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Abstract This paper describes the synthesis and physicochem-
ical characterization of Poly(N-isopropylacrylamide)-Chitosan-
Poly(Acrylic acid) [PNIPAAm-CS-PAA] based polymeric
microgels. Three different samples of multi-responsive
(PNIPAAM-CS-PA) microgels were synthesized using various
amounts of N N - Methylene bis-acrylamide (MBA) and
Acrylic acid (AA) by free radical emulsion polymerization.
The redox initiator Ammonium per sulfate (APS) was used to
initiate the reactions while MBA was used as a crosslinking
agent. The purified polymeric microgels were then characterized
using UV-Visible spectroscopy, Fourier transform infrared spec-
troscopy (FT-IR), Laser light scattering (LLS), Ostwald viscom-
etry, dynamic Rheology and swelling/de-swelling measure-
ments. From the spectroscopic result it was observed that all
the reactions have been completed and the resultant microgels
were successfully synthesized. The influence of various param-
eters such as, chemical composition and some external stimuli
like temperature and pH on the physicochemical behavior of
polymeric microgels was investigated through visual stability
test, laser light scattering, viscometry and rheological measure-
ment. The LLS analysis was performed to deduce the size, in the
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terms of hydrodynamic radius (Ry,), of the microgel samples in
aqueous media at different pH and temperature. From LLS
analysis the microgels were found to be stable at all pH values
above the pKa values (4.2) of AA in temperature ranges from
20 °C to 50 °C. With rising in temperature and pH causes
aggregation of particles and decrease in stability of microgels
due to the decrease in hydrophobicity. From the Rheological
measurements, various physiochemical properties such as, elas-
ticity, viscosity, shear stress, storage modulus, loss modulus,
phase angle and complex viscosity of the microgels were gath-
ered. The Ostowald viscometry was used to measure the flow
viscosity of microgels at different pH and temperatures. The
present observations reflect that the prepared samples are
multi-responsive and their physicochemical behavior can be
tuned very easily by changing their composition and/or varying
the external stimuli.

Keywords Emulsion polymerization - Chitosan -
pH-responsive - Temperature-responsive - Physicochemical
properties - Rheology - Viscosity - Light scattering

Introduction

Polymeric microgels have received considerable attention in
the drug-release system because of their ability to deliver
drugs to the therapeutic targets at appropriate times and doses.
Because of their small particle size, they could pass through
the capillary vessels and avoid rapid clearance by phagocytes.
Hence, their duration in blood stream is greatly prolonged. In
addition, they could penetrate cells by transcytosis and/or
overcome biological barriers to arrive at target organs.
Furthermore, by using materials with biodegradability or en-
vironmental sensitivity to the pH, ion, chemicals, glucose and/
or temperature, they could exhibit controlled-release
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properties [1]. Poly (N-isopropyl acrylamide) (PNIPAAm) ex-
hibits a lower critical solution temperature (LCST) in aqueous
solutions, and its crosslinked nanogels show high swelling
thermo sensitivity in water [2]. These nanogels have been
investigated for molecular separation, sorption-desorption of
solutes, control of enzyme activity, and release of solutes.
PNIPAAm are constantly copolymerized with other mono-
mers due to its weak mechanic properties and applications.
Fine particles (microparticles) have been widely studied to
deliver drugs, polypeptides, proteins, vaccines, nucleic acids,
genes and so on [3].

Natural biopolymers have been widely used to prepare re-
sponsive microgels for biomedical application due to their
biocompatibility, low toxicity, and a high content of functional
groups [4]. Recently, polymeric materials with biodegradable
and biocompatible properties used for drug delivery have been
developed. These materials include poly (lactic acid), poly
(lactideco-glycolide), polycaprolactone, polyanhydrides,
polyhydroxyalkanoates, polypeptides and polysaccharides.
Among them, polysaccharides are the most popular polymeric
materials to prepare nanoparticles (NPs) for drug delivery. The
polysaccharide NPs can be prepared mainly by covalent
crosslinking, ionic crosslinking, polyelectrolyte complexa-
tion, and self-assembly of hydrophobically modified polysac-
charides [3, 4].

Chitosan (CS) is the common name of the linear, random
copolymer that consists of [3-(1-4)-linked D-glucosamine and
N-acetyl-D-glucosamine. Chitosan is the major component of
crustacean shells such as crab, shrimp, krill and crawfish shells
[5]. Additionally, chitosan is the second most abundant natural
biopolymer after cellulose. CS is an extremely promising bio-
polymer that is isolated primarily from seafood processing
wastes. This polymer possesses a number of valuable properties.
It is practically a single polycation of natural origin. Chitosan is
nontoxic, biocompatible, and biodegradable; as a result, it is not
accumulated in the body and in the environment [6]. Broadly, it
can be said that chitosan based gels include few classes. One of
them is the hydrogen bonded complexes and/or covalently
crosslinked chitosan microgels. This can be further divided into
three types: chitosan crosslinked with itself, hybrid polymer net-
works (the cross-linking reaction occurs between a structural unit
of a chitosan chain and a structural unit of a polymeric chain of
another type) and semi- or full-interpenetrating networks (IPN)
[7]. Another class includes the coordination complexes or
ionically crosslinked chitosan microgels. Here, the reacting enti-
ties react with chitosan are normally negatively charged species
(ions or molecules), forming a network through ionic bridges
between polymeric chains. The other two classes are mostly
the grafted chitosan hydrogels and polyelectrolyte complexes [8].

In order to enhance the application ability of polymeric
small sized microgels, especially in the fields of biomedical
and nano-technology, recently we have papered and studied
some microgel samples with tunable physicochemical
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properties [9, 10]. In addition to make the sample the temper-
ature and ionic strength sensitive, the pH sensitivity can also
be very important. Among the various potential options avail-
able such as acrylic acid (AA), the methacrylic acid (MAA)-
based complexation and pH-sensitivity of the micogels could
be the most promising one. The polymerization and
crosslinking of the AA monomers can result in a chemically
crosslinked PAA network where the PAA can be complexed
and semi-interpenetrated by the chitosan chains. In addition to
the pH responsive behavior of PAA, its presence in the
microgel can also play a part towards the stability of the
microgels due to various interactions, such as hydrophilic
contribution of acrylic groups of PAA chains [9].

In this study we intended to further explore the temperature
sensitivity, pH sensitivity, particle stability, swelling/de-
swelling and volume phase transition behaviour of the
Chitosan-based responsive polymer gels. Therefore, few sam-
ples of multi-responsive Poly(N-isopropyl acrylamide-
Chitosan-Poly(AcrylicAcid), [PNIPAAmM-CS-PAA] gels were
synthesized by emulsion polymerization and studied the
above mentioned physicochemical properties of these gels in
detail in aqueous medium.

Experimental
Materials

Water soluble chitosan (CS) with average molecular weight
3.7 x 10* g/ mol was purchased from Aldrich by university of
science Malaysia (USM). Acitic acid (AAc) was obtained
from cromoline (Brazil). Methylene bisacrylamide (MBA)
and Ammonium persulfate (APS) were purchased from
Sigma-Aldrich (Germany). Dionized water was used for solu-
tion preparation and their dilution. All the chemicals were of
analytical grade and used without further particular treatment.

Preparation of the gels

The microgel samples that containing different amount of
Chitosan, NIPAAm, AA and MBA crosslinker were synthe-
sized by free radical emulsion polymerization. A general proce-
dure for the preparation is summarized here. For the solutions
preparation, an appropriate amounts of CS, NIPAAm, MBA
and AA, that are listed in the Table 1, were dissolved in
100 ml of doubly distilled and deionized water in three-neck
round bottom flask equipped with an inlet of inert gas (N,)
system (for the removal of oxygen) and condenser.
Approximatly 2—3 ml of acetic acid were added to the solutions
and then stirred for 24 h at normal temperature (30 °C) to create
the active sites in chitosan by ionizing the NH, group to NH;*
respectively. Afterward the reaction temperature was then raised
gradually up to about 70-75 °C and about 10-15 ml of APS
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Table 1 Feed composition of crosslinker, monomers for
polymerization of microgels

Sample code Cs AA NIPAAm MBA  APS (0.8 M) H,O

SG1 05g 50ml 05¢g 00lg 15ml 100 ml
SG2 05g 10ml 05¢g 0.015g 15ml 100 ml
SG3 05g 10ml 05¢g 00lg 15ml 100 ml

(0.8 M) solution was added to the reaction mixture to initiate the
reactions under constant temperature and inert condition. The
reaction was allowed to proceed for 5-6 h to complete the po-
lymerization reaction upon reaction of APS with solubilized
monomers and crosslinker. The resultant microgels were puri-
fied by dialysis against water with frequent water change for
about two weeks. The collected samples were then subjected
to various physicochemical studies.

Characterizations

The following techniques were mainly used for characteriza-
tion and physicochemical investigation.

FT-IR spectroscopy

The infrared spectra for the chemical structure of PNIPAAm-
CS-PAA gels were recorded with “FTIR spectrophotometer,
Shimadzu Japan™ in the wave number ranging from 500 to
4000 cm ' For analysis the solid samples were prepared by
using KBR pellet method. Preliminary characterizations of
PNIPA Am-CS-PAA hydrogels were performed by using dou-
ble beam UV spectrophotometer (Shimadzu 160) within the
wave length range of 200-800 nm.

Viscosity measurement

Relative viscosity of hydrogels samples were measured by
using Ostwald viscometer. The viscosity of the hydrogels rel-
ative to the viscosity of distilled water was checked for each
sample at different concentrations, temperature and pH, while
during temperature and pH measurement the concentration of
all the three samples was kept 5% and 1% respectively. The
viscometer was calibrated with standard liquid and each mea-
surement was repeated three times. The relative viscosity was
(Mre) Was then plotted verses concentration to get inherent
viscosity.

Rheological study
The steady state shear rheological measurements and oscilla-

tory share measurements were accomplished with “MCR 301
from Anton Paar with parallel plate geometry”. The plate-

plate distance was 1 mm. A measuring system PP25 was used
for this purpose. The measurements as a function of tempera-
ture were performed in a range of 10-50 °C using rheoplus
software. Oscillatory shear response (elastic/storage modulus
or G’ and viscous/loss modulus or G") were determined over
the frequency range 0.009—100 rad/s. Various other rheologi-
cal parameters (complex velocity, viscous modulus and elastic
modulus) were directly obtained using the manufacturer sup-
plied computer software.

Dynamic laser light scattering (DLLS)

The DLS measurements were made by means of commercial
laser light scattering instrument composed of a BI-200SM
motor-driven goniometer and BI-9025AT photon counter or
BI-9025AT digital autocorrelator at scattering angle © = 90°.
A cylindrical 22 mW uniphase He-Ne laser (A = 637 nm) with
a pinhole of 100 nm. For analysis of data BI-ISTW software
was used in the equipment.

Result and discussion
Fourier transform infrared spectroscopy

The FTIR study was used to detect the functional groups of
CS, NIPAAm and AA in the resultant microgel particles. In all
of the three gels the broad and intense peaks at about 33609,
3366, 3367 and 3364 cm ™' corresponding to the overlapped N-
H and O-H group stretching vibration. The peaks at about
1316 cm ' and 1392 cm ™' corresponding to C-N stretching
of amine group of the amide content of the hydrogel. The peak
at 1596 cm ' and 1659 cm ™' represent the N-H bending and
C = O stretching (primary amide); the peak at 1475 cm ' at-
tributed to CH, scissoring, and the peaks at about 1450 cm
represent C-N stretching of amide group and CH; antisymmet-
ric bending. Moreover, the polysaccharide bands are also de-
tected in the region from 890 to 1156 cm ™' which shows the
presence of chitosan in the resultant samples [10]. The
Poly(NIPAAm-CS-AA) microgels display two peaks at 1365
and 1385 cm !, representing the umbrella bent (or symmetric
bent) of isopropyl groups [10, 11]. According to the FT-IR
spectra of NIPAAm a strong peak was observed in the range
of 1640-1680 cm ' which is a characteristic peak for carbon —
carbon double bond. But in case of resultant microgels there is
no prominent peak in the carbon—carbon double bond region,
which also confirms the successful preparation of the desired
gel samples. Similarly, in crosslinker (MBA) the peak was
observed in the region of 3032 cm™'. Which is a characteristic
peak for = C-H stretching, but the FT-IR spectrum of Poly
(NIPAAm-CS-AA) microgels lacked peak of the carbon-
carbon double bond. The peaks of all other residual functional
groups of crosslinker and monomers are recovered in the FT-
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IR spectrum of the gels, conforming that polymerization reac-
tion has occurred and the desired microgel samples were pre-
pared successfully. The summary of FTIR can be further seen
from Fig. 1. In addition, the UV-Visible spectroscopy was also
applied to the hydrogels to see whether the unsaturation is
present at any part of the polymer chain. It was seen that there
exist no peak in the visible region of the spectrum. This means
that the hydrogels are fully saturated and there is no
unsaturation in the structure of the gels. It further supports
the idea that the reactions have been completed and hence
the hydrogels were being synthesized successfully.

Rheological studies
Viscosity versus shear rate analysis

The variation in viscosity versus shear rate profile curves for
sample SG2 under various temperatures is plotted and shown
in Fig. 2 while the effect of composition on the viscosity-shear
rate profile of SG1, SG2 and SG3 microgel samples at con-
stant temperature (40 °C) is shown in Fig. 3. An overall in-
vestigation of these figures show that viscosity of these gels
decreases with an increase in the shear rate; this trend can be
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Fig. 1 FT-IR spectra of SG1, SG2 and SG3 microgels
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attributed to the shear thinning behavior of the gels. This phe-
nomenon further shows that our gel samples are pseudo-
plastic in nature. Initially the viscosity of the gels is very high
at very low share rate, it is due to the share thickening phe-
nomenon of the gels. The pseudo plasticity and viscosity are
interrelated. In simple words when the shear force is applied
the tougher the shear thinning effect and hence the tougher the
reduction in viscosity.

For the sample having same chemical composition (SG1)
the viscosity of the gel was found to increases with increase in
temperature. It means that under the same chemical composi-
tion, the share thickening behavior of the gel can be adjusted
with varying the experimental temperature (10 °C — 50 °C).
The gel expels its hydration water and become harder that lead
to increase in the viscosity of the gel. Figure 2 shows the
viscosity versus shear rate profile curves of SG2 sample at
different temperature. This hydrogel sample does not show
the same trend as observed for sample SG1. It is because of
the difference in the chemical composition of these two sam-
ples. In case of SG2, the concentration of acrylic acid is great-
er than in SG1 sample as shown in the Table 1. Initially at
lower temperature (10 °C) the SG2 gel shows greater viscosity
due pseud plasticity of the gel, and at temperature from 10 to
30 °C the gel shows decrease in the viscosity with tempera-
ture; this decrease is attributed to the strong interaction that
take place between the water molecules and polymer particles
due to the upper critical solution temperature (UCST) behav-
ior of AA, the gel is expected to absorb appreciable amount of
water and becomes thinner that lead to decrease in the solution
viscosity [13, 14]. At 7> 30 °C, the viscosity of the gel again
shows an increase in its inherent viscosity. This variance in
viscosity is due to the effect of lower critical solution temper-
ature (LCST) of the PNIPAAm present in the gel. The gel
expels their H-bonded hydration water and become harder that
lead to increase in the overall viscosity [12]. It was also found
that SG3 sample also exhibits almost the same behavior as
SG2 but here the amount of crosslinker (MBA) is less than
SG2, therefore, its shows lower viscosity value as compared to
SG2 sample because the higher content of crosslinker de-
creases the particle size of the gel.

Figure 3 shows the viscosity versus shear rate profile
curves of hydrogel samples (SG1 to SG3) at 40 °C. Based
on their chemical composition SG1 has the same ratio of con-
stituents and shows the initial viscosity at about 700 Pas
which decreases with increasing shear rate, comparing to
SG1 in samples SG2 the amount of crosslinker is greater
and it shows the viscosity of about 23 Pa at lower shear rate
which is relatively less than that of SG1 sample, the lower
viscosity of SG2 is attributed to the high degree of
crosslinking that lead to the decreasing in the size of the gel
particle and increasing in the surface area of the particle and
hence a greater interaction took place between the water mol-
ecules and gel particles which might lead to the increase in the
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hydrophilic behavior of the microgels. In sample SG3 the
amount of AA is greater as can be seen in the Table 1 and
shows the initial viscosity at about 4.7 Pa.s which is relatively
less than that of SG1 and SG2 micorgels. The lower viscosity
of SG3 is due to the upper critical solution temperature
(UCST) behavior of AA, the gel-water interaction is greater
therefore absorbed more and more water and become hydro-
philic in nature and hence decreasing occurred in the viscosity
of the gel [13]. In SG3 microgel the amount of MBA
crosslinker is also greater and shows relatively lesser viscosity.
It is because the crosslinker decreases the particle size and
increases the surface area of the gels particles. Therefore more
water molecules surrounded the microgels particles and hence
increasing occurred in the hydrophilic behavior of the gel.

Shear stress versus shear strain analysis

Figure 4 represent the effect of composition on the shear stress
versus shear stain profile curves of SG1 to SG3 at 40 °C. By
comparing the results, it is cleared that the required shear stress
value for each sample is different. This difference in shear stress
is due to the change in the composition of samples. For sample
SG1 the composition of each constituent is of the same ratio and
it shows a maximum shear stress value of about 26 Pa. In con-
trast to SG1, in sample SG2 the concentration of MBA
crosslinker greater and shows the required shear stress of about
271 Pa which is quite higher compared to that of SG1. The high
shear stress of SG2 sample is due to the high degree of
crosslinking in the gel particles, the particles are closely packed
and hence harder which requires high shear stress to deform
[11]. Besides this; SG3 shows the maximum shear stress at
about 27.5 Pa which is lesser than that of SG2 and a bit greater
than that of SG1. The lower shear stress value of SG3 is due to
the lower concentration of MBA crosslinker and high amount
AA monomer in the gel. AA has UCST behavior and therefore a
strong interaction is expected between the water molecules and
the gel particles and ultimately requires less shear stress to de-
form. In contrast to SG3 in SG2 the gel particles are more hard
and closely packed due to the high crosslinking density in the
gel and due to LCST behavior of NIPAAm which is present in
the structure of microgel and hence high shear stress required to
deform [14].

Figure 5 represents typical plots of the behavior of the shear
stress versus shear strain profile curves for sample SG2 at
various temperatures. According to the figure, the gel initially
shows higher shear stress at lower temperatures but decreases
with increase in temperature. This high shear stress is attrib-
uted to the high degree of crosslinking in the polymer gel.
There is a strong gel-gel interaction instead of gel-water inter-
action and hence the gel particles are closely packed which
needs high shear stress to deform. Furthermore, as the temper-
ature is raised the gel-gel repulsion take place and gel-water
interaction occurred due to the hydrophilic nature of NIPAAm
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Fig. 4 Effect of composition on the shear stress of SG1, SG2 and SG3 hydrogels at constant temperature (40 °C)

below its LCST value and therefore a decrease occurred in the
required shear stress of the gel. At temperature above 30 °C
the gel showed again an increase in the shear stress upto about
40 °C, this increase in shear stress is due to the hydrophobic
nature of NIPAAm above LCST which is present in the struc-
ture of polymer gel. By further increasing the temperature a
considerable decrease occurred in the required shear stress,
this decrease in shear stress at high temperature is attributed
to the high critical solution temperature (UCST) behavior of
AA that shows hydrophilic behavior and minimizes the re-
quired shear stress of the gel.

In case of SG1 (Figure not shown here), the hydrogel showed
a considerable increase in shear stress with increase in temper-
ature up to = 40 °C. The high shear stress showed that the shear
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Fig. 5 Representative plots showing the effect of temperature on shear
stress of SG2 microgel samples

thickening occurred in the hydrogel sample in this temperature
range. The hydrogel remove its H-bonded hydration water and
gets hydrophobic nature, as a result of which the gel particles
shrink and become closely packed due to which a greater force
is then required to deform the hydrogel sample. Beyond 40 °C
the required shear stress is going to decrease as the temperature
is rising. The decrease in shear stress is attributed to the UCST
behavior of AA and hence the gel absorbed more water and
become hydrophilic in nature which then can easily be de-
formed when shear stress is applied. In sample SG3 the amount
of AA is greater and showed more shear stress below 30 °C. The
high shear is due to the larger size and pseudo plasticity of the
gels because AA enlarges the gel size and hence more shear
stress is required to deform the gel. At 7> 30 °C as the temper-
ature is increased, the decreasing occurred in the required shear
stress; it is again assigned to the upper critical solution temper-
ature (UCST) behavior of AA and the gel absorbed more hy-
drated water and become hydrophilic in nature which then can
easily be deform [11].

Oscillatory shear measurements

All microgel samples were also subjected to oscillatory shear
measurements. In this case, the top plate of theometer instead of
rotating it oscillates back and forth on the sample. The
Frequency Sweep Method was used to investigate the viscoelas-
tic properties and to categorize the present polymeric material
into three common behaviors like viscoelastic solid, gel and
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viscoelastic liquid. Various parameters, such as complex viscos-
ity mo, phase angle, elastic (storage) modulus (G') and loss
(viscous) modulus (G") were achieved. In elastic modulus (G')
the extent of the elastic component (contributed by aggregation,
entanglement, crosslinking) is measured. In viscous modulus
the extent of viscous component (attributed by the liquid por-
tion) is measured. Moreover, the modulus is dominant will spec-
ify whether the material seems viscous or elastic [15].

Representative curves showing the variation of storage
modulus (G') and loss modulus (G") versus angular frequency
at different temperatures are shown in Figs. 6 and 7 respec-
tively. These moduli for all microgel samples (SG1-SG3)
were measured in the frequency range w = 0.5-500 rad/s
and at different temperatures. As can be seen from the
Fig. 6, a considerable increase occurred in the storage modu-
lus of the gels with temperature up to = 30-35 °C. The in-
crease in storage modulus is because of the high concentration
of MBA crosslinker in the structure of the gel that causes to
increase the density of crosslinking and surface area as well, as
a result of which more water molecules surrounded the gel
particles and the microgel become hydrophilic in nature and
hence decreasing occurred in the storage modulus [16]. At
T > 35 °C the gels showed a considerable decrease in the
storage modulus with increasing in temperature. The decrease
in the storage modulus is because of the presence of NIPPAm
monomer in the gels structure which has LCST and showed
hydrophobic behavior above this temperature range and there-
fore the shrinkage occurred in the structure of the gel and
become less elastic in nature. Opposite to this, the loss mod-
ulus of SG2 sample below 35-40 °C is decreasing while
above this temperature an increase is observed as can be seen
in the Fig. 7. This shows that at initial temperature the gel is
more elastic and less viscous while at higher temperature the
gel become harder and viscous in nature.

For sample SG1, the variation of storage and loss modulus
versus angular frequency profile (Figs. not shown) showed
that initially a considerable increase in the storage modulus
with increasing in temperature (10-35 °C) was observed. This
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Fig. 6 The effect of temperature on the storage modulus of SG2 microgel
sample
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increase is attributed to the presence of NIPAAm monomer in
the gels that swell up by absorbing water and become elastic
till 30 to 35 °C. Above this temperature the gels lose its hy-
dration water and become shrink that lead to decrease in the
elastic behavior of the gel due to which the storage modulus of
the gel decreased. Beside this the loss modulus of the gels is
decreases with increasing in temperature up to 30-35 °C. This
decrease in loss modulus is due to the decreasing in the resul-
tant viscosity of the microgel [17]. At 7> 30 °C a substantial
increase in the loss modulus occurred. This increase is corre-
sponding to the increase in the viscosity of the gel due to
removal of hydration water of the gel. Furthermore, at the
end of storage modulus versus angular frequency profile, the
gel showed an abrupt drop in the storage modulus. It is be-
cause for all the gels the storage modulus remained constant
with an upsurge in the amplitude of strain up until a threshold
limit of the linear viscoelastic (LVE) range, beyond which an
abrupt drop observed in the storage modulus. In other words it
can be seen from the storage modulus-angular frequency be-
havior that initially the storage modulus is smaller at lower
value of angular frequency, while further increasing the angu-
lar frequency increase the values of corresponding modulus in
linear fashion until it reaches to its maximum value at opti-
mum frequency value beyond which an abrupt drop was ob-
served by further increasing the frequency values, and finally
the storage modulus attained its minimum value at highest
frequency value [18].

In cases of SG3, the storage modulus was found higher
when the temperature is rising; the effect can be attributed to
the greater amount of AA monomer in this sample which
makes the gel more hydrophilic in nature and swells up with
increase in temperature and therefore an increase in its elastic
behavior is observed [16]. At 7 > 35 °C the gels showed a
considerable decrease in the value of storage modulus, this
low storage modulus of the gel is attributed to the presence
of NIPPAm monomer in the polymer structure that shows
LCST behavior and therefore the gel become more hard and
thick by losing its hydration water and become less elastic in
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nature. Beside this the loss modulus of this gel decreases be-
low the LCST level. The decreases in the loss modulus
showed that the viscous components of the gels is decreases
by absorbing much water and hence become susceptible to
flow. However, at T > 35-40 °C the gel showed again an
increase in the loss modulus, which means that the microgel
loses its hydration water due to the hydrophobic nature of
NIPAAm in this temperature range.

By comparing the entire three samples, it was found that
the storage modulus of SG2 sample is higher than the storage
modulus of SG1 and SG3. The high storage modulus of SG2
sample is due to the more ratio of cross-linker that causes to
increase the surface area of the gel particles due to its high
degree of crosslinking and hence greater amount of water
molecules surrounded the gels particle as a result of witch
the gel become hydrophilic and elastic in nature. On the re-
verse of this the loss modulus of SG2 is lower than the other
two SG1 and SG3 samples showing its lesser viscoelastic
behavior. Furthermore, SG3 has greater elastic modulus and
lower loss modulus compared to SG1 microgel sample. It is
due to the fact that, AA is present in greater amount in SG3
and has USCT and due to which the gel sample absorbed
much water and become hydrophilic in nature, that may lead
to the increase in the elastic components rather than the vis-
cous components of the gel. Generally the gels showed a
considerable increase in the storage modulus (G') with in-
creasing in temperature from 10 °C to 35 °C. This variation
in storage modulus of the microgels as a function of temper-
ature is due to the increase in the elastic behavior of the gels in

Sample SG 1

the initial stage of temperature. The high elasticity indicates a
higher degree of internal structure. The elastic modulus (G')
arises from the network structure which is a good elastic solid-
like character. Similarly the loss modulus of the microgels is
decreasing initially below 30 °C. This decrease in loss modu-
lus showed that our gels samples lose their viscous behavior in
the initial stage. At 7> 30 to35 °C the storage modulus of the
gels are decreased. The decrease in storage modulus showed
that the gels lose their elastic behavior and become hard. On
the other side the loss modulus of the gels increases due to
increase in their viscosity [18].

Loss factor/phase angle of the gels

The ratio of loss modulus to storage modulus (G'/ G" = tan d)
is called as damping factor which is used for the measurement
of the strength of interaction of the internal structure of the
gels. The greater G" (or smaller the tan d), the higher will be
the interaction. Plotting of loss factor (tan d) versus frequency
is used to express the viscoelastic spectrum of the gels. Loss
factor compare both the elastic and viscous parameter of the
gels system. The value of tan d less than 1 represents the
elastic behavior while the value of tan d greater than 1 indi-
cates the viscous behavior of particles.

Figure 8 represents the tan d versus angular frequency
curves of the gels (SG1-SG3) at different temperatures. As
can be seen from the figures, the gels show high tan d value
at lower frequency while decreases as the frequencies are in-
creased. This means that the gels exhibited high viscous
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Fig. 8 The effect of temperature on the tan (d) [G’/G”] value of SG1, SG2 and SG3 samples
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behavior and low elastic behavior. But as the frequency is
increasing gradually a corresponding decrease in the tan d
values of the gels reflects an increase in the elastic behavior
of microgels. For samples SG1 and SG3 the tan d value is <1.
This shows that these samples have higher elastic behavior
and lower viscous behavior and therefore exhibited high in-
teraction in the internal structure. Besides SG1 and SG3, the
tan d value of SG2 sample is >1, this mean that this microgel
sample is more viscous and have lower strength of internal
structure [19, 20].

Complex viscosity of hydrogels

A typical and representative Figure (Fig. 9) represent the com-
plex viscosity (") of hydrogels SG2 measured in the frequen-
cy range of 0.5-500 rad/s. Generally the angular frequency
dependency of the (") tells us about the solid-like and liquid-
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like behavior of the gels. It can be observed from the figure
that a considerable increase in the complex viscosity occur
with the angular frequency. This increase in complex viscosity
can be an indirect reflection of the growing in the shear thick-
ening behavior of the gels.

Further, the effect of temperature on the initial viscosity of
these hydrogel samples showed that with increase in temper-
ature the viscosity of the microgels decreases up to about 30—
35°C, this decrease in viscosity is attributed to the hydrophilic
behavior of the gel sample because the more crosslinker in
SG2 decrease the particle size and increasing the surface area
of the gel as a result of which greater amount of water mole-
cules are surrounding the gel particle and hence increasing
occurred in the liquid behavior of the microgel. At 7 > 30—
35 °C the microgels showed a considerable increase in the
final complex viscosity of the gels. This variance in the com-
plex viscosity is attributed to the hydrophobic behavior of
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Fig. 9 Representative plots showing the effect of temperature on the complex viscosity of SG2 hydrogel
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NIPAAm that are present in the samples up to some extent.
The hydrogels eject their hydration water and become hard
that may results to increase the solid contents of the hydrogels
sample and hence the gels behaved as solid-like [21].

In the case of SG1, at the beginning the gel showed a sharp
decrease in M with increasing in angular frequency up to
certain extent. It showed that initially the gel loses its solid
components, the breaking of inter and intra molecular bond
take place and the particles has no enough time to recombine
and hence the gel behaved a liquid-like. By further increasing
the angular frequency the " of the gel increases again, this
shows that the gel particle recombine once again and hence
increases the size of the particle that lead to increase in the
solid-like behavior of the gel. Similarly, the effect of temper-
ature on SG1 hydrogel is almost similar to that of SG2.
However, at 7 > 30 to 35 °C the gel show again a decrease
in the complex viscosity of the gel, which specify that the
decreasing occurred in the solid contents and the gel behave
as a liquid-like [21, 22]. The effect of temperature on the final
viscosity of SG3 sample showed that with increasing in tem-
perature the final viscosity of the microgels is decreases up to
about 30-35 °C, this decrease in viscosity is attributed to the
hydrophilic behavior of AA that are present in excess amount
in this samples. The gels absorbed more water due to a strong
interaction that take place among the polymer particles and
hydration water. Due to this phenomenon, the solid contents
of the microgel samples are going to decrease and hence the
increasing occurred in the liquid-like behavior of the
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microgels. AT 7' > 3540 °C the microgel exhibit the same
behavior as can be observed for SG2 microgel.

Figure 10 represents relative viscosity versus temperature
profile curves of SG1-SG3 microgel samples. The sample
SG1 initially shows a considerable increase in the flow vis-
cosity with increasing in temperature up to 35—40 °C. The
increase in viscosity is attributed to the hydrophilic behavior
of NIPAAm that absorbed more water with temperature and
become swell up due to which an increase occurred in the size
of particles that may lead to the increase in the flow viscosity
of the microgel. At 7> 40 °C the microgel showed a consid-
erable decrease in m,, with increasing in temperature. The
decrease in 1, was due to the hydrophobic nature of
NIPAAm, because above the volume phase transition temper-
ature (VPTT) range the microgel losses its hydration water
and become shrink which lead to the decrease in the particle
size of the gel and hence the decrease occurred in the flow
viscosity of microgel. Similarly in sample SG2 the amount of
MBA crosslinker is greater than in the other two samples and
at lower temperature range showed the flow viscosity of about
1.7 which is relatively less than that of SG1 and SG3 samples.
The low viscosity of SG2 is attributed to the smaller sizes of
the particles because crosslinker increases the degree of
crosslinker that lead to the decrease in the dimension of the
gel particles. Furthermore, in sample SG3 the amount of AA is
greater than in the other two samples and at lower temperature
showed the flow viscosity of about 1.9 that is relatively less
than that of SG1 sample. Because the AA is acidic in behavior
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Fig. 10 Effect of temperature on the relative viscosity of micorogel sample (SG1-SG3)
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that decrease the pH of the solution further and increases the
hydrophobic behavior of the polymeric gel and hence the
reduction occurred in the size of the gel that might lead to
the decrease in the flow viscosity of the gel [23].

The effect of pH on the relative viscosity of microgels

The effect of pH on the relative viscosity of SG1-SG3
microgel samples can be seen from Fig. 11. It has been ob-
served that the microgels show a considerable increase in the
flow viscosity with increase in pH. The change in flow vis-
cosity of the gels is due to the presence of AA as well as
chitosan monomers in the structure of all these polymeric gels.
As AA is and acid and it has pH-responsive carboxylic group
that can protonate above its pKa value of about 4 and
deprotonate below 4 [8, 17]. So in the above gels due the
increase in pH above the pKa value the degree of ionization
of the polymeric gels was also increases due to which an
electrostatic repulsion took place between the chains of poly-
mers that result an increase in the capability of gels particles to
absorbed more and more water molecules and become hydro-
philic in nature. Due to this hydrophilic behavior the sizes of
the gels were expanded and hence an increased occurred in the
flow viscosity of polymeric gels [24]. Also the presence of
chitosan in the polymer structure of microgels exhibit pH sen-
sitivity for swelling profile. Chitosan has primary amino

(NH,) group with pKa of about 6.5. Below this pKa value
protonation of NH, took places that impart a positive charge
to the chain of microgel and hence the expansion and swelling
of microgel occurred due to repulsion of polymer chains.
Hence the increasing occurred in the flow viscosity of
microgels due to the expansion of polymer particles [25, 26].

Furthermore on the basis of composition it was observed
that SG2 sample has greater flow viscosity at high pH than
both the SG3 and SG1 samples. The degree of flow viscosity
of SG2 sample was attributed to the high amount of
crosslinker as well as AA. Because MBA crosslinker in-
creases the degree of crosslinking and hence more number
of charged particles were being produced at high pH which
in turn made the microgel more hydrophilic, furthermore the
high amount of AA also made the gel more hydrophilic in
behavior and hence an increased occurred in the flow viscosity
of the microgels [27].

Temperature responsive swelling/de-swelling behavior
of the synthesized hydrogels

The temperature sensitive swelling/de-swelling behavior of the
hydrogel samples was investigated in the terms of average hy-
drodynamic size as a function of temperature. Dynamic Laser
light scattering (DLLS) was employed to determine the average
size of the hydrogel particles as a function of temperature at
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Fig. 11 Effect of pH on the relative viscosity of microgel sample (SG1-SG3) at T'= 30°C
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constant pH. Figure 12 shows the variation of hydrodynamic
radius (Ry,) with temperature of all the three samples at constant
pH = 4.0.. It can be seen that Ry, is regularly increasing with
temperature upto 38 °C. Above this temperature the size of all
gels decreases with an increase in temperature. However, this
decrease in size (Ry,) with temperature becomes less prominent
beyond 44 °C. This variation in the hydrogel size with temper-
ature is due to the presence of N-Isopropyl acrylamide
(NIPAAM) in the composition of the gel sample. As N-
Isopropyl acrylamide (NIPAM) is known to be the temperature
sensitive moiety of the hydrogels [19]. The different behavior of
the gel size with temperature is due to the different behavior of
NIPAAM at different temperature. NIPAM is a thermosensitive
polymer and the pure NIPAM shows its maximum size in the
temperature range of 30-32 °C. Above this temperature
(LCST), it shows increase in the size which is due to the swell-
ing of particles and also arising of hydrophobic forces among
the particles, Which leads to a type of particle aggregation. In
other words the aggregation number of the hydrogel particle
gets increases with increase temperature. It is important to note
that the present hydrogel samples not only contain PNIPAAM
but also chitosan and PAA components. It can also be said that
at higher temperature the hydrophobic behavior of the chitosan
also increased and due to which appreciable hydrophobic forces
developed between the various chains of polymer and hence a
sort of increases in aggregation or association number of the
hydrogel’s particles resulted. Also the hydrophilicity of AA
fluctuating with temperature. On the general real it can be said
that by increasing the temperature from starting temperature
(15 °C) upto around (38 °C), the size of the microgel increases.
This effect can be assigned to the combined contribution of
swelling of the particles as well as the increase in association
of polymer chains due to hydrophobic forces between the chains
of polymer. It can be further seen from the figure of hydrody-
namic radius (Ry,) versus temperature for all samples, that after
reaching a maximum size at a specific temperature, the size of
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Fig. 12 Hydrodynamic radius (Ry,) of the polymer (chitosan-PAA-
PNIPAAM) microgels as a function of temperature at constant pH = 4

the hydrogels starts to decrease with further increasing the tem-
perature. At temperature above the 38 °C the deswelling of the
microgel was observed and the decrease in the size can be at-
tributed to the dehydration effect at higher temperature. This
decrease in the hydrogel’s size with temperature becomes less
prominent above 45 °C' It means no more hydration occur
above this temperature. There is also a possibility of dehydration
but the decrease in size due to dehydration with temperature can
be balanced by the aggregation of particles due to hydrophobic-
hydrophobic interactions. Thus, the cumulative effect of various
factors balances each other and resultantly, the size of hydrogel
becomes insensitive to temperature (higher than 45 °C). From the
effect of temperature on Ry, (Ry, versus temperature profile), it can
be also supposed that the phase of hydrogel changes with varying
the temperature of the hydrogel solution in aqueous medium.
Below the Lower critical solution temperature (LCST), a de-
creasing in the size can be seen due to the collapsing of polymer
particles and dominance of hydrophilic forces [28, 29].

Conclusion

On the basis of results obtained in this research project, it can
be concluded that the surfactants-free emulsion polymeriza-
tion technique was successfully applied to prepare the
PNIPAAm-CS-PAA microgel samples. Due to the presence
of PNIPAAm the samples got temperature sensitive proper-
ties, while because of the presence of PAA the microgel sam-
ples were expected to have pH sensitive behavior as well. The
FT-IR, UV-Visible, viscometry and rheometry were used to
study the dual-responsive based physicochemical properties
of the synthesized hydrogels. The results of these techniques
show that various physicochemical properties such as the
physical states, stability, size, flow behavior and viscoelastic
nature are greatly dependent on the chemical compositions of
the samples. Further, these properties were also found to de-
pend on various experimental variables like temperature and
pH of the medium. It is further concluded that the insertion of
pH-sensitive polymers/components to the crosslinked
PNIPAM particles, not only produce dual-sensitive materials
but also to regulate the stability of these hydrogel particles in
aqueous media. This is further slowing or accelerating their
phase separation, depending on the desired application, and
hence, it is probable to regulate the material to various hydro-
philic environments. The CS monomer helped to control the
shrinkage process of PNIPAn-CS-PAA particles above the
LCST at all pH values. Mostly the amino (NH,) groups of
CS, are no longer protonated at high pH values, the chains
of CS that are chemically bonded to the network of polymer
remained in the particles, and hence increases the stability of
the polymeric material. The PNIPAM-CS-PAA particles with
greater amount of PNIPAAm showed higher stability below
LCST of PNIPAM, whereas the PNIPAm-CS-PAA particles
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with relatively greater amount of PAA showed higher stability
above LCST of PNIPAAm. The higher the concentration of
PNIPA Am the greater will be the amount of hydrophilic com-
ponent, hence more stable may be the gel particles. On the
other hand greater the amount PAA greater is the hydrophilic
components above the LCST and hence more stable is the
microgel particles. Furthermore, the microgel with relatively
high concentration of crosslinker, possibly made the microgel
relatively more stable due to higher crosslinking density. The
overall results show that the microgels were found to be quite
stable at all pH values above the pKa values (4.2) of AA while
increasing the pH causes aggregation of particles and decrease
in stability of microgels due to the decrease in hydrophobicity.
Also the variation in various physicochemical properties of
these hydrogels with temperature and pH impart them dual-
sensitive behavior, and due to this the hydrogels can be used
as potential materials for biomedical and biotechnological
purposes in the future.
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