3000
HSA). FTIR Spectrophotometer (Shimadzu, Model: FTIR-
8000 series) with KBr (IR grade)-nanoparticle mixtures in
the powder form was employed for structural analysis of the
polymer.

BSA adsorption

In adsorption experiments, Bovine Serum Albumin (BSA)
(Sigma, U.S.A.) was selected as model protein. Other chemicals
used were supplied by BDH (England) and used as received.
BSA adsorption on NIPA/PEG-EEM particles was examined in
different temperatures (4, 20, 30, 40 °C). BSA concentration was
2 mg/ml. 10 ml of BSA solution prepared in acetate buffer at pH
5. 0.1 g of particle was added to this solution under continous
mixing. Particles were interacted with BSA for 2 hours.
Adsorption capacity was determined spectrophotometrically
(UV/Vis Spectrometer Jasco V-530, Japan). BSA concentration
was measured at 280 nm. Amount of BSA interacted with
particles were calculated from below formula:

BSA (mg/g particle) = [(u) X BSA concentration X
Volume]/Amount of particle 1

where A, and A, are absorbance of the BSA before and after
interaction with particles.

Results and Discussion
Particle preparation

PEG-EEM containing temperature sensitive NIPA
nanoparticles in different size range were successfully
synthesized by an emulsifier-free emulsion polymerization.
PEG-EEM has both hydrophilic PEG and hydrophobic EEM
parts in their structure. Therefore, it can behave like surfactant
in the aqueous medium. In the first set of experiments, effect of
PEG-EEM content on particle size and temperature sensitivity
of the particles was examined. For this purpose, PEG-EEM
content was changed from 0-0.4 ml in the recipes. At room
temperature, particle size decreased from 1300 nm to 800 nm
with increased amount of PEG-EEM (0-0.2 ml), however when
the content of PEG-EEM reached to 0.2 ml and higher values
(0.2-0.4 ml), particle size started to increase as in figure 1.
Increase in particle size with decreasing amount of PEG-EEM
is reported in literature [12]. As seen in figure 1, all polymeric
nanoparticles showed almost the same lower critical solution
temperature (LCST), increasing amount of PEG-EEM in the
medium does not affect the LCST behavior of the nanoparticles.
LCST values of the polymers were around 35°C. Although, at
temperatures before LCST, particle size considerably changed
with increased amount of PEG-EEM when particles are in their
relaxed form, after LCST, particles contracted to their final size
and did not change much with increased amount of PEG-EEM
in the medium.

MBA in the recipe was used as crosslinking agent and
amount of it was changed from 0.02 to 0.16 g. Particle size
increased with the increased MBA content in the recipes (from
650 nm to 1100 nm) as seen in figure 2. Initially, crosslinker
amount did not affect the LCST behavior of the polymer as
seen in figure 2, however, after addition of 0.16 g, LCST sharply
changed from 35°C to 40°C. Sample B, contracted more with
temperature increase compared to the other samples and
became 100 nm in size. Increased amount of crosslinker in the
medium prevented movement of chains in the free volume as
expected.

In the third set of experiments, both NIPA and MBA content
was decreased to one half of the previous recipes and PEG-EEM
content was changed from 0-0.1g. Particle size measured for the
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Figure 1: Effect of PEG-EEM content on temperature sensitivity of particles.
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sample without PEG-EEM was around 850 nm, it is increased
to 1050 nm with the addition of PEG-EEM in the recipe. In spite
of this, sample with PEG-EEM considerably compacted from
1050 nm to 100 nm relative to the sample without PEG-EEM
(from 850 nm to 350 nm), with the increase in temperature
as seen in figure 3. LCST of both particles, with or without
PEG-EEM, was around 35°C and addition of PEG-EEM in the
recipe did not change the LCST. After LCST, particles reached
their the most compact form and the smallest particle size was
measured. Also, it should be noted that the most compacted
form of the particles was obtained by PEG-EEM containing
samples. Particle size of these samples was below 100 nm after
LCST. Therefore, these samples have sponge-like behavior that
would be valuable for the further study of adsorption.

Chemical structure of the particles determined from
FTIR spectrum (Figure 4). FTIR spectra of the copolymer
synthesized are (KBr Pellet), cm™: 3500-3400 (w) primary
amine (NH stretching), 3078 =CH,, 2976-2878 -CH, and -CH,,
1725 C=0 stretching, 1650 (s) N-H in-plane bending, 1552 (s)
N-H stretching, 1460 CH stretching, 1388-1367 CH stretching,
1172, 1130-1049 (w) C-O-C stretch bands, 927-841 (m-w) C-C
stretching of main chain, 617 C=0 out of plane bends.

Protein adsorption

In recent years, there is a great interest on the design of
smart and intelligent polymeric materials for technological
applications and fundamental studies [13-21]. These materials
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Figure 2: Effect of MBA content on temperature sensitivity of particles.
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Figure 3: Effect of PEG-EEM content on temperature sensitivity of particles when
the content of NIPA and MBA decreased.
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Figure 4: FTIR spectrum of the polymer synthesized.

can respond with shape and volume changes to small
external stimuli, such as temperature, pH, ionic strength,
and magnetic fields. Among these intelligent polymeric
materials, N-isopropylacrylamide is the most widely studied
thermosensitive polymer [22]. Shamim et al studied adsorption
and desorption behavior of BSA on surface-modified magnetic
nanoparticles covered with thermosensitive polymer (PNIPA)
was investigated as a function of temperature, pH, and ionic
strength. The results showed that the temperature effect on
adsorption/desorption behavior was mainly dependent on the
properties of the particles’ surface. The effect of pH was also
investigated and it was observed that a smaller amount of
protein was adsorbed at higher pH because of the electrostatic
repulsive force between protein molecules and latex particles.
The maximum amount of protein was adsorbed near the
isoelectric point of BSA. Desorption results showed that more
protein was desorbed when adsorption was done at lower
temperatures and desorption efficiency was found to be higher
than 80% [23].

In the adsorption experiments, it is required to have
low temperatures to keep the active form of the biological
molecules. Temperature sensitive polymers, which have ability
to hold an enormous amount of water in their body and have
high porosity, are very ideal candidates to become a carrier
for biological molecules. In this study, adsorption behavior of
both poly (NIPA) and poly(NIPA/PEG-EEM) nanoparticles were
comparatively examined to determine the change in adsorption
capacity of temperature sensitive latexes in the presence of
PEG-EEM in the structure. BSA was selected as model protein
and the smallest particles synthesized in the last set of the
experiments were used (C coded particles) for the adsorption
experiments. First of all, temperature effect on adsorption
behavior was examined. In this part, temperature was changed
from 4-40°C. It has been known that biological molecules
denaturate temperatures above 40°C, so temperatures above
40°C did not included in this study. Interaction of polymeric
particle (0.1 g) with 2 mg/ml BSA was realized in pH 5 acetate
buffer with gentle mixing for 2 hours. Results obtained can be
seen in the figure 5. It was determined that adsorption capacity
of nanoparticles without PEG-EEM (sample C,) increased with
increased temperature. In the literature, it was reported that
adsorption capacity increases with the increase in temperature
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Figure 5: PEG-EEM effect on protein adsorption capacity of nanoparticles.

if there is an interaction between biological molecules in the
protein structure and NIPA based polymeric particles [13,
25]. The results we obtained are in very good agreement with
literature.

Both addition of PEG-EEM and temperature effect on
adsorption capacity of particles examined. In this part of the
study, conditions for BSA adsorption kept constant for poly
(NIPA/PEG-EEM) as the conditions applied for NIPA alone.
Temperature effect on BSA adsorption capacity of NIPA/PEG-
EEM based latexes (sample C,) examined in figure 5. Adsorption
capacity of both NIPA and NIPA/PEG-EEM latexes increased in
similar manner with increase in temperature. However, amount
of BSA adsorption on NIPA/PEG-EEM particles was slightly
higher than the NIPA alone due to increase in hydrophobicity
with addition of PEG-EEM.

It can be concluded that synthesized NIPA/PEG-EEM
particles with temperature sensitivity would be an ideal
candidate for further protein adsorption studies.
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