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Abstract A novel pH—temperature-sensitive elastomer was made from maleate
poly(vinyl alcohol)-graft-isopropylacrylamide (PVAM-graft-PNIPAM), namely
PVNI and deproteinized natural rubber (DPNR) in a water-based system. The
swelling ratio in water of PVNI/DPNR hydrogel enhanced as a function of PVNI
portion in hydrogel due to increasing of hydrophilic group in the hydrogel. Sur-
prisingly, the percentage of swelling in water of PVNI/DPNR hydrogel 7:3 is 24
times based on pristine DPNR. In addition, the highest tensile strength of PVNI/
DPNR hydrogel was found at 7:3 PVNI/DPNR. The highest elongation at break of
PVNI/DPNR hydrogel was improved after the addition of DPNR. Moreover, the
resulting smart hydrogel showed a good pH-temperature sensitivity. In addition, it
yielded a good polymer membrane for encapsulating capsaicin (CSC) in different
media. After its use, it also easily decomposed in the natural environment.

Keywords Smart polymer hydrogel - Natural rubber - PNIPAM - Sensitivity -
Latex - Biodegradation

Introduction

Smart or intelligent polymers for matrix of drug delivery have been major areas of
research over the past few decades [1, 2]. The advantages of smart polymer are
maximizing drug effectiveness, avoiding side effects and decreasing the frequency
of administration. Poly(N-isopropylacrylamide) (PNIPAM) polymer is one of a
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popular smart polymers [3]. When PNIPAM was immersed into aqueous solution
at over 32 °C, PNPAM solution instantaneously converts a clear solution into a
milky suspension. Generally, PNIPAM is soluble in organic solvents, such as
chloroform, acetone, methanol, and various other alcohols. Moreover, PNIPAM is
also soluble in water, as long as the solution is kept reasonably cold. Therefore, it
is used in controlled drug-release carriers [4], recyclable absorbents [5], enzyme
immobilization networks [6] and membranes [7] for chemical separation and
biomaterials [8] because of the sharpness of the transition, a transition temperature
that is close to body temperature, the robustness of the polymer itself, and the
availability of information on the polymer and its phase transition. In earlier
works, many researches have reported the modification of PNIPAM [9-11]. For
example, N-(2-hydroxy-tert-butyl) acrylamide (HTBAM)-graft-N-hydroxyethy-
lacrylamide copolymer (P (HTBAM-co-HEAM)) was synthesized from N-(2-
hydroxy-tert-butyl) acrylamide @(HTBAM) and N-hydroxyethylacrylamide
(HEAM) monomer [9]. Results showed that the polyN-(2-hydroxy-tert-butyl)
acrylamide displays a highly sensitive lower critical solution temperature (LCST)
transition caused by cooperative dehydration upon heating comparable to
PNIPAM. N-isopropyl acrylamide-graft-graphene oxide (PNIPAM-graft-GO)
was synthesized from NIPAM and graphene oxide (GO) in aqueous solution at
ambient temperature to use selective adsorptions with different phenol pollutants
[9], because of the different interactions of hydrogen bonds and the molecule
structure of the adsorbates [9, 10]. The GO-PNIPAM adsorbate shows good
phenol adsorption with temperature sensitivity because of its thermoresponsive
transition of the hydrogen bond. Moreover, GO-PNIPAM is also recyclable in the
potential water remediation. Here, PNIPAM was grafted with maleate poly(vinyl
alcohol) (PVAM) and then blended with natural rubber (NR) which have not yet
been reported. Our previous work studied the preparation of PVAM without
initiator in aqueous phase [12]. PVAM responds to changes in pH with deswelling
at strongly acidic pH 2.0 and also mildly acidic pH 5. The hydrogels of
hydrophobic polymer (NR) are sensitive to the condition of the surrounding
environment [13] and this property has been exploited in many fields such as
pharmacy [14] and biotechnology [15]. In case of NR, the hydrophilic behavior
and biodegradation of NR was improved by grafting with starch (St) [16]. The
water resistance, toluene resistance and elongation at break of natural rubber-
graft-cassava starch (NR-graft-CSt) were improved after the addition of the
maleated epoxidized natural rubber (MENR) compared to pristine NR-graft-CSt
[17]. The novel films demonstrated good biodegradability in soil. Moreover, NR
was used as raw material to produce a novel hydrogel. Before preparing the
hydrogel, the chemical structure of NR was altered by epoxidation reaction to
synthesize the epoxidized natural rubber (ENR) [18]. Then, the ENR was blended
with St and poly(vinyl alcohol) (PVA) in the presence of glutaraldehyde (GA) as a
crosslinking reagent. The swelling ratio of novel hydrogel decreased as a function
of the GA content, ENR content, PVA content. The tensile strength of the
polymer hydrogel can be improved by adding silver. In addition, prevulcanized
natural rubber was used to prepare the hydrogel [19]. The reduction in the contact
angle and the increase in water absorption after the addition of the prevulcanized
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natural rubber film and irradiation are due to the production of the hydrogel layer.
The objective of the present study was to develop the preparation of pH-
temperature-sensitive hydrogel based on the PVNI and DPNR without a
crosslinker. The effect of PVNI/DPNR ratio on the properties including swelling
ratio, contact angle value, tensile strength, elongation at break and biodegradation
in natural soil. After preparing hydrogel, it was used to polymer matrix for
loading of capsaicin (CSC). CSC has been selected as a model drug for loading
and its released behavior has been studied in simulated gastric and intestinal
fluids.

Experimental materials

Natural rubber latex with an average molecular weight of ~1 x 10° g/mol (Chana
Latex Co., Ltd., Songkhla, Thailand) was used for the present study. CSC was
received from our own laboratory and Sigma-Aldrich Co., Castle Hill, Australia.
PVNI was synthesized by our laboratory. Triton™ X-100 was purchased from
Sigma-Aldrich. The CSC from chili was prepared by extraction method. Chili was
mashed in grinder (Sharp company, Japan). The mashed chili was immersed in
50:50 water—ethanol for 14 days. Then the mixed chili was filtered to get capsaicin
solution. The CSC solution was then evaporated to get a 1000 ppm of CSC in
pepper extraction which was evaluated by UV spectroscopy.

PVA 10% w/w

100 g

l +MA3g 70°Cfor2h

PVAM
NR latex
l +NIPAM, KPS l + Urea centrifugation at 10000
rpm, at 25°C for 30 min
At70°Cfor3 h L .
+10% wt Triton™ X-100
PVAM-graft-PNIPAM, PVNI DPNR
+
Mixing at 25°C and deposited
at 28°C for 7 days
PVNI/DPNR hydrogel

Fig. 1 Diagram of preparing hydrogel from PVNI and DPNR
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Preparation of PVNI/DPNR hydrogel

Triton™ X-100 (Sigma-Aldrich, Germany) 10 % solution was added to NR latex and
it was stirred for 30 min at room temperature. After that, urea 10 % solution was added
into NR latex/Triton™ X-100 and was stirred for 60 min. NR latex/urea (Sigma-
Aldrich, Germany) was incubated at room temperature for 7 days. After 7 days,
incubated NR was centrifuged at 10,000 rpm, 25 °C for 30 min and two times. The
cream of low-protein NR was diluted with distilled water to obtain 30 % DRC. The
nitrogen content (N-content) of DPNR was about 0.012 % which was estimated from
Nitrogen analyzer (Thermo-Scientific-Model 42i-HL, USA). 10 % wt Triton™
X-100 solution was added into the low-protein NR latex, namely DPNR and was
stirred for 5 min at room temperature. PVNI was synthesized according to our
previous work [20]. Firstly, PVAM was prepared by adding 3 g MA in distilled water
of 20 mlinto 70 g of 10 % PV A solution and the mixture solution was stirred at 70 °C
for 2 h. After 2 h, 90 g of 11 % w/w PVAM (7:3 PVA:MA) solution was cooled at
room temperature. After that, KPS was added into the PVAM solution at 70 °C and
then stirred it for 5 min. NIPAM monomer was added into mixture solution at 70 °C.
The mixture solution was stirred at 70 °C for 1 h. After 1 h, the PVNI solution was
cooled at room temperature. Then, PVNIis blended with low-protein NR (2:8, 3:7, 4:6,
5:5, 6:4 and 7:3) and stirred for 30 min at room temperature to get the PVNI/DPNR
hydrogel, namely PVNI/DPNR hydrogel given in Fig. 1. The PVNI/DPNR hydrogel
mixtures were poured in a mold and deposited for 7 days at room temperature. After
7 days, PVNI/DPNR hydrogel sheets were immersed in distilled water for 3 days at
room temperature to remove impurities. After that, the PVNI/DPNR hydrogel sheets
were dried at room temperature for 2 days.

FTIR and XRD

The PVNI/DPNR sample was analyzed by attenuated total reflection Fourier
transform infrared (ATR-FTIR) (Bruker EQUINOK 55, USA) in the range of
4000-500 cm™'. X-ray diffractograms of the graft copolymer samples were
obtained using an X-ray diffractometer (X’Pert MPD, PHILIPS, Netherlands) with
a Cu—NF filter and Cu Ka radiation (XRD).

Hydrophilic testing

The samples used to determine the swelling ratio in distilled water were 2 x 2 cm cut
pieces. The samples were weighed before swelling in distilled water. For the swelling
ratio, samples were immersed in 25 mL of distilled water at room temperature (28 °C)
for 7 h. After that, the samples were reweighed after removing excess water from the
hydrogel surface with tissue paper. The swelling ratio was calculated by Eq. (1).

% Swelling ratio = (W, — W;)/W; x 100, (1)

where W, is the initial dry weight of the sample (g) and W, is the weight of the
swollen sample (g).
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The sessile drop method and a contact angle goniometer (KRUSS model G10,
Germany), with an optical subsystem to capture the profile of a liquid on a solid
substrate were used to measure the contact angle. The angle was formed between
the liquid and the solid interface. Sample pieces were cut for the dumbbell-shaped
test. Tensile testing was performed using an Instron (IX3366, Japan) machine at a
crosshead speed of 100 mm/min according to ISO 37. The tensile strength and
elongation at break (Eb) were obtained from the tests in dried state.

pH-thermo sensitive testing

The smart PVNI/DPNR hydrogel was measured in terms of its swelling and
deswelling abilities in a solution at pH of 5.5 and 8.0. The swelling capacity of the
smart polymer hydrogel at each pH was measured according to Eq. (1) at
consecutive time intervals (60 min).

The equilibrium swelling studies were performed in buffer solutions of different
temperatures (29 and 39 °C) at pH 7.0 buffer solutions.

Loading of capsaicin (CSC)

After that, the ratio of PVNI/DPNR hydrogel was equal to 4:6 which was selected to
use a polymer membrane for encapsulation of capsaicin (CSC). 0.1 % CSC was
added into 100 g of 4:6 PVNI/DPNR hydrogel solution during stirring. The 4:6
PVNI/DPNR mixture in the presence of the capsaicin (CSC) was poured into a mold
and allowed to deposit for 7 days at ambient temperature. The efficiency for the
entrapment of CSC in the hydrogel matrix was calculated from the ratio between the
initial mass of CSC to be encapsulated, and its mass in the final product. In this case,
a known amount of CSC (ca. 12 mg) loaded hydrogel matrix was dispersed in a pH
5.5 and pH 8.0 buffer solution medium and stirred for 2 days at room temperature.
Subsequently, the suspension (swollen hydrogel) was filtered, and the content of
dissolved CSC in the distilled water medium solution was determined using a UV
spectrometry (Shimadzu UV-1601, Japan) at 206 nm (A,.x). The resulting CSC-
loaded hydrogels were allowed to release in 100 mL of pH 5.5 and pH 8.0 buffer
solutions and at different temperatures (29 and 39 °C) as a function of time,
respectively. At definite intervals of time, an aliquot (5 mL) was taken for analysis
of the CSC in the hydrogel. At scheduled time, the solution was replaced by 5 mL
fresh buffer solution and the released CSC was measured and calculated by
absorption of light at 206 nm using a UV spectrometry (Shimadzu UV-1601, Japan.
Experiments were performed thrice for every sample and the average values were
used to plot profiles.

The release results were evaluated using an empirical equation to estimate the
value of n as follows (Eq. (2)).

M; /M., =Kt" or log(M,/M,) =1log(K) + nlog(z), (2)
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where M,/M ., is the released fraction at time ¢, n is the release exponent, and K is
the release factor. From the slope and intercept of the plot of log (M,/M ) against
log (7), the kinetic parameter n was calculated.

% Biodegradation

To examine the biodegradation, dried hydrogel samples (3 cm x 3 cm) of a known
weight were buried 5 cm deep in 100 g of top soil collected in Hat Yai, Songkhla,
Thailand, and water was added every week for 30 days. Each week, the samples
were carefully removed, rinsed with distilled water to remove the soil and dried in a
desiccator at 40 °C for 24 h before being reweighed. The biodegradation of the
samples in soil was obtained according to Eq. (3).

Fig. 2 Possible chemical

reaction of preparing PVNI/ C—
DPNR hydrogel WHzciﬁ:H'CHzng‘CHz v /~"CH

OH OH c-CH

PVA

Maleic anhydride
70°C

HoH Ho H H2
C

PVAM

+ KPS, NIPAM

H Hy
v —HC-C=C—CH-CH;
e 9
0=C o=cC
CH  CH
CH CH
0=C 0=C
OH OH

PVAM-grafi-PNIPAM

@ Springer



Polym. Bull. (2017) 74:803-821 809

% Biodegradation = (W5 — W4)/W3 x 100, (3)

where Wj is the initial dry weight of the samples (g) while W, is the dry residual
weight of the samples after biodegradation in soil (g).

Results and discussion
Synthesis of PVNI and ATR-FTIR result

The possible chemical reaction of PVAM-graft-PNIPAM made from PVAM and
NIPAM is represented in Fig. 2. After MA was immersed in the water medium, it
altered to form a succinic anhydride acid. Then, succinic anhydride acid reacted
with the hydroxyl group of PVA to the PVAM. The CH, groups of PNIPAM reacted
with CH, free radical of PVAM to form the graft copolymer as shown in Fig. 2.
When K,S,0g was received by heat and it alters into K,S,0g free radical. Then, it

~ n —— -

N\ / /

.| ;[ PVYNUDPNRblend "V |

— | \/
VA

WW
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Wave number (cm)

Transmitance (%)
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= \W PVNI/DPNR 3:7 W vV
\ PVNIDPNR 2:8 W AR

Transmittance (%)
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Fig. 3 FTIR spectra of PVNI, DPNR, PVNI/DPNR blend (6:4 PVNI/DPNR hydrogel) PVNI/DPNR
hydrogel at different ratios
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reacted with PNIPAM molecule. The PNIPAM radical attached to methylene
carbon of PVAM, which was activated by K,S,0g leading to the PVNI.

FTIR spectra of DPNR, PVNI and PVNI/DPNR hydrogel are shown in Fig. 3.
The FTIR peaks of the PVNI were found at 3077 and 3299 cm™' due to NH
stretching broad bands for secondary amide group and its H-bonded complex. The
CH stretching in CH; was located at 2967 and 2875 cm ™', C=0 amide I band was
found at 1658 cm™!, NH amide II band was at 1554 cm™", CHj; deformation in
isopropyl group was found at 1457 and 1407 cm™"', NH-C=0O rrans-amide III band
was found at 1245 cm_l, C-N stretching was located at 1170 cm™!. After the
addition of the DPNR into the PVNI, the main FTIR band of the PVNI appeared at
1658, 3299, 1457 and 1245 cm™'. The main FTIR peaks of DPNR were located at
1446 and 1375 cm ™. The FTIR peak of PVNI overlapped with spectrum of DPNR
at 1664 cm ™. The intensity of the FTIR peak at 1375 cm ™' from CH; of the DPNR
was proportional to the content of the DPNR in the hydrogel as given in Fig. 3.

XRD result

The XRD patterns of PVNI, DPNR and 6:4 PVNI/DPNR hydrogel are shown in Fig. 4.
The XRD studies for these specimens were carried out to understand the changes in the
crystallinity of the PVNI, before and after the fabrication of hydrogel. The pristine
DPNR and PVNI did not record sharp peaks, as it is an amorphous polymer. Hence, one
broad peak of the DPNR was observed at 20 of 19° while two broad peaks including 10°
and 21° were found in the PVNI sample. When DPNR was mixed with PVNI, the XRD
of the 6:4 PVNI/DPNR hydrogel showed one broad peak at the same angles with PVNI.
The reason for this is that during the process of hydrogel, the polymer was unable to
rearrange polymer chains in a regular order due to limited time [21].

Swelling ratio and contact angle results

The effect of DPNR content on the swelling ratio of the PVNI/DPNR hydrogel is
presented in Fig. 5a, b. The swelling ratio of the PVNI/DPNR hydrogel increased as

3 PVNI/DPNR
&
e
=
C DPNR
PVNI
0 20 40 60 80 100
Position (20)

Fig. 4 XRD patterns of PVNI, DPNR and PVNI/DPNR (6:4 PVNI/DPNR hydrogel)
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the increase of the PVNI content because the hydrophilicity of the PVNI was higher
than the DPNR as shown in Fig. 5a, b. The PVNI consists of two groups of
hydrophilic amide and carboxylic groups which would bring the balance between
hydrophilic and hydrophobic groups. When the outside temperature was below the
LCST of the hydrogel, the hydrogen bonding formed between a hydrophilic group
of polymer chains and the water molecule, leading to the swelling of hydrogel and
increasing of its volume. As the temperature increased (higher than the LCST), the
hydrogen bonding interaction was weakened and the interaction was strengthened
between hydrophobic groups of polymer chain due to the bound water in the
hydrogel transform into free water and diffused outwards [22]. The phase separation
of hydrogel occurred with its internal structure collapse, severe volume contraction,
and the swelling ratio fell sharply. As the temperature continues to rise, the affinity
between intermolecular and intra-molecular in the hydrogel was strengthened.
Finally, the hydrogel became dense because of the loss of the internal water, so the
swelling ratio had no obvious change. This might be due to that the PVNI contains
amide group in the graft copolymer therefore hydrogen bridging between H,O and
amino groups, resulting a higher swelling ratio in water studied the swelling

350
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~ 300 - — -PVNIDPNR 4:6 -x- PVNIUDPNR 5:5
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Fig. 5 Effect of a immersion time and b PVNI/DPNR ratio on the swelling ratio of DPNR, PVNI and
PVNI/DPNR hydrogel
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96.79° 94.99°
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93.43° 83.49°

P ——

Fig. 6 Water contact angle of PVNI and DPNR and effect of DPNR on the water contact angle of PVNI/
DPNR hydrogel

behavior of temperature- and solvent-sensitive hydrogels in buffer solution. The
effect of PVNI/DPNR ratio on the water contact angle value of the hydrogel is
shown in Fig. 6. The results showed that the contact angel reduced with enhancing
of the PVNI content owing to the hydrophilic group of the PVNI. For example, the
water contact angle of the PVNI/DPNR hydrogel at 2:8, 3:7, 4:6 and 5:5
PVNI:DPNR was 96.79°, 94.99°, 93.43° and 83.49°, respectively.

SEM images

The adhesion between PVNI and DPNR phase in the PVNI/DPNR hydrogel with
different PVNI:DPNR ratios were confirmed by SEM images. Their results are
reported in Fig. 7. It was clear that good adhesion between them of all PVNI/DPNR
hydrogels was observed. The morphology of 2:8 PVNI/DPNR appeared as mostly
smooth. PVNI was easily dispersed in the DPNR phase observed from its
morphology (Fig. 7a). However, when the portion of the PVNI in the PVNI/DPNR
hydrogel increased from 2:8 PVNR: DPNR ratio to 5:5 PVNR:DPNR ratio, the
morphology of 5:5 PVNI/DPNR hydrogel showed more roughness on their surface
(Fig. 7b). Moreover, the occurrence of many domains was found. When the portion
of the PVNI in the PVNI/DPNR hydrogel continued to increase from 5:5
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Fig. 7 SEM images of PVNI/DPNR hydrogel at various ratios at a 2:8, b 5:5 and ¢ 7:3 PVNI/DPNR

PVNR:DPNR to 7:3 PVNR:DPNR, many droplets formed on its morphology
surface (Fig. 7¢). In addition, the morphology of 7:3 PVNI/DPNR hydrogel exhibits
most roughness compared to other samples. This phenomenon [23-26] is referred

that the slightly phase separation was occurred due to difference in polar between
DPNR and PVNIL

pH and temperature sensitivity result

The pH sensitivity of the PVNI/DPNR hydrogel was investigated using medium at
5.5 and 8.0 pH and its result is reported in Fig. 8a. It is clear that both 4:6 PVNI/
DPNR hydrogel and 3:7 PVNI/DPNR hydrogel significantly responded to change in
pH. The phase transition process of hydrogel was reversible. There was a reversible
swelling—de-swelling behavior which changed in pH medium at 5.5 and 8.0. The
hydrogel dehydrated and de-swelling occurred when the pH of the medium was 5.5
and the hydrogel swelled at pH 8.0, the distance between the polymer chains was
relatively close. The COOH groups from PVNI/DPNR hydrogel dissociate at pH
8.0, and the repulsion between COO- groups led to the expansion of the chains and
swelling of the hydrogels. Penetration of water molecule into the hydrogel
decreased due to increasing hydrophobic portion [24]. The polymer chain segment
of hydrogel was stretched due to the effect of the water molecule, the collapsed
structure of hole restored gradually and the swelling rate of hydrogel increased
significantly. There was a reversible swelling—de-swelling behavior which was
changed in pH medium at 5.5 and 8.0. After that, the graft copolymer sample was
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Fig. 8 a pH sensitivity of 4:6 PVNI/DPNR hydrogel and 3:7 PVNI/DPNR hydrogel and b temperature
sensitivity 4:6 PVNI/DPNR hydrogel

immersed in pH 5.5 medium. It attributed to the presence of carboxylate functional
groups on the backbone of the hydrogel. It was found that the swelling ratio of the
graft copolymer sample decreased because H' ions diffused into the PVNI/DPNR
hydrogel matrix and neutralized negatively charged -COO™ groups. As a result,
neutral layer of de-swelled polymer can form around the inner portion of the matrix,
which is still ionized and swollen [24-26].

The effect of different temperatures (29 and 39 °C) of PVNI/DPNR hydrogel
film on the oscillatory swelling behavior is shown in Fig. 8b. At temperature 29 °C,
the swelling of PVNI/DPNR hydrogel film increased while the swelling of the
PVNI/DPNR hydrogel at 39 °C decreased due to disruption of their hydrogel
bonding with water and the increasing hydrophobic interaction among propyl
groups [27] which resulted in increase of shrinkage and pressure inside polymer
matrix. This might be due to the balance of hydrophilic (-CONH-) group and
hydrophobic [-CH(CH3),—] group. Thus, below LCST the hydrogel is swollen,

hydrated, and hydrophilic. However, above LCST it is collapsed and dehydrated
[28].
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Tensile strength and elongation at break results

The effect of DPNR on the tensile strength and the elongation at break of the PVNI/
DPNR hydrogel with different hydrogel ratios is depicted in Fig. 9a, b, respectively.
The tensile strength of the DPNR was 1.2 MPa while the tensile strength of 2:8
PVNI/DPNR hydrogel was 4.2 MPa. The tensile strength continually increased as a
function of the PVNI content. The influence of the DPNR content on the elongation
at break of the PVNI/DPNR hydrogel is illustrated in Fig. 9b. It was revealed that
after incorporation of DPNR in the PVNI, the elongation at break of PVNI was
improved. The data showed the opposite trend with the tensile strength. The highest
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Fig. 9 a Effect of ratio between PVNI and DPNR on the tensile strength of the PVNI/DPNR hydrogel
and tensile strength of DPNR and PVNI hydrogel and b effect of ratio between PVNI and DPNR on the
elongation at break of the PVNI/DPNR hydrogel and elongation at break of DPNR and PVNI hydrogel
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elongation at break of the PVNI/DPNR hydrogel was observed at 2:8 PVNI:DPNR.
Poor elongation at break was found with high proportion of PVNI content, because
of a brittleness of PNIPAM and phase separation. These results were agreement
with previous work [29]. This could attribute the relative decrease in mechanical
properties of the graft copolymer [29].

Capsaicin release
The CSC release of PVNI/DPNR hydrogel film at pH 5.5 and pH 8.0 medium is

shown in Fig. 10a. It was found that the CSC release of PVNI/DPNR hydrogel film
at pH 5.5 was higher than PVNI/DPNR hydrogel film at pH 8.0. The capsaicin

—_
&
=’
— —
S [\
(e (e

o
[en)

60

40

%CSC cumulative release

20

80

Releasing time (h)

()18
y = 0.4609x + 0.4673 i
R2=0.9815 = ..geeees=s

1.6
14 passssss
1.2
1 —0—(a) —0—(b)
0.8
0.6
0.4
0.2
0

y = 0.4229x + 0.4457
R>=0.9925

Log (Mt/Mg,)

1.7 1.9 2.1 23 2.5 2.7 2.9
Log time

Fig. 10 Effect of different pH media (pH 5.5 (curve a) and pH 8.0 (curve b)) on a the capsaicin release
from the PVNI/DPNR hydrogel and b relationship between log (M,/M,) and log time
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release behavior of the PVNI/DPNR hydrogel did not correspond with swelling ratio
results. In pH 5.5 medium, H™ ions from water medium attracted with COO™ ions
from PVNI/DPNR hydrogel film which led to the collapse of matrix of PVNI/DPNR
hydrogel film as shown in Fig. 10a, it occurred osmotic pressure inside the polymer
matrix which resulted to increase of CSC release in pH 5.5 medium [28]. However,
in pH 8.0 medium, OH™ ions diffused into the polymer matrix and pushed between
OH™ ion and —COO™ ion. This repulsive force might occur with the expansion of
polymer film. This result might lead to decrease of capsaicin release in pH 8.0
medium. The PVNI/DPNR hydrogel film can also be applied in plaster for attaching
of wound on skin. From the plot of log (M,/M,) with log (f), release exponent
(n) was estimated as shown in Fig. 10b. The n value of 6:4 PVNI/DPNR hydrogel at
pH 5.5 and pH 8.0 was 0.4609 and 0.4229, respectively, at a regression of 0.98 and
0.99, respectively, indicating that these systems show almost Fickian diffusion. On
the basis of the diffusion exponent, an n value of 0.5 indicates the drug-release
mechanism approaches a Fickian diffusion controlled release [29].

The effect of different temperatures (29 and 39 °C) of PVNI/DPNR film on the
capsaicin release is shown in Fig. 11a. This result increased CSC release at 39 °C
and was faster than that of hydrogel at 29 °C, as shown in Fig. 11b. These results
are in agreement with increasing shrinkage behavior of hydrogel. The CSC
cumulative release from capsules at 39 °C exposed for 0.5, 5, 10, 24, 48 and 72 h in
aqueous medium was 20, 50, 70, 90, 95 and 100 %, respectively. When the PVNI/
DPNR hydrogel was immersed in aqueous medium for 0.5, 5, 10, 24, 48 and 72 h at
29 °C, the CSC release was 7, 30, 44, 60, 70 and 78 %, respectively. The n value of
PVNI/DPNR hydrogel is reported in Fig. 11b. The n value of PVNI/DPNR hydrogel
after the immersion in water medium at 29 and 39 °C was 0.4604 and 0.3691 with a
regression of 0.99 and 0.97 respectively. These values indicated that a Fickian
diffusion controlled release was found.

The n value of this study was an agreement with our previous work [24]. We
studied the encapsulation of neem using sodium alginate, poly(vinyl alcohol) as a
matrix.

% Biodegradation

The effect of PVNI portion in the PVNI/DPNR hydrogel on the biodegradation in
soil is presented in Fig. 12. The change in weight of pristine PVNI/DPNR hydrogels
was evaluated after immersion in natural soil for 30 days. The % biodegradation of
PVNI/DPNR hydrogel increased with increasing PVNI. Since PVNI possessed
amide, hydroxyl and carboxyl groups in chemical structure, it can be degraded by
hydrolytic biodegradation. For example, the % biodegradation of 2:8, 6:4, 5:5 and
7:3 PVNI:DPNR hydrogel were 6, 13, 15 and 16 %, respectively. When the portion
of PVNI was increased from 5:5 PVNL:DPNR to 7:3 PVNI:DPNR, the % weight
loss was 16 %. DPNR can be slowly degraded by bacteria and fungi in soil which
are activated by moisture and heat. In our previous work, we studied the
biodegradation of NR-graft-CSt [16]. The rate of biodegradation of the NR-graft-
CSt increased with increasing CSt content. The higher molecular weight of NR is
around (~ 10° g/mol) which results in it being more difficult to biodegrade [17].
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Fig. 13 SEM images of biodegradation in soil of PVNI/DPNR hydrogel at a x400, b x1000 and
¢ %2000

The evidence for biodegradation of the PVNI:DPNR was again confirmed by SEM.
The SEM images of biodegradation in soil of PVNI/DPNR hydrogel at (a) 400x,
(b) 1000x and (c) 2000x are illustrated in Fig. 13. It can be seen that the image of
SEM showed a hole on its surface sample due to enzyme adsorption [26].

These data indicated that the fungus growth attaches firstly on their surface.
These results agreed well with the results of the % weight loss findings.

Conclusions

The novel pH-temperature sensitivity of hydrogel from the PVNI and DPNR was
successfully prepared in a water-based system. With increasing PVNI portion, the
swelling ratio in water of PVNI/DPNR hydrogel was improved due to increasing of
hydrophilic group in the hydrogel. The percentage of swelling in water of 7:3 PVNI/
DPNR hydrogel was 24 times based on pristine DPNR. The highest tensile strength
of PVNI/DPNR hydrogel was found at 7:3 PVNI/DPNR hydrogel and its value was
17 MPa. The highest elongation at break of PVNI/DPNR hydrogel was improved
after the addition of DPNR. Moreover, the resulting smart hydrogel showed a good
pH—-temperature sensitivity. After that, it was used as a polymer membrane for
encapsulating capsaicin in different media. After its use, it also easily decomposed
in the natural environment.
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