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Temperature dependent behavior of poly(N-isopropylacrylamide) (PNIPAM) copolymers was investigated in
three buffer-stabilized environments. The tests were performed in thermostabilized goniometer by dynamic and
static light scattering. From the dynamic light scattering hydrodynamic radius was obtained. Based on the static
light scattering data, calculations of the particle radius from the form factor model were done. Depending of the
kind of copolymer, the different material response to temperature was observed. Also the characterization of dry
particles was done by scanning electron microscope. These scanning electron microscopy micrograms showed the

possibility of particles to aggregation.
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1. Introduction

Multi-stimuli responsive polymer nanoparticles are
now widely studied as a promising material in medical
applications. The unique properties of poly(N-isopropyl-
acrylamide) (PNIPAM)-based polymers and copolymers
indicate them as an innovative drug carrier for drug de-
livery systems [1], diagnostic substance carriers, and also
as biosensors (i.e. nanothermometer) [2].

PNIPAM-based polymers exhibit changes in conforma-
tion as a response to external stimuli such as changes
of pH, temperature, ionic strength, salt concentration,
electric and magnetic field, light or ultrasounds (Meid
et al. [3]). Materials which react specifically to such
changes in their environment are also called “smart ma-
terials”.

The water solution of poly(/N-isopropylacrylamide)-
-based polymers and copolymers are also categorized as
a hydrogel. Hydrogel can be defined as a highly swollen
three-dimensional hydrophilic polymer network. The
properties of such systems differ from the properties of
both raw materials: solid and liquid [3]. Hydrophilic
polymer chains crosslinked in constrained volumes form
special kind of particles called microgels. Typically, mi-
crogels in swollen state have a spherical shape with di-
ameter from 50 nm up to 10 gm. Pich and Richtering
[4] propose to classify aqueous solution of microgels as
porous particles. Often, multi-stimuli responsive poly-
mer whose average diameters are less than a ym are also
called nanogels [5].

PNIPAM is a thermo- and pH-responsive polymer with
a volume phase transition temperature, called lower crit-
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ical solution temperature (LCST), around 32°C which is
near to human physiological temperature. PNIPAM is a
polymeric chain with a hydrophobic backbone containing
hydrophilic side-groups like -CONH,. Below the critical
temperature, PNIPAM particles are in swollen state.

The hydrophilic interaction between the solution and
polymer chains dominate over the interaction between
the PNIPAM chains, thus the particles are well soluble
in water. Above the critical temperature the interaction
between polymer chains becomes stronger. The attrac-
tive forces between chains induce the particle contraction.
Because particles become hydrophobic at temperatures
higher than LCST, water that was bound inside the par-
ticles is expelled to the surroundings. This phenomenon
is based on the Donnan potential which is connected to
the degree of the dissociation caused by the pH of the
surrounding. The shrinkage of the whole particle of pure
PNIPAM undergoes very slowly and needs over a month
to reach the equilibrium state. Functionalization of PNI-
PAM by chemical groups during the synthesis allows to
modify PNIPAM copolymer response to the stimuli.

In the early studies of the PNIPAM polymers the
thermally-induced sorption and desorption of human
gamma globulin with PNIPAM particles was reported [6].
Furthermore, Yasui et al. showed application of PNIPAM
to control the trypsin enzyme activity by temperature [7].
Studies performed by Matsumaru et al. revealed nega-
tive results on PNIPAM cytotoxicity [8]. The test on
mice proved no acute toxicity. Also tests in two differ-
ent mammalian cell lines showed no significant genotoxic
response, which confirms biocompatibility of PNIPAM
polymers [9]. In summary, the PNIPAM based copoly-
mers are attractive as an innovative solution for targeted
therapy (i.e. drug carrier) and also as model systems in
colloid science. Our interest focuses on finding physical
models describing the susceptibility of PNIPAM-based
polymers to changes of pH and temperature. To real-
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ize this study, their hydrodynamic radius was measured
in different environmental conditions using photon cor-
relation spectroscopy (PCS). Additionally, static light
scattering (SLS) was applied to measure form factors of
PNIPAM microgel particles and pictures of dried par-
ticles were obtained using scanning electron microscopy
(SEM).

Fig. 1. From the left:

Dry PNIPAM copolymers.
PNIPAM-ALA, PNIPAM-MAA, PNIPAM-Vim.

2. Sample preparation

Synthesis of three PNIPAM copolymers was based
on procedure given by Ito et al. [10] and Santos
et al. [11].  Microgels were prepared from N-iso-
propylacrylamide (NIPAM) and cross-linker BIS (IV,N-
-methylenebisacrylamide). PNIPAM-co-MAA was made
using methacrylic acid and was dyed by methacry-
loxyethyl thiocarbamyl rhodamine B. The initiator
of polymerization was potassium persulfate (KPS).
PNIPAM-co-Vim was made of 1-vinylimidazole and
cationic surfactant dodecylethyl dimethyl ammonium
bromide (DEDAB). PNIPAM-co-ALA was made of al-
lylamine. The initiator of polymerization for PNIPAM-
-co-Vim and PNIPAM-co-ALA was V50 (2,2'-azobis(2-
-amidinopropane) dihydrochloride)). The procedure was
carried out for 6 h under a nitrogen stream and constant
stirring at 300 rpm. All PNIPAM microgel solutions were
centrifuged and freeze-dried.

3. Experimental details

The samples of PNIPAM copolymers were initially
dissolved in deionized water at the concentration of ~
1 mg mL~! (batch solution). For light scattering exper-
iments small portions of batch solutions were diluted to
final concentration of 0.02 mg mL~! with one of the three
buffers: buffer pH = 4.5 was composed of acetic acid and
sodium hydroxide solution, pH = 6.0 was made of imida-
zole and sodium chloride solution, pH = 9.5 was made of
ammonia and sodium chloride solution.

The PCS and SLS measurements were performed in a
goniometer (ALV, Germany) thermostabilized with the
accuracy of 0.1 degree. The three PNIPAM copolymers
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were measured at the temperatures of 20°C and 40 °C.
Laser wavelength was A = 633 nm. The scattered in-
tensity was collected at the angle of 90° for PCS and
in the range 20-150° for SLS by the avalanche photodi-
ode (SPCM-AQR) of high quantum efficiency. The nor-
malized scattered light fluctuations time autocorrelation
functions ¢ (t) were calculated by the ALV /5000E cor-
relator. The Siegert relation (Eq. (3.1)) was used to cal-
culate the first order correlation function g(*)(¢):

9?0 =1+5|s00| (3.1

where 8 is the coherence factor. In the simple case of
noninteracting monodisperse particles g(l)(t) is a mono-
exponential function (3.2):

g (t) = exp(—Tt), (3.2)

where I' is related to the collective diffusion coefficient
(D) by Eq. (3):

I' = D¢, (3.3)
with ¢ being the magnitude of the scattering vector
4 0
=7T%m§ (3.4)

and ng — solvent refractive index, § — scattering angle.
The hydrodynamic radius (Ry) could be determined
from the Stokes-Einstein Eq. (3.5):
ksT
- 6mnRy’
where kg is the Boltzmann constant and 1 — the solvent
viscosity (temperature dependent).

Since the samples turned out to be nicely monodisperse
(conclusion from the CONTIN analysis), R}, values were
obtained from cumulant analysis.

The scattered light intensity profiles I(¢q) obtained
from SLS were treated as form factors (after normaliza-
tion) because at such high dilution no interactions were
expected that would lead to a distinct structure factor.
The experimental data were fitted with the form factor
model of a double-coated sphere. Such a model was sup-
posed to partially account for spherically symmetric gra-
dient of the refractive index in the microgel particle.

To check the actual size of the collapsed state of
the microgel particles SEM pictures were made using
the JEOL, JSM 7001F TTLS instrument. The etched
surfaces were coated with gold/palladium (80:20) using
sputter coater/turbo evaporator (Quorum Technologies
Q150T ES) by 60 s to provide an electrically conductive
thin film reducing the thermal damage and charging of
the samples. For SEM imaging of micrographs the accel-
erating voltage 15 kV and SEI secondary electron mode
was used. The samples, originating from 1 mg mL~! con-
centration solution, were dried at the temperature over
50°C to dry basis. Next, they were covered with plat-
inum layers (10 nm) and placed inside the instrument.

(3.5)

4. Results and discussion

The results of PCS measurements have been presented
in Figs. 2 (20°C) and 3 (40°C). Additionally, relative



1238

changes of R, have been shown in Fig. 4. With the ex-
ception of one case, the PNIPAM copolymer microgels at
all three pH conditions shrank substantially upon heating
from 20 to 40 °C. The most regular decrease was observed
for PNTPAM-ALA, where the final hydrodynamic radius
at 40°C was almost the same for all three buffered solu-
tions. PNTIPAM-MAA results showed the biggest change
in hydrodynamic radius for pH = 4.5 solution and the
smallest for pH = 9.5. The biggest observed change in
hydrodynamic radius for PNIPAM-Vim was for pH = 6.
The pH = 9.5 conditions caused a slight increase of Ry
for this copolymer.
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Fig. 2. Hydrodynamic radius (Rn) changes of

PNIPAM-ALA, PNIPAM-MAA, PNIPAM-Vim in
different pH at 20 °C.
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Fig. 3. Hydrodynamic radius (Rn) changes of

PNIPAM-ALA, PNIPAM-MAA, PNIPAM-Vim in
different pH at 40 °C radius.

The SLS data fitted with the core-double shell model
gave the additional information about the behavior of
PNIPAM copolymers caused by the pH and temperature
(see Table). Shrinkage of PNIPAM-ALA pH = 6 and 9.5
and PNIPAM-MAA pH = 4.5 and 6 particles is caused
mainly by collapse of the shell regions. After heating
the shells were collapsed. The heating of PNIPAM-Vim
causes the shrinkage of core for all three pH environ-
ments, however the second shell structure appears. Shells
have an influence on the results obtained by DLS, because
of free polymer chains which create the star-like structure
in external regions of particles. Free chains mostly slow-
-down the Brownian movement of particles which affects
on the calculation of particle hydrodynamic radius.
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Fig. 4. The « parameter of PNIPAM-ALA, PNIPAM-
-MAA, PNIPAM-Vim changes in different pH.

Results obtained from form factor model TABLE
(double-coated sphere).
R (core
PNIPAM | Temp. | pH | +shelll | core | shelll | shell2
+shell2)
ALA 20 4.5 478 380 56 42
6 509 374 | 135 X
9.5 405 297 82 26
40 4.5 260 200 60 X
6 263 263 X X
9.5 262 262 X X
MAA 20 4.5 466 293 95 78
6 610 418 | 143 49
9.5 569 409 82 78
40 4.5 201 201 X X
6 203 203 X X
9.5 486 437 49 X
Vim 20 4.5 560 352 | 142 66
6 449 319 | 130 X
9.5 387 305 82 X
40 4.5 516 287 29 200
6 188 188 X X
9.5 478 187 | 163 128

Because PNIPAM is well-known from its shrinkage
caused by temperature and pH, the shrinkage parame-
ter « is introduced and given by Eq. (4.1):

o= Ru/RY, (4.1)
where Ry, is the hydrodynamic radius of PNIPAM copoly-
mer obtained at 40 °C and R — at 20°C. The shrinkage
parameter provides information about the magnitude of
the radius decrease. The results showed in Fig. 4 that
the heating of PNIPAM causes the shrinkage of parti-
cles. The magnitude of the shrinkage depends on the
kind of copolymer. PNIPAM-ALA is insensitive to the
pH and shrinks in the same ways in all tested pH. For
PNIPAM-Vim there is observed the slight increase of hy-
drodynamic radius in pH = 9.5.

The SLS tests confirmed that over LCST shell or
shells disappeared and the core decreased for PNIPAM-
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-ALA and PNIPAM-MAA and PNIPAM-Vim (pH 6).
The results for PNIPAM-Vim (pH 4 and pH 9) showed
the increase of shell layers that affected the increase of
hydrodynamic radius, however the core size decreased.
To confirm the assumption of parameter as a sphere
scanning electron microscopy investigations were done.
Figure 5 presents the structures of the copolymers.
PNIPAM-MAA was uniformly distributed on the whole
area, particles were not aggregated. PNIPAM-ALA and
PNIPAM-Vim samples tend to aggregate, however the
pH of samples was not controlled in these experiments.
Aggregation process might be induced by high tempera-
ture of drying (over 50°C).

N 1000 nm

Lo

’.,3!"1
ol

\

Il 1000'nm

Fig. 5. SEM pictures of investigated copolymers:
(A) PNIPAM-ALA, (B) PNIPAM-MAA/ (C) PNIPAM-
-Vim (magnification 5000%).

5. Conclusions

The most common change in structure of PNIPAM
copolymers molecules is shrinkage induced by tempera-
ture. The performed tests showed quantitatively differ-
ent reaction on temperature change depending on the
pH. PNIPAM-Vim selectively reacts on pH. In pH = 6
the particle radius increased over 3 times. For PNIPAM-
-MAA the pH where the changes in radius were the high-
est was pH = 4.5.

SEM pictures showed that two PNIPAM copolymers:
PNIPAM-ALA and PNIPAM-Vim tend to aggregate.
However, the samples used in these experiments were not
stabilized by buffer and dried in temperature over 50 °C.
Further test performed on SEM with pH-controlled envi-
ronment before drying should be performed. The results
obtained in this part of research would be important for
application of PNIPAM based copolymers in some sys-
tems induced by temperature in pH.
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