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Abstract: Semi-interpenetrating polymer networks (SIPN) based on thermo-
responsive poly(N-isopropylacrylamide) (PNIPA) and water-soluble sodium
salts of linear hyaluronic acid (Na-HA) were physically cross-linked with syn-
thetic nanoclay (laponite XLG). PNIPA hydrogels with different cross-linking
densities and Na-HA concentrations were synthesized by in situ free-radical
redox polymerization. The structure and heterogeneity of the semi-IPN hydro-
gels were examined by SEM and XRD. The content of clay incorporated in the
gel was determined by TGA. DSC measurements showed that volume phase
transition temperature and its enthalpy varied with the clay and hyaluronic acid
content. SIPN hydrogels containing negatively charged polyelectrolyte, Na-
HA, exhibited higher Q. and faster deswelling rates than the corresponding
PNIPA NC hydrogels. The presence of the anionic Na-HA polymer reduced
the storage modulus, indicating a weakening of the hydrogel network structure,
especially at lower clay contents. The nanocomposite hydrogels exhibited high
tan J'values, which increased with increasing Na-HA content.

Keywords: thermo-responsive hydrogels; semi-IPN hydrogels; nanoclay;
hyaluronic acid; swelling/deswelling kinetics.

INTRODUCTION

Polymer hydrogels that respond to external chemical and physical stimuli,
with a large and reversible volume change have been widely studied from sci-
entific and technical perspectives in the past several decades. Elastic and high
water content polymer hydrogels resemble natural living tissue and have great
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potential as biomaterials for a large number of the pharmaceutical and biotechno-
logical applications.!=3 Thermally responsive hydrogels based on cross-linked
poly(N-isopropylacrylamide) (PNIPA) exhibit a reversible volume phase transit-
ion temperature (VPTT) within the physiological temperature range, close to 32—
—34 °C.4 However, their low response rate and low strength limited their use. In
2002, Haraguchi et al.>-7 reported on thermo-responsive nanocomposite (NC)
hydrogels based on PNIPA and layered silicates that exhibited high transparency,
high swelling/deswelling rates and excellent mechanical properties compared to
traditional, chemically cross-linked PNIPA hydrogels. The NC hydrogels were
synthesized by free radical polymerization of N-isopropylacrylamide (NIPA)
monomer in an aqueous suspension of synthetic clay, hectorite laponite XLG.
Laponite belongs to the 2:1 phyllosilicates with an octahedral layer surrounded
by two tetrahedral layers. The exfoliated thin disk-like clay platelets (ca. 1 nm
thickness and 30 nm in diameter) in water, carrying negative charge on the sur-
face and positive charge at the edge, acted as multifunctional physical cross-lin-
kers with large effective functionality. It was reported that the average effective
functionality (Nefr) per one clay particle increased from 50 to 165 with increasing
clay and monomer concentration.0:8-11 Generally, the interaction between the
clay platelets and attached PNIPA chains to their surface is considered as a com-
bination of ionic interaction and hydrogen bonding.©

Many strategies for preparing thermo-responsive PNIPA-based hydrogels
with improved mechanical and rapid swelling/deswelling response have been
investigated. They included the formation of semi-interpenetrating networks by
addition of a high-molar mass linear polymer to the primary cross-linked network
(SIPNs).12-14 For example, NC reinforced SIPN PNIPA hydrogels with linear
hydrophilic poly(N-vinyl pyrolidone) (PVP) showed improved mechanical pro-
perties and thermal responsiveness.!3 The addition of high-molar mass linear
PVP polymer chains introduced entanglements and reinforced the network. PVP
also affected the polymer—solvent interactions and changed the responsiveness of
hydrogels. In addition, linear, hydrophilic and nonionic poly(vinyl alcohol)
(PVA) was used to enhance the rate and level of thermal response of PNIPA NC
hydrogels, and to impart good chemical resistance, processability, biocompat-
ibility, and biodegradability.!4-16 SIPN NC hydrogels with dual temperature and
pH responses have been prepared by using linear poly(acrylic acid) (PAA),!7:18
carboxymethylcellulose (CMC)!9:20 or carboxymethylchitosan (CMCS).2! PNIPA
hydrogels for biomedical application are often used in aqueous or physiological
media and therefore, the mechanical, thermal, and other physical properties in
both the as-prepared and swollen state are of significant importance.!1-22

Hyaluronic acid (HA), also known as hyaluronan, is a high molar mass poly-
saccharide, i.e., glycosaminoglycan, consisting of multiple disaccharide repeating
units of D-glucuronic acid and M-acetyl-D-glucosamine linked via B(1-3) and
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S (1-4) glycoside bonds. Hyaluronan is a semi-flexible and negatively charged
biopolymer, with one carboxylate group per disaccharide repeating unit, which
adopts a stiffened, wormlike chain conformation in aqueous solutions.23-24 Hyal-
uronic acid is a natural component of the extracellular matrix of various connect-
ive tissues in humans and animals. HA plays an important role in many bio-
logical processes, such as tissue hydration, nutrient diffusion, proteoglycan org-
anization and cell differentiation, as well as in tissue regeneration.2> Due to its
good biocompatibility, biodegradability, excellent gel-forming properties, HA is
good candidate for biomedical applications to create patches for fast wound
healing and tissue regeneration, as well as drug release systems.

Only a few studies related to the synthesis of PNIPA hydrogels with hyalur-
onic acid (HA) were found in the reviewed literature. Coronado et al.2 reported
the synthesis of semi-IPN, consisting of chemically cross-linked PNIPA hydrogels
with 1, 2 and 3 wt. % HA. A potential application was injectable and non-toxic
biomaterial. Santos et al.2’ showed that the introduction of HA into PNIPA-
-based semi-IPN improved drug (gentamicin) release of the hydrogels due to the
accelerated swelling/deswelling transition. Recently, double chemically cross-linked
IPN hydrogels based on hyaluronic acid/poly(N-isopropylacrylamide) (HA/
/PNIPA) for transdermal delivery of luteolin were reported.28 Cytotoxicity tests
measured on the eluate from HA/PNIPA hydrogels confirmed that there was no
toxicity, which is essential for their application to the skin. Despite the significant
potential of PNIPA hydrogels in biomedical application, hitherto there have been
some concerns in the scientific community regarding their local toxicity. It is
known that NIPA monomer is toxic and therefore, it is essential to have a com-
prehensive understanding of the cytotoxicity and biosafety of PNIPA hydrogels.
Recently, a few papers comprehensively addressed cytotoxicity, genotoxicity, and
proliferation tests using several cell lines.2932 Biocompatibility studies of
PNIPA hydrogels verified by different techniques showed that the material is
non-cytotoxic and non-genotoxic.2? A comprehensive study on the cytotoxicity
of NIPA monomer, PNIPA polymer and PNPA films on four different
mammalian cell lines reported that the purity of the polymer is essential for a
non-cytotoxic response.3! In addition, some in vivo experiments (rabbits) con-
firmed that intravitreal injections of PNIPA solution were nontoxic.33 On the
other hand, mild toxicity of PNIPA hydrogels in vitro and in vivo (mouse) was
reported, which was attributed to the release of residual monomers and impurities
from commercially available PNIPA hydrogel.3# Therefore, it was established
that purified PNIPA polymers and hydrogels could be considered as
biocompatible materials.

The objective of this study was to develop high strength, physically cross-
-linked, thermo-responsive hydrogels modified by an ionically-charged natural
polymer with improved responsiveness, and to study their structure—property
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relationships. Three series of semi-IPNs based on water-soluble high molar mass
sodium hyaluronate (Na-HA) and thermo-responsive PNIPA physically cross-
-linked with inorganic clay (hectorite, laponite XLG) were developed. The hyd-
rogels were synthesized by free radical polymerization in aqueous media with
different cross-linking densities by varying the content of clay from 1 to 5 wt. %.
In order to obtain semi-IPN polymer networks, hydrogels were synthesized in the
presence of 0.1; 0.15 and 0.25 wt. % the anionic polyelectrolyte, Na-HA. For
comparison, a series of pure PNIPA hydrogels reinforced with laponite XLG
nanoclay with the corresponding clay content was prepared.

The responsiveness of the gels was estimated from the equilibrium swelling
at 25 °C and swelling/deswelling kinetics. The morphology of freeze-dried gel
samples was examined with a scanning electron microscope (SEM). The gel
structure and heterogeneity were analyzed by X-ray diffraction (XRD) analysis.
The thermal stabilities of the gels and their clay content were investigated by
thermogravimetric (TG) analysis. The thermo-sensitive response of hydrogels
was studied by differential scanning calorimetry (DSC). The rheological pro-
perties of the prepared hydrogels in the as-prepared and equilibrium swollen state
were tested by dynamic mechanical analysis (DMA).

EXPERIMENTAL
Materials

N-Isopropylacrylamide (NIPA, Acros Organics, New Jersey, USA) was purified by
recrystallization from a cyclohexane/toluene (60/40 volume ratio) mixture and dried under
vacuum at 40 °C. Synthetic hectorite, laponite XLG ([Mgs 3411 66515029 (OH)4]Nag g6 from
Rockwood, Ltd., TX, USA, was used as purchased. The layer diameter was 20-30 nm and
thickness of 1 nm; cation exchange capacity (CEC), 104 meq per 100 g of clay and sodium
counter ions). Ammonium peroxodisulfate (APS) as the redox initiator was recrystallized
from water. The sodium salt of hyaluronic acid (Na-HA, 95.2 %), M, 1.16x10° g mol,
glucuronic acid content 45.6 % and pH 6.6 (Zhejiang Lide Biochemical, China), and accel-
erator, N,N,N',N'-tetramethylethylenediamine (TEMED) (Sigma—Aldrich) were used as received.

Synthesis of NC hydrogels

The NC hydrogels were synthesized by in situ free-radical redox polymerization. The
molar concentration of NIPA monomer (1.0 mol dm) was the same for all samples. The clay
concentrations were 1, 3 and 5 wt. %. The hydrogels were designated as PNIPA-Cx, where x
is the weight percent of clay.

NC hydrogels were prepared according to the procedure reported in a previous paper,
with slight modifications.!3 As a typical example, the hydrogel PNIPA-C3 was prepared by
adding 2.26 g (0.02 mol) of NIPA and 0.6 g of synthetic clay in 19.8 mL of distilled water and
stirred under nitrogen flow at 900 rpm at room temperature. The reaction mixture was bubbled
with nitrogen for 60 min to remove residual oxygen. Then, the reaction mixture was cooled to
around 2 °C in an ice-bath. Then 0.2 mL of a 10 wt. % freshly prepared solution of APS ini-
tiator was added and 5.4 pL of accelerator, TEMED, was injected. The polymerization was
performed at room temperature for 24 h in glass molds (12.5 cmx12.5 cm glass plates separ-
ated by a 2.0 mm thick rubber gasket). After polymerization, the hydrogel sheets were taken
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from glass molds and one part was stored in the as-prepared state. The other part of the hydro-
gels was soaked in an excess of distilled water for at least 4 days, with daily refreshment to
remove residual unreacted monomer.

Semi-IPN hydrogels were prepared in the same manner at three Na-HA concentrations
(0.1, 0.15 and 0.25 wt. % of Na-HA), with the addition of the desired amount of the clay.
Na-HA solutions were prepared by mixing the appropriate amount of polymer and water at
room temperature under stirring (500-800 rpm) until the polymer was completely dissolved.
Then, clay (0.20-1.00 g) was added to the Na-HA solution (19.8 ml) by stirring at room tem-
perature for 1-3 h until the mixed aqueous dispersion became homogeneous. Three series of
SIPNs were labeled as: SIPN-HAz-Cy, where y represents the weight content of clay and z the
weight percent of Na-HA in the solution. The sample composition and designations of NC
hydrogels are presented in Table I later on.

Characterization of NC hydrogels

X-Ray diffraction (XRD) analysis of the powder of clay Laponite XLG and the powder
of milled dried NC gels was performed with aqn Ultima IV Rigaku X-ray diffractometer.
Scanning was carried out at 26 from 2 to 30° (step scan: 0.50 s, step width: 0.02°) in a Bragg—
—Brentano geometry using CukK,, radiation (4 = 0.15418 nm). The operating voltage was 40
kV and the current 30 mA.

The morphology of the NC gels was examined with field emission scanning electron
microscopy (FESEM, Mira3 Tescan) at an accelerating voltage of 10 kV. To conserve the
microstructure of the hydrogel without collapse, the samples for this analysis were frozen and
subsequently freeze-dried for 24 h under vacuum at —40 °C. In order to observe the interior
morphology, the freeze-dried samples were carefully cut with scalpel after immersion in
liquid nitrogen. Finally, the samples were coated with gold to a thickness of ca. 5 nm prior to
the SEM observation. The average pore sizes and their distributions were determined from the
SEM micrographs using ImageJ 1.38x software, based on 200 measurements per sample.

The swelling kinetics of NC hydrogels were monitored gravimetrically on the as-pre-
pared round-shaped specimens. The hydrogel disks (2.5 mm thick and diameter of 1 cm) were
immersed in distilled water (for at least four days at 25 °C) to remove the residual monomer,
and then dried to constant weight. The dried samples were placed in distilled water at 25 °C
and weighed after different periods during swelling. The average value of five measurements
was used for each sample. The degree of swelling, O, was calculated as the ratio of the weight
of the hydrogel specimen swollen at time ¢, ¥}, and the weight of the dry gel, .

The kinetics of deswelling was followed gravimetrically at 40 °C with hydrogel samples
previously swollen to equilibrium in distilled water at 25 °C. The weight changes of the hyd-
rogels were recorded at different times during the deswelling process. Deswelling kinetics of
hydrogels was followed through changes in water retention (WR) defined as:

LGRS

W(HZO)C (1)

where W, and W, are the weights of water in the hydrogel at time ¢ and in the equilibrium
swollen state, respectively.

Thermogravimetric (TG) analysis was realized on TA Instruments, SDT Q600, USA, in
order to evaluate the extent of the incorporation of clay. The amount of remaining clay in
xerogel was measured after one cycle of swelling/deswelling. Hydrogel disks were placed in
distilled water at least 4 days and then dried until constant weight. The xerogel samples were

Available on line at www.shd.org.rs/JSCS/

(CC) 2020 SCS.



1202 MIRKOVIC et al.

heated from 30 to 800 °C in air (flow rate of 100 mL min™') at a heating rate of 20 °C min™'.
The clay content in the dried NC xerogels was calculated from the residual weight at 770 °C.

Differential scanning calorimetery (DSC) was performed on TA Instruments, model
Q1000, Delaware, USA, device in order to analyze the volume phase transition temperature
(VPTT). The swollen hydrogels in hermetic pans were scanned through heating and cooling
runs from 15 to 50 °C at a heating/cooling rate of 3 °C min'! and a nitrogen flow rate of 50
mL min’!. Distilled water was used as the reference in the DSC measurements. DSC curves of
hydrogels were analyzed by Universal Analysis 2000, version 4.1.0.16, software.

The viscoelastic properties of the NC hydrogels were studied using a mechanical spec-
trometer, model Discovery Hybrid Rheometer HR2 (TA Instruments). The hydrogels in both
as-prepared and swollen state were analyzed, operating in the shear mode with parallel plate
geometry. The diameter of the plates was 25 mm and gap of around 3 mm. The storage
modulus, G', the loss modulus, G”, and the loss tangent, tan ¢ were analyzed as a function of
frequency (0.1 to 100 rad s!) at 20 °C. Shear strain of 1 % was applied and it was established
that the hydrogels were in the linear viscoelastic range at this strain.

RESULTS AND DISCUSSION
Synthesis and structure of NC hydrogels

In this study, three series of semi-IPN PNIPA hydrogels with linear water-
-soluble sodium salts of hyaluronic acid (Na-HA, Fig. 1) and one series of
PNIPA hydrogels were synthesized by in situ free-radical redox polymerization
in an aqueous suspension of the layered silicate, laponite XLG. The concen-
tration of monomer NIPA in the reaction mixture was 1 mol dm3, corresponding
to 10 wt. %. The clay content in the reaction mixture varied from 1 to 5 wt. %,
while the Na-HA content was 0.1, 0.15 or 0.25 wt. %. The hydrogels were in the
form of 2.5 mm thick sheets. The composition and some structural and physical
properties of synthesized NC hydrogels in their as-prepared and equilibrium
swollen states are given in Table I.

30 nm
Laponite XLG

Na-HA

Fig. 1. Schematic representation of the NC hydrogel based on poly(N-isopropylacrylamide)
(PNIPA), repeating disaccharide unit of sodium salts of hyaluronic acid (Na-HA) consisting
of N-acetyl-D-glucosamine and D-glucuronic acid and nanoclay (laponite XLG).
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The clay content in the NC xerogels was calculated from the residual weight
at 770 °C estimated from TGA measurements. Assuming that the conversion of
NIPA monomer to the cross-linked network is complete, the theoretical clay con-
tent in PNIPA-C xerogels ranged from 8.1 to 30.0 wt% and in SIPN series was
between 7.4 and 29.8 wt%. When compared to the theoretical content of the clay
in the reaction mixture, the results showed that the extent of the incorporation of
clay in PNIPA hydrogels was in the range from 77 to 91 %, indicating loss of
some laponite XLG particles from the gel network. In the series of SIPN hydro-
gels interpenetrated with 0.1 wt% Na-HA, the percent of the clay incorporation in
the dried network was higher (99.5 to 114 %) in comparison to PNIPA series and
in some cases higher than the theoretical one, probably due lower PNIPA mono-
mer conversion. The notably higher quantity of laponite XLG clay remained in
SIPN hydrogels, excluding a few exceptions (SIPN-HAO0.15-C3, SIPN-HAO0.25-
-C3), could be attributed to the presence of linear hydrophilic Na-HA, which sup-
presses extraction of laponite XLG particles from hydrogels. Similar observation
was previously reported for PNIPA/PVP and PNIPA/PVA hydrogels.!3:14

TABLE I. Composition and some structural and physical characteristics of the NC hydrogels
in their as-prepared, equilibrium swollen and dried state

Content, wt. %

Average pore

- d

Sample Na-HA? Clay® Clay in xerogel® PNIPA in eq. Qe size®, Lm
swollen state

PNIPA-C1 0 1 7.2 (88.6) 2.9 35.0 52.9+9.6
PNIPA-C3 0 3 19.2 (91.5) 5.4 18.4 22.0£12.9
PNIPA-C5 0 5 23.6 (76.9) 7.4 13.5 44.8+32.1
SIPN-HAO0.1-C1 0.1 1 9.2 (114.1) 3.1 32.0 27.1+£18.8
SIPN-HAO0.1-C3 0.1 3 21.2(101.8) 7.3 13.7 22.0+£13.7
SIPN-HAO0.1-C5 0.1 5 30.3 (99.4) 8.3 12.1 26.4+7.8
SIPN-HA0.15-C1 ~ 0.15 1 6.7 (83.4) 2.0 50.9 21.2+18.4
SIPN-HA0.15-C3  0.15 3 12.7 (61.3) 4.9 20.4 21.0+21.0
SIPN-HAO0.15-C5  0.15 5 28.2 (92.8) 6.7 149 45.8€29.4
SIPN-HA0.25-C1  0.25 1 7.7 (96.6) 2.6 38.6 20.7+15.6
SIPN-HA0.25-C3  0.25 3 10.1 (48.8) 5.4 18.7 19.1£14.5
SIPN-HA0.25-C5  0.25 5 21.7 (71.8) 6.9 14.5 50.6+20.5

8Na-HA content in initial hydrogel (as-prepared); bclay content in initial hydrogel (as-prepared); “in paren-
thesis, percentage of incorporated clay relative to the added amount in NC xerogels; dequilibrium degree of
swelling; ®average pore size of freeze dried gels

The state of the dispersion of clay in the hydrogels was probed by XRD
analysis, which was performed on the dried gel samples. The XRD patterns for
Laponite XLG clay and powders of linear PNIPA and dried PNIPA and SIPN gel
samples are presented in Fig. 2.

The characteristic peaks of the laponite XLG clay appear at 26 5.6 and 19.6,
attributed to a basal layer spacing of the clay platelets of 1.58 nm. In the diffrac-

Available on line at www.shd.org.rs/JSCS/

(CC) 2020 SCS.



1204 MIRKOVIC et al.

tograms of the PNIPA samples, no reflection at 26=5.6° was observed, which
points to intercalation or exfoliation of the clay in these xerogels. It was pre-
viously reported that the clay in NC gels could be extensively exfoliated and con-
sequently, the clay platelets dispersed uniformly throughout the hydrogel
sample.”>~7 The absence of this peak in difractograms of almost all SNIPA
samples implies extensive intercalation or exfoliation. The only exception was
noticed for the SNIPA samples SIPN-HAO0.1-C3 and SIPN-HAO0.1-C5 with
higher amounts of clay and only 0.1 wt. % of Na-HA. In the difractograms of
these samples, the reflection at 26 between 2 and 3° (marked with arrows in Fig.
2a) shows intercalation of the clay with increase in basal spacing of the clay
platelets to 3.8—4.0 nm. In the diffractogram of linear PNIPA (Fig. 2a), two broad
reflections at 26 around 7.7° (attributed to the aggregation of N-isopropyl groups
in the PNIPA chains35:36) and 20° could be observed. These reflections are vis-
ible in the diffractograms of all NC samples and are superimposed on the dif-
fraction of clay alone, at 26 19.6 . The diffraction peak of linear PNIPA slightly
decreased with increasing clay content, while increased in the presence of linear
Na-HA in all SIPN series.

o
76 - a b
\ ) 198 SIPN-HAO.1-C1
/
SIPN-HA0.1-C3

SIPN-0.1HA-C5
/

N

Intesity, a. u

Intesity, a. u.

PNIPA-CS

PNIPA-L

T T T T T J T T T T T T
5 10 15 20 25 30 5 10 15 20 25 30
20/° 20/°

Fig. 2. XRD patterns of: a) XLG clay, linear PNIPA and PNIPA-C gels and b) SIPN gels with
different contents of clay and 0.10 wt. % Na-HA.

Morphology of freeze-dried gels

The structural features of freeze-dried PNIPA and SIPN gels with linear
Na-HA were analyzed by SEM. The SEM micrographs showing the morphology
of the PNIPA hydrogels with different contents of the clay and linear penetrant,
Na-HA are presented in Figs. 3 and 4. In order to preserve the porous hydrogel
structure, freeze-drying was performed under the same preparation conditions.
The SEM micrographs revealed that the SIPN and PNIPA gels had similar mor-
phology characterized by a broad distribution of three-dimensional pores and
very thin walls. The histogram of pore size distribution showed unimodal, broad
distribution for all samples, Fig. 3. The pore sizes of the prepared PNIPA gels
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were in the range from 22 to 53 pm and irregular, with standard deviations from
10 to 32 um (Table I). The pore size of the SIPN networks decreased with addit-
ion of linear Na-HA in almost all cases, being 22 to 27 pm in the SIPN gels with
0.1 wt. % Na-HA. The sizes of pores as well as their size distributions are imp-
ortant morphological features since they control the kinetics of water diffusion in
and out of the gel. It has been reported that the freeze-drying process could gen-
erate the honeycomb structure of the hydrogels, formed through hydrophobic
interaction between polymer chains.!16:37

PNIPA-CE P

>

“SIPN-HAO0.1-C3

contents of HA (bar = 100 um).

All the samples possessed a similar, highly irregular morphology, showing
interconnected pores with thin walls and a very broad pore-size distribution. The
pore size analysis revealed that the pore size of the hydrogel networks modestly
changed in the presence of added linear Na-HA chains and changed more
significantly with increasing the clay content, i.e., in the PNIPA-C series.

All hydrogels consisted of areas with very wide channels and other areas
with a large number of small pores. These networks are expected to exhibit a fast
response to the temperature change, manifested as rapid volume shrinkage during
the deswelling process. Additionally, numerous interconnected pores in SIPN
networks and the smaller size of the pores should allow water molecules to dif-
fuse easily, thus increasing the swelling and deswelling rates. The pore size of
the SIPN-HAx-C5 networks increased slightly in the presence of added linear
Na-HA chains, which is ascribed to the fact that a more expanded network could
be generated in the SIPN hydrogels during swelling due to the increased hydro-
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philicity. SIPN-HAx-C3 gels with higher degree of interconnected micro pores
exhibited a faster swelling and deswelling rate, which is attributed to the pre-
sence of more channels for water diffusion in or out of the gels. In addition, with
increasing clay content in the SIPN-HAOQ.1-Cx series, the pore diameter dec-
reased slightly. The higher clay contents led to the formation of more densely
cross-linked networks and thus, decreased the pore size of the gels, which
affected the swelling/deswelling behavior of the hydrogels.

Swelling and dynamics of water swelling/deswelling of NC hydrogels

The equilibrium degrees of swelling (Q¢) of the PNIPA and SIPN hydrogels
as function of the clay content and content of incorporated linear hydrophilic Na-
HA in water at 25 °C are presented in Table I. The SIPN hydrogels had higher O,
values in comparison to PNIPA hydrogels for almost all the samples, which
ranged from 12.1 to 50.9 at temperatures below the VPTT. On the other hand, the
Qe values varied from 13.5 to 35.7 for PNIPA hydrogels. Hydrogels with 0.15
wt. % Na-HA exhibited the highest equilibrium degree of swelling (14.9-50.9),
which was attributed to the lower incorporation of clay nanoparticles into the
polymer network (based on TG analysis). The series of hydrogels with 0.25 wt.
% HA displayed a slight drop in the equilibrium degree of swelling (14.5-38.6).
The equilibrium degree of swelling was lower than that of the reference PNIPA
series of hydrogels only in the series with 0.1 wt. % of Na-HA, as a result of the
almost quantitative incorporation of nanoclays. In both the PNIPA and SIPN
hydrogels, Q. gradually decreased with increasing clay content, acting as a multi-
functional cross-linker. The content of cross-linked PNIPA in the equilibrium
swollen state varied in the range from 2.9 to 7.4 wt. %, whereas the concentration
of semi-IPN polymer network including linear Na-HA was in the range from 2.0
to 8.3 wt. %, depending on the clay and Na-HA contents (Table I).

The swelling capacity is one of the most important properties of hydrogels. It
was investigated in water at 25 °C by following the change in the degree of
swelling with time (Fig. 5). Some of the samples, such as PNIPA-C3 and SIPN-
-HAO0.15-C1 and SIPN-HAO.15-C5 exhibited the highest SD values, which could
be attributed to the higher heterogeneity of their hydrogel structure (based on
SEM). In addition, it could be seen that these SD values decreased with time
(Figs. 5 and 6), and it could be envisaged that during time, the transport of water
into and out of the hydrogels proceeds in a more regular manner. In general, NC
hydrogels displayed higher swelling in water than chemically cross-linked hydro-
gels mainly because of their relatively low cross-linking density.” Dry PNIPA
NC gels swelled quickly in the first 4 h, reaching equilibrium values in 2 to 4
days. Swelling of the SIPNs exhibited a similar trend but was initially slower,
while a plateau was reached within 4 days. Slower swelling of hydrogels contain-
ing 0.1 wt.% Na-HA and lower Q. displayed in Fig. 2, was attributed to the
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higher cross-linking density and almost quantitative incorporation of the clays
platelets into the polymer matrix. The lower initial rate of water absorption of
SIPN NC hydrogels may be a consequence of hydrophobic interaction and rein-
forcing entanglement effects of the linear Na-HA interpenetrant with the PNIPA
network, which restricted network expansion during the swelling process. One
can envisage the dual role of the linear hydrophilic Na-HA, i.e., in the first stage
of swelling, the reinforcing effect of Na-HA dominates while in the second stage,
its hydrophilicity governs.
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Fig. 5. The degree of swelling (Q) of the PNIPA and SIPN hydrogels with 1, 3 and 5 wt. %
of clay and different Na-HA contents as a function of time at 25 °C.

The hydrogels containing linear hydrophilic Na-HA in amounts of 0.15 and
0.25 wt. % exhibited equilibrium degrees of swelling 1.02 to 1.4 times higher in
comparison to pure PNIPA NC samples. Water sorption in the SIPN polymer
networks was enhanced in the presence of hydrophilic anionic polyelectrolyte
Na-HA at contents above 0.10 wt. %.

The swelling kinetics parameters of the NC hydrogels were calculated from
the initial swelling rate, which was defined as vj, = (O-1)in/tin (Where Q is the
degree of swelling and ¢, is time of sampling). It was calculated for the first 100
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min and the results are presented in Table II. The thus-obtained initial swelling
rates were 0.265, 0.165 and 0.081 min~! for PNIPA-C1, PNIPA-C3 and PNIP-
-C5, respectively. The initial swelling rates of PNIPA NC hydrogels decreased
with increasing clay content due to the higher cross-linking. A decrease in vj,
with increasing clay content was observed for all SIPN hydrogels. SIPN hydro-
gels containing 0.15 wt% of hydrophilic Na-HA had vj, values of 0.119, 0.051
and 0.050 min~! for SIPN-HAO0.15-C1, SIPN-HA0.15-C3 and SIPN-HAO0.15-C5,
respectively. In addition, comparison of the initial swelling rates of SIPN and
PNIPA hydrogels with the same clay content confirmed that the presence of the
hydrophilic Na-HA did not have accelerating effect on the swelling kinetics.
Among the SIPN samples, the series with 0.15 wt. % Na-HA exhibited faster
swelling rates in the initial region and water uptake capability, mainly because of
their relatively low cross-linking density.
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Fig. 6. Deswelling kinetics of the PNIPA and SIPN hydrogels with 1, 3 and 5 wt. % clay and
different Na-HA content at 40 °C.

The isothermal kinetics of swelling of the NC hydrogels were investigated in
order to obtain better insight into the effect of the hydrogel composition and mor-
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phology on the water transport behavior. The nature of water diffusion into NC
hydrogels was studied by fitting the initial water uptake data into Eq. (2):38-39

Vi, = W(HZO)t =Ktn (2)
W(Hzo)e

where W(H,0),; and W(H;0), are the weight of water absorbed by the hydrogel
at time ¢ and at the equilibrium swollen state, respectively. K is a constant charac-
teristic for the structure of the hydrogel network and the solvent, and » is the
diffusion or transport exponent. At n < 0.5, the swelling process is controlled by
the Fickian diffusion mechanism. In cases where n ranges 0.5-1, the diffusion
and relaxation of polymer chains control the swelling process (non-Fickian or
anomalous diffusion).

TABLE II. Kinetics parameters for PNIPA and SIPN hydrogels evaluated from swelling/
/deswelling studies

Sample Swelling Deswelling
Vi / min’! K n R k / min™! R

PNIPA-C1 0.265 0.0508 0.52 0.9500 0.1320 0.9785
PNIPA-C3 0.165 0.0337 0.57 0.9808 0.0670 0.9589
PNIPA-C5 0.081 0.0464 0.49 0.9940 0.0756 0,9693
SIPN-HAO0.1-C1 0.060 0.0094 0.59 0.9933 0.3122 0.9925
SIPN-HAO0.1-C3 0.039 0.0245 0.61 0.9980 0.0654 0.9100
SIPN-HAO0.1-C5 0.033 0.0213 0.66 0.9940 0.0518 0.9752
SIPN-HAO0.15-C1 0.119 0.0117 0.65 0.9981 0.4608 0.9153
SIPN-HAO0.15-C3 0.051 0.0133 0.59 0.9957 0.2441 0.8301
SIPN-HAO0.15-C5 0.050 0.0140 0.64 0.9920 0.0865 0.9640
SIPN-HAO0.25-C1 0.088 0.0124 0.57 0.9890 0.2059 0.9227
SIPN-HAO0.25-C3 0.048 0.0134 0.58 0.9888 0.1357 0.8727
SIPN-HAO0.25-C5 0.037 0.0050 0.63 0.9918 0.0950 0.9345

In order to investigate the diffusion model for swelling NC hydrogels, the
initial (W(H,0),/W(H,0).) < 0.6 swelling data were fitted to Eq. (2). The n and K
values obtained from the slope and intercept of the plot of In (W(H,0),/W(H,0)e)
vs. In ¢t are presented in Table II. The values of n for PNIPA NC hydrogels were
around 0.5. A slight variation of diffusion exponent with increasing clay content
was observed. The results pointed to non-Fickian or anomalous diffusion of
water into the NC hydrogels, where the rates of water diffusion and polymer
relaxation were comparable. The values of n for the SIPN hydrogels were around
0.6 and were independent of Na-HA or clay content. The current results are in
agreement with previously reported values, that the water transport mechanism in
NC hydrogels is non-Fickian diffusion, controlled by diffusion and macromole-
cular relaxation.14.20
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For many applications, high rates of swelling/deswelling are a necessary
requirement. The deswelling tests were performed by swelling to the equilibrium
state at 25 °C (below VPTT) and then quickly switching to 40 °C (above VPTT).

The deswelling behavior of the NC hydrogels above phase transition tempe-
rature was studied by measuring the water retention for one hour, as shown in
Fig. 6. The faster deswelling of SIPN compared to PNIPA hydrogels was due to
the introduction of hydrophilic Na-HA chains. Lowering of deswelling rate with
increasing clay content in both PNIPA and SIPN NC series was attributed to the
highly cross-linked polymer network, which restricted collapse during the
deswelling process. For instance, PNIPA hydrogels with 1 wt. % clay shrank and
lost about 50 % of the water within 5 min, while the hydrogels with 3 and 5 wt.
% clay lost 50 % of the water within 10 and 30 min, respectively. Deswelling
was much faster for the SIPN hydrogels: the hydrogels interpenetrated with 0.1
to 0.25 wt. % Na-HA lost 50 and 75 % of water, respectively, in 2 min, while the
PNIPA reinforced with same clay content (1 wt. %) lost only 40 %. Deswelling
equilibrium was achieved within the 20 min for a series of SIPN with the lowest
clay content (1 wt. %), while the other SIPN samples with the intermediate clay
content (3 wt. %) required about 40 min and with the highest clay content (5 wt.
%) more than one hour. It is well known that at temperatures above the VPTT of
PNIPA hydrogels, the hydrophilic/hydrophobic balance in the surface region is
destroyed and the hydrogels begin to collapse. Therefore, the deswelling process
or collapsing is a diffusion controlled process that strongly depends on the gel
size and structure. It was reported that hydrophilic polymer chains (PVA, PVP)
in a SIPN network could act as water-releasing channels and disrupt the form-
ation of a dense skin layer on the surface of hydrogels.!4.16 Considerably faster
deswelling and volume shrinkage was obtained for SIPNs interpenetrated with
0.15 wt. % Na-HA. For the SIPN hydrogels, the influence of the Na-HA content
was stronger than the content of clay. The introduction of Na-HA into NC hydro-
gels obviously improved the kinetics of the system, which opens up a possibility
for broader application in controlled release systems with fast responsiveness.

To quantitatively analyze the deswelling process of NC hydrogels, first order
kinetics was used, as follows:20.39

my —mp _

In —kt 3)

me —mp
where my, me and mp are the weights of hydrogels at time ¢, in the equilibrium
deswelling state and in the dried state, respectively, k is the deswelling rate
constant and ¢ is the deswelling time.
The linear plots of In[(m/~mp)/(me—mp)] vs. time for the hydrogels had high
correlation coefficient values (Table II), indicating that the deswelling obey first-
-order kinetics.
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In addition, the deswelling rate constants & was obtained from the slope of
lines within range of the first 10 min. The deswelling rate constants are 0.132,
0.067 and 0.076 min~! for the PNIPA reinforced with 1, 3 and 5 wt. % of clay,
respectively. For the series of SIPN with clay content of 5 wt. %, the deswelling
rate constants are: 0.052, 0.083 and 0.095 for the samples interpentrated with 0.1,
0.15 and 0.25 wt. % of Na-HA, respectively. It is clear that the deswelling rates
of NC hydrogels in all series decreased with increasing clay content, as a con-
sequence of higher cross-linking densities. SIPN hydrogels interpenetrated with
0.15 wt. % Na-HA exhibited faster deswelling. The positive effect of the pre-
sence of Na-HA on the deswelling of SIPNs as was previously discussed can be
ascribed to its hydrophilicity. Besides the improvement of the response rate of
NC hydrogels with the introduction of Na-HA, it is also possible to fine tune the
deswelling kinetics with the amount of the clay and penetrant.

Thermal behavior of NC hydrogels

DSC analysis was used to study the transition temperatures and enthalpies of
NC hydrogels in the equilibrium swollen state. DSC thermograms of the PNIPA
series and SIPN NC hydrogels reinforced with 1 wt. % of clay and modified with
different contents of Na-HA are shown in Fig. 7. The volume phase transition
behavior of NC hydrogels in heating and cooling runs at a rate of 3 °C min~! was
evaluated. Peak onset temperatures (7onget), peak maxima (7yax) and transition
enthalpies (AH) are presented in Table III.

The temperature at the onset point of the DSC endothermic peak is referred
to as the VPTT of the hydrogels. It was previously reported that the onset tem-
perature (VPTT) was not affected by the clay content, whereas the peak profile
became broader and shifted to higher temperatures as the clay content increased,
due to increased hydrophilicity. The surfaces of the clay platelet are highly hydro-

b
SIPN-HAO0.10-C1
q SIPN-HA0.25-C1

Heat flow, W ¢”'
Exo
Heat flow, W g“
Exo

PNIPA-C1

20 2‘5 3‘0 ’ 3:5 AID 4‘5 20 ZI5 3‘0 3‘5 4‘0 Al5
Temperature, °C Temperature, °C

Fig. 7. DSC thermograms of PNIPA and SIPN NC hydrogels with 1 wt. % clay and different

contents of Na-HA in the temperature range from 20 to 45 °C; a) heating I and II run (dashed

line) and b) cooling run.
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TABLE III. VPTT (Typset)s Tmax» AH and WHP (width at half peak height) of phase transition
of the NC hydrogels in their equilibrium swollen state during heating and cooling scans

Heating? Cooling
Sample T, onset T, max AH AH WHP T onset T, max AH
°C °C Jg! Kmol! °C °C °C Jg!
PNIPA-C1 33.1(33.1) 33.5(33.6) 1.3(1.2) 5.0(4.6) 2.8(2.9) 32.6 30.5 0.5
PNIPA-C3 33.5(33.8) 35.5(34.8) 1.9(1.9) 4.0(4.1) 5.9(4.4) 33.1 31.1 15
PNIPA-C5 33.7(33.3) 36.3(35.6) 1.0(1.0) 1.5(1.5) 5.1(4.1) 33.4 313 0.6

SIPN-HAO0.1-C1  33.2(33.1) 33.5(34.4) 2.5(2.1) 8.8(7.7) 2.8(2.3) 322 318 14
SIPN-HA0.1-C3  33.2(33.1) 342 (34.1) 2.6(23) 4.1 (3.6) 3.8(3.1) 32.3 31.6 1.3
SIPN-HAO0.1-C5  33.7(33.1) 36.3(35.7) 0.8(0.9) 1.2(1.3) 4.5(4.8) 33.6 31.3 1.1
SIPN-HAO0.15-C1 33.1(32.9) 33.4(33.2) 2.5(1.9)13.9(10.7) 2.9 (1.8) 322 32.0 1.6
SIPN-HAO0.15-C3 33.4(33.1) 33.7(34.0) 2.0(1.5) 4.5(3.4) 3.2(3.2) 32.4 31.6 0.8
SIPN-HA0.15-C5 33.7(33.2) 37.2(35.5) 1.4(L.1) 2.3(1.9) 5.0(4.2) 33.4 314 1.1
SIPN-HA0.25-C1 33.3(33.1) 33.6(33.6) 2.3(1.7) 10.3(7.4) 3.1 (2.5) 32.3 31.3 0.7
SIPN-HA0.25-C3 33.3(33.1) 35.4(34.6) 1.4(1.3) 3.0(2.7) 5.5(4.3) 32.6 31.6 14
SIPN-HA0.25-C5 33.5(33.1) 36.5(35.7) 0.8(0.7) 1.4(1.1) 5.7 (4.4) 333 31.0 0.6

4Data in the brackets were obtained in the second scan

philic and could interact with PNIPA chains through hydrogen bonding. The
enthalpy of volume phase transition of PNIPA NC hydrogels decreased with inc-
reasing clay concentration.#0 The PNIPA NC hydrogels exhibited a VPTT of
around 33 °C, in both the first and second heating runs. In the series of PNIPA
hydrogels, DSC showed a shift of the temperatures of the endothermic peak
maximum from 33.5 to 36.3 °C with increasing clay content. In addition, the
width of DSC peaks at half peak height (WHP) increased with increasing clay
content. These results indicate that the conformational change of the PNIPA
chains from hydrated to dehydrated states in the NC hydrogels was largely sup-
pressed by increased interaction between PNIPA chains and the clay platelets.
This was also evident from the decrease in the transition enthalpy of PNIPA hyd-
rogels with increasing clay content. For example, AH decreased from 5.0 to 1.5
kJ mol! in the series of PNIPA hydrogels with increasing clay content from 1 to
5 wt. %. The transition enthalpies of PNIPA hydrogels are in line with those of
linear PNIPA chains in solution (about 5.0 kJ mol-1).35 The AH values in the
second run were generally lower (by up to 28 %) compared to the values obtained
in the first heating run due to hysteresis and slow relaxation of network chains.*
It is generally accepted that on addition of a hydrophilic component (such as
co-monomer or linear polymer, interpenetrant) to PNIPA hydrogels, the hydro-
philic/hydrophobic balance is shifted to a more hydrophilic nature and therefore
the values of VPTT become higher.26 The incorporation of the linear, highly
hydrophilic Na-HA polymer into the PNIPA NC network slightly changed the
VPTT, indicating that PNIPA network retains its own thermal sensitivity in semi-
IPNs. On the other hand, the width at half peak height (WHP) of the transition
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peak become larger with increasing clay content as well as on the introduction of
the hydrophilic Na-HA. By comparing the values of enthalpy for the PNIPA and
SIPN series with the corresponding clay content, it was observed that the enth-
alpies were significantly higher for the SIPN hydrogels only for those gels with
low clay content (I wt. %). The presence of hydrophilic Na-HA reduces the
anchoring of PNIPA chains on the surface of the clay platelets, resulting in a
decrease in the cross-linking density of the polymer network. Therefore, the coil-
-to-globule transition of the PNIPA chains was less suppressed in the presence of
Na-HA. The sample SIPN-HA0.15-C1 exhibited the sharpest and narrowest DSC
peak among all the SIPN and PNIPA hydrogels. In addition, the improved ther-
mal response rates of the SIPN-HAO0.15-C1 gel was confirmed by deswelling
measurements, since the lower clay content and the presence of Na-HA could
enable the formation of additional porosity.

Dynamic-mechanical analysis of NC hydrogels

Dynamic mechanical measurements were used to understand the effect of
the structural constituents of the NC hydrogels, such as the contents of clay and
Na-HA, on their viscoelastic properties. The DMA of the PNIPA and SIPNs NC
hydrogels in the as-prepared and in the equilibrium swollen state were inves-
tigated in the shear mode at 25 °C. The rheological parameters, i.e., the storage
modulus (G'), loss modulus (G”) and loss factor (tan = G"/G’) of the PNIPA
and SIPN NC hydrogels are given in Table IV. The frequency dependence of G,
G" and tan o for PNIPA NC series are presented in Fig. 8. The results showed
that an increase in clay content from 1 to 5 wt. % resulted in an increase in G’
from 1.9 to 14.2 kPa in the as-prepared gels due to an increase in the cross-link-
ing densities of the network. As expected, the G’ of the PNIPA hydrogels in the
equilibrium swollen state decreased due to the lower concentration of chains per
unit volume and ranged from 0.3 to 2.4 kPa. All PNIPA NC hydrogel samples
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symbols) as a function of frequency for PNIPA-Cx (x = 1-3) hydrogels in the: a) as-prepared
and b) equilibrium swollen state at 25 °C.
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exhibited a storage modulus plateau over the measured frequency range, with the
G' values always higher than the G”, indicating that the rubber elasticity of these
hydrogels is controlled by the clay nanoparticles, acting as multifunctional cross-
-linkers. The linear increase in the shear modulus with increasing clay content
indicated that clay nanoparticles were well-dispersed within the PNIPA matrix.3?

TABLE IV. Dynamic mechanical properties and network parameters of the PNIPA and SIPN
hydrogels in their as-prepared, swollen and dry state at 25 °C

Sample As-prepared Swollen G G'red N, Mx10%
hydrogels? hydrogels® Pab kPa molm> gmol!
G’ / kPa tan O G'/kPa tand
PNIPA-C1 1.9 0.105 0.3 0.033 257 8.9 3.65 28.2
PNIPA-C3 6.7 0.053 1.3 0.023 1269 233 9.67 10.6
PNIPA-C5 14.2 0.077 24 0.041 2423 32.7 13.48 7.9
SIPN-HAO0.1-C1 1.4 0.214 0.1 0.070 106 34 1.41 73.0
SIPN-HAO0.1-C3 4.4 0.136 0.7 0.029 654 8.9 3.69 27.9
SIPN-HAO.1-C5 12.2 0.106 14 0.035 1379 16.7 6.84 15.1
SIPN-HAO0.15-C1 1.9 0.210 0.08 0.075 81 4.1 1.68 61.3
SIPN-HAO0.15-C3 52 0.173 0.3 0.066 277 5.6 2.33 44.2
SIPN-HAO0.15-C5 17.1 0.105 1.9 0.052 1840 27.1 11.31 9.1
SIPN-HAO0.25-C1 24 0.208 0.1 0.100 145 5.6 2.29 45.0
SIPN-HAO0.25-C3 4.3 0.162 0.4 0.075 465 8.7 3.54 29.1
SIPN-HA0.25-C5 15.8 0.152 2.1 0.038 2095 304 12.51 8.2

aAt 10 rad s'l; bin swollen state at 0.1 rad 57!

The frequency dependences of G’, G” and tan 9 for three SIPN series reinforced
with 0.1, 0.15 and 0.25 wt. % Na-HA and different contents of clay are shown in
Fig. 9. A monotonic increase in the storage modulus with increasing clay content
was also seen for these SIPN hydrogels. Almost all SIPN hydrogels exhibited
lower values of G’ in comparison to PNIPA NC with the same clay con- tent. The
results revealed that the addition 0.1 wt. % of linear Na-HA decreased the elastic
character of hydrogels. It is assumed that the presence of Na-HA weakened the
hydrogel structure due to a decrease in the effective polymer network density.
The changes in the storage modulus as a function of increasing amount of Na-HA
and clay are illustrated in Fig. 10. The G' in NC hydrogels in the as-prepared
state at the higher clay content (5 wt, %) increased with increasing Na-HA
content, indicating a reinforcing effect of the linear interpenetrant of high molar
mass. The decrease in G' of SIPN hydrogels reinforced with 3 wt.% of clay and
containing 0.1 to 0.25 wt. % linear Na-HA, in the as-prepared state, was the most
noticeable (Table 1V). The weakening of hydrogel structure was observed in all
cases in the swollen state, and was especially pronounced for the formulations
with the lower clay content (1 and 3 wt. %).

Available on line at www.shd.org.rs/JSCS/

(CC) 2020 SCS.



THERMO-RESPONSIVE HYDROGELS WITH HYALURONIC ACID

1215

10%3 110 10°3 4086
a b —=—PNIPA-C1
®SIPN-H0.1-C1
—4—SIPN-H0.15-C1
10°4 —vSIPN-H0.25-C1
©
. w &
- e =
© —=— PNIPA-C1 s 0
[4) ® SIPN-HO0.1-C1 [0
—4— SIPN-HO.15-C1
PN v siPn-Ho 251
55— ¢ 30— =S=== ku
wlrads’
¥ o ~08
10 —m— PNIPA-C3
d —e— SIPN-HAQ.1-C3
—A— SIPN-HA0.15-C3
— —O— SIPN-HA0.25-C3
— R
—=— PNIPA-C3 L[OR D .
- o SIPN-H0.1-C3 PR— ]
A A4 A A A A A A A A A A4
—a— SIPN-H0.15-C3 los e e A A aa ,A,‘gA,A,A\A_.\A\,P
& v— SIPN-H0.25-C3 © A
jy 2 10% 4 Al 0.4 =
I -~ /4 0.
o o 8
© [0)
. e E——s-—a e85 s 5w & 5 m—o— 4
10° T r 0.0 10° T T T 00
10" 10° 10' 10° 10" 10° 10’ 10°
wlrads’ wlrads’
210 10 5 105
e f
kA
B == = )
TR | o S, S
oo —=—PNIPA-C5 o000 —
—e— SIPN-HA0.1-C5
—=— PNIPA-C5
A SIPNA X
. SIPN-HAOA5-C5|  {gg o o SIPN.HAGACS N
a /] o L —Aa— SIPN-HA0.15-C5 s
= c = —v— SIPN-HA0.25-C5 c
[0} OOy o s0 o)
o \E\S'DMDRS,D_Dfa o 3 [0} — A A DD p D n—s—n—202 %
~—D—0—0—0—
e = SN 2
e . o & e
=g E—g—g—p—p—g=F—
107+ T T T 0.0 10"+ T T T 0.0
0.1 1 10 100 10" 10° 10' 10?
w/rads’ wlrads’

Fig. 9. Storage modulus G’ (closed symbols) and G” (open symbols) and tan J (crossed open
symbols) as a function of frequency of SIPN-HAx-Cy (x = 0.1-0.25; y = 1-3) hydrogels in the
as-prepared (a, ¢ and e) and equilibrium swollen state (b, d and f).

The reduction of the storage modulus of SIPN hydrogels modified with hyal-
uronic acid (1, 2 and 3 wt. %) has been already reported.2¢ It the case of NC
hydrogels, this could be ascribed to an inhibiting effect of linear polymer on the
polymerization process and decreased effective network chain density due to ads-
orption of Na-HA on the clay platelets. The adsorption of linear Na-HA chains
on the clay platelets reduce the anchoring of PNIPA chains and therefore dec-
rease their cross-linking effect in the NC hydrogels. Previously, Tong et al.4?
reported that due to the preferential adsorption of poly(ethylene glycol) (PEG)
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chains on the laponite platelets in NC gels, the effective network density of the
gels is reduced and therefore their mechanical properties and swelling behavior is
changed.

L a — 10° b
Yy TJrA0 | [ JHAO
; HA-0.1 — C_JHA-01
HA-0.15 HA-0.15 _
HA-0.25 L AHA0.25
10° 4
& & V
~ 10 =
® © /
107 %
10? 10'
1 3 5 3
Clay content, wt% Clay content, wt%

Fig. 10. Storage modulus G’ (10 rad s™') of PNIPA and SIPN NC as a function of clay content
and Na-HA content in the as-prepared (a) and equilibrium swollen state (b).

The values of loss factor, tan 0 = G"/G’, are presented in Table IV. It was
reported previously that poly(acrylamide) NC hydrogels exhibited ten times
larger tan & (around 0.1) than the conventional chemically cross-linked hydro-
gels.*3 This confirms that the viscous component of NC hydrogels is more sig-
nificant than in conventional hydrogels. For traditional chemically cross-linked
hydrogels, tan ¢ is around 0.01, indicating well-developed and strong gel struc-
ture with negligible viscous response.

For the PNIPA hydrogels, tan ¢ decreases as the clay content increases from
1 to 3 wt. % due to the increased cross-linking density. However, for the highest
clay content (5 wt. %) in both the as-prepared and equilibrium swollen state, the
PNIPA NC hydrogels exhibited higher tan ¢ values, probably due to the inc-
reased amount of elastically ineffective chains. The introduction of Na-HA in the
hydrogels led to an increase in tan J for all SIPN samples, being especially pro-
nounced for the lower clay contents (1 and 3 wt. %). The increased clay content
in the SIPN series in the as-prepared state produced an expected decrease in the
viscous response seen through the decrease of the corresponding tan & values.
The interpenetrant Na-HA produced the effect of increased viscous response in
the samples with higher clay content (3 and 5 wt. %). All SIPN hydrogels have
tan o values ranging from 0.1 to 0.21 (Fig. 11). The same trends were also obs-
erved for all synthesized hydrogels in the equilibrium swollen state, exhibiting
lower tan Jvalues.

The large tan J values of PNIPA and SIPN hydrogels are related to a strong
dissipation mechanism and indicate long relaxation times of polymer network
chains in response to the external load. This could be one of the reasons for the
excellent mechanical properties of the NC hydrogels reinforced with nanoclays.
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Fig. 11. Loss factor (tan dat 10 rad s!) of PNIPA and SIPN NC as a function of clay content
and Na-HA content in the as-prepared (a) and equilibrium swollen state (b).
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In order to evaluate the effective network cross-linking density of PNIPA
and SIPN NC hydrogels, the storage modulus values obtained for the lowest
frequency or plateau were used. The effective network cross linking density, Ne
of the hydrogels, assuming an affine network, are related to the equilibrium shear
modulus G, and can be evaluated using the following equation:10-44

Yo,
Ge =g~ —RT = NRT (4)

C
where G, was taken as the plateau modulus in the low frequency range of G’ vs.
w curves, R and T are the gas constant and absolute temperature, respectively.
The volume fraction, ¢, of the polymer in the equilibrium swollen state was cal-
culated as the reciprocal of the degree of swelling, M. is the molar mass of
network chains and p is the polymer density (1.03 g cm3). The estimated values
of the effective network cross-linking density, N, and molar mass of network
chains, M., and G'¢q in the unswollen state (dried state) are summarized in Table
IV. As the clay content increased from 1 to 5 wt. % in the PNIPA series, the
effective cross-linking density N, increased from 3.6 to 13.5 mol m=3 for gels in
the unswollen state. Accordingly, as the clay content increased, the M, decreased
from 28.2x10% to 7.9x10% g mol~!. Thus, the cross-linking efficiency and func-
tionality of the nanoparticles increased as their content in the hydrogels inc-
reased. As expected, N, increased with increasing clay content for all three SIPN
hydrogel series. In addition, comparing the SIPNs and corresponding PNIPA
hydrogels, it could be observed that the effective network cross-linking density
N, decreased with the introduction of Na-HA into the system because the Na-HA
interactions with clay platelets surface could reduce the active sites for PNIPA
chain anchoring, as was previously discussed. The values of M, (from 8.2x104 to
73.0x10% g mol 1) are large in SIPNs, implying that the polymer chains between
clay sheets are long and flexible, adapting easily to macroscopic deformations. It
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was shown that the chemically cross-linked PNIPA hydrogels with the higher
network density and chain length around M, = 103 g mol~!, exhibited high frag-
ility and therefore low mechanical properties.!2:45 However, the PNIPA hydro-
gels reinforced with nanoclays and the molar mass of the elastically active chains
of =105 g mol~! exhibited high strength and good mechanical properties.

Finally, considering all properties of NC hydrogels in both as-prepared and
swollen state, it was concluded that the hydrogel SIPN-HAO0.15-C3, with 3 wt. %
clay content and 0.15 wt. % of linear hydrophilic Na-HA displayed the best over-
all performance, including high swelling degree, fast deswelling rate and good
dynamic mechanical properties.

CONCLUSIONS

Three series of semi-IPN hydrogels based on thermo-responsive PNIPA and
Na-HA, as a linear interpenetrant, and reinforced with laponite XLG nanoclay
were successfully prepared. The TG analysis indicated that one part of the clay
was extracted from the hydrogels and a higher clay incorporation efficiency in
the SIPN samples with a lower clay and Na-HA content. The XRD analysis rev-
ealed an exfoliated or extensively intercalated clay network structure in the dried
NC gels, which were uniformly dispersed to clay platelets throughout the hydro-
gels during swelling. The quick thermal response was attributed to the porous
honeycomb structure of the NC hydrogels as observed by SEM. The SIPN hydro-
gels, containing hydrophilic Na-HA exhibited higher Q. values than the corres-
ponding NC hydrogels, when the weight fraction of Na-HA exceeded 0.1 wt. %.
The transport mode of water in both the PNIPA and SIPN NC hydrogels exhi-
bited non-Fickian or anomalous diffusion, i.e., it was controlled by water dif-
fusion and the relaxation of the polymer chains. The deswelling rate decreased
with increasing clay content and the highest values were obtained with 0.15 wt.
% Na-HA. In both, the PNIPA and SIPN series, due to increased hydrophilicity,
the endothermic peak of the phase transition become broader and shifted to
higher temperature, while the enthalpy changes decreased with increasing clay
content, as observed by DSC. In both the as prepared and equilibrium swollen
state, the addition of clay (1 to 5 wt. %) increased the G’ of the prepared PNIPA
and SIPN hydrogels by 7 to 8 times. The presence of the anionic Na-HA reduced
the values of G' and elastic character, indicating a weakening of the hydrogel
networks in the swollen state and especially those with a lower clay content. The
low effective cross-linking density (N.) and the high values of M, revealed that
the polymer chains between the clay sheets are long and flexible, enabling large
extensibility and toughness. These hydrogels are new nanomaterials with imp-
roved responsiveness, which, in combination with natural polymers, such as
hyaluronic acid, may find application in biomedicine to create patches for rapid
wound healing and tissue regeneration, as well as in the controlled release of drugs.
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U3BOJ
TEPMHUUYKU-OCET/bUBU XUIAPOTEJIOBU HA BA3U ITOJTU(N-U30ITPOITHUJI-
AKPUJIIAMUIA) U XUJAJTYPOHCKE KUCEJIMHE YMPEXEHHW HAHOTJIMHAMA
WJIMHKA MUPKOBUR', MAPUJA C. HUKOJIUR', CAFbA OCTOJUR’, JETEHA MAJIETAIIIKHR?,
30PAH IETPOBUER" u JACHA FOHJIATUR'
1Texuonoumo—memaﬂypwxu paxyniteni, Ynusep3uitiei y beoipagy, Kapneiujesa 4, beoipag, ZHHCITAMW}/ITA 3a
otwiny u Qusuuxy xemujy, Ynusepsuiteii y beoipagy, Ciiygentiicku wipi 12—16, Beoipag, 3Hﬂcu7uu7ym 3a
HyKeapre Hayke Bunua, JIabopatmiopuja 3a matiepujane, Ynueep3utiewi y Beoipagy, beoipag u ‘Kansas
Polymer Research Center, Pittsburg State University, Pittsburg, Kansas, 66762, USA

Y oxBHpY OBOT pajia Cy CHHTEeTHCaHe ceMU-HHTepneHeTprupajyhe momumepHe mpexe (SIPN)
Ha 0asu TepMUUKU-oceT/pUBOT Nonn(N-usonponwiakpuiamuzna) (PNIPA) 1 BogopacTBOpHE CONTK
xujanmypoHcke kucenuHe (Na-HA), ¢u3nuky ympekeHe CHHTETCKMM HaHornuHama (laponite
XLG). PNIPA xunporesioBy pa3iTHYUTOr CTeTIeHa YMPEeXeHOCTH U KoHIeHTpauuje Na-HA cy cus-
TETHCAHU MOJTIMMEPH3aLIMjOM IPEKO CI0D0JHUX pafgyKaila y pefoKc cucTeMy. CTpyKTypa U XETEPO-
TeHOCT XUIPOTesioBa Cy aHaJIM3UPaHU TIoMohy efleKTpoHCke ckeHHpajyhe mukpockonyje (SEM) u
peHtreHcke mudpaxudje (XRD), Dok je canmpkaj MHKOpIOpuUpaHe [MHMHe onpehuBaH momohy
TEpMOIpaBUMETpHjcKe aHanu3e. DSC mepema Cy MOTBpOMIa fa Ce TeMIEpaType 3allPEMHHCKE
¢azne TpaHcopmauyje (VPTT) kao ¥ IpoMeHe BUX0Be eHTAIIHje Mewajy ca JoNaTKOM IJIMHe U
nvHeapHor nonumepa, Na-HA. SIPN XupporenoBd, KOjU CafpKe aHjOHCKH IOJIMETEKTPOJIHT,
Na-HA, umajy Behe paBHOTexxHe creneHe dyOpewa Q. M Opxe ce mexunpaTvuly y ONHOCY Ha
oprosapajyhe PNIPA HaHOKOMIIO3UTHE XHOpPOTenoBe. Y MPUCYCTBY aHjoHCKor Na-HA nomumepa
CMamyjy Ce BPeJHOCTHM MOAy/la cadyBaHe eHepruje (' IITO yKasyje Ha cinal/beme MONTHMEpHE
MpeXe XHPOresioBa, & HAPOUUTO je M3PaKEHO KOJ XHPOTe/loBa Ca MawmHM Cafp)KajeM IJIHHE.
HaHOKOMITO3UTHH XMZIPOTEIOBH HCIO/baBajy BHCKO3HH OITOBOD, Ha IITO YKasyjy BEIHKE BDE[-
HOCTH tan d, a Koju yjenHo pacTy ca noBehameM cagpkaja Na-HA.

(ITpumsmeno 9 janyapa 2019, pesunupano 30 mapta, npuxsaheno 2. maja 2020)
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