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Abstract: This research work deployed free radical polymerization for the development of pH-responsive
hybrid nanocomposite hydrogels (NCHs) with the formation of improved interpenetrating networks
(IPN). The crosslinked biopolymeric system was composed of (chitosan (CH)/guar gum (GG)/polyol)
and a nanofiller (Cloisite 30B). The study was aimed to investigate the role of Cloisite 30B as a nanofiller
and linseed oil-derived polyol to induce stable interpenetrating networks in chitosan-guar gum-based
hydrogels. FI-IR analysis confirmed the formation of crosslinked networks with the formation of
hydrogen bonds in the synthesized NCHs. Thermogravimetric analysis and differential scanning
calorimetry revealed high thermal stability of the NCHs. The hydrolytic and soil burial degradation tests
confirmed the biodegradability of the synthesized NCHs. An extraordinarily high swelling capacity in a
buffer solution of pH 4.0 and 7.4 demonstrated their pH-responsive behavior. It has been demonstrated
that even the minimal addition of polyol to the guar gum-based hydrogels has influenced the stability
and characteristic features such as high swelling capacity owing to the formation of interpenetrating
networks and the biodegradability of the hydrogels.

Keywords: nanocomposite hydrogels; Cloisite 30B; drug delivery system; chitosan; guar gum;
biodegradability; pH-responsive

1. Introduction

Hydrogels are hydrophilic polymers with three-dimensional structures and a superabsorbent
property, showing the uptake of a large number of fluids [1,2]. Hydrogels are responsive to various
stimuli like light, temperature, pH, electric current, and magnetic field, which makes them a suitable
candidate for drug delivery systems (DDS) [3-7]. The combination of natural polymers with nanofillers
and bioactive gives rise to stable nanocomposite hydrogels (NCHs) [8-10]. Inspired by the completely
new properties and applications of hydrogels, which arise due to the addition of nanoforms such as metal
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nanoparticles [11], clay [12], silica [13], and graphene [14], the NCHs have emerged as next-generation
materials and have potential application as biomedical devices [15], biosensors [16], hygiene [17],
wastewater treatments [18], agricultural applications [19] drug release [20], tissue engineering [21],
scaffolds [22], and smart materials [23].

Hydrogel technology is a rapidly growing field and finds several applications in biomedical
applications. The need the hydrogels derived from natural resources has gained enormous attention in
recent years since they are biodegradable and have the potential to be used for in vivo applications [24].
Guar gum (GG) is known as a hydrophilic natural non-ionic polysaccharide, safe and non-toxic, and has
been extensively explored for drug delivery. It is a branched biopolymer with 3-p-mannopyranosyl
units, which contributes to its superabsorbent property [25]. The ability to vary its rigidity and the
nontoxicity are reasons for its use as a vehicle for oral [26], specifically colon systems and in the large
intestine [27]. Chitosan (CH), an excellent biopolymer with unique characteristics of biodegradability,
biocompatibility, hydrophilicity, and the presence of cationic charge, is the best candidate for developing
a biocompatible DDS [28,29]. Linseed polyol, a sustainable, resource-based compound, was used for
the hydrophobic modification [30]. Thus, in the present study, natural polymers like chitosan and guar
gum were used to develop novel stable NCHs.

Recently, an innovative approach of using clay minerals as filler in a hydrogel matrix has come
up with an easy and biofriendly route of synthesis of DDSs. The different types of clay used include
natural silicate, vermiculite, montmorillonite, hectorite, etc. and synthetic silicates (laponite and
flurorectorite). Cloisite 30B is one of the commonly used nanoclays [31]. The exfoliated silicate layers
of cloisite 30B have polar functional groups and are compatible with the polymers having polar groups.
Clay minerals possess environmentally friendly characteristics and are generally employed for the
designing of superabsorbent biomaterials [32,33]. Wang et al. used guar gum and organic nanoclay
such as organic rectorite CTA+ to fabricate superabsorbent nanocomposites with a high swelling
capacity [19]. Liu et al. developed alginate/quaternized carboxymethyl chitosan/clay nanocomposite
microspheres and used them as a controlled release carrier [34]. These microspheres containing organic
clay showed superior encapsulation and release capacities for bovine serum albumin. In our earlier
studies, we have explored the effect of the linseed oil-based polyol using natural polymer hydroxyl
ethyl cellulose (HEC) [35], as well as synthetic methyl methacrylate (MMA) [36]. Polyol seems to
dominantly affect all the characteristic features by introducing interpenetrating networks.

In this study, we have synthesized and characterized the Cloisite 30B dispersed nanocomposite
hydrogels using the biopolymers chitosan and guar gum. Structural, thermal, and morphological
studies were carried out using Fourier-transform infrared (FI-IR), thermal gravimetric analysis (TGA),
differential scanning calorimetry (DSC), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM). The present study aimed to exploit the role of Cloisite 30B as a nanofiller and linseed
oil-derived polyol to induce stable interpenetrating networks in chitosan-guar gum-based hydrogels.
The highlight of the study was the synthesis of completely biodegradable and stable hydrogels,
which were hydrophobically modified using a sustainable resource-based polyol and nanofiller cloisite
30B. This is a new method of modification for hydrogels and for the introduction of interpenetrating
networks, which resulted in hydrogels with high swelling and the desired functionality.

2. Results and Discussion

2.1. Synthesis of Nanocomposite Hydrogels

A free radical polymerization method was used to synthesize the nanocomposite hydrogels.
Biodegradable chitosan and guar gum polymers were used to develop the hydrogel matrix. Two sets
of compositions without Cloisite 30B (CH-GG/polyol) (Table 1) and with the nanofiller Cloisite 30B
(NCHs) (Table 2) were prepared. To study the impact of hydrophobic modification and the nanofiller,
different concentrations of polyol and cloisite 30B were added to the feed compositions. The polyol
acted as a crosslinking agent to form the interpenetrating 3D network, which was further improved by
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adding Cloisite 30B. It was observed that both polyol and cloisite 30B played a major role in the stability,
crosslinked structure, swelling characteristics, and biodegradability of hydrogels, as is discussed in
detail in the next sections.

Table 1. Feed compositions of the hydrogel network of CH-GG/polyol.

2% (wfv) 2% (wfv) Guar 2% Polyol = AM:MBA (26:4) 5% APS TEMED

S.No. Chitosan (mL) gum (mL) (mL) 30% (mL) (mL) (mL)

CG-0 20 20 0.0 10 1.0 0.1
CGP2-2 20 20 2.0 10 1.0 0.1
CGP2-3 20 20 3.0 10 1.0 0.1
CGP2-4 20 20 4.0 10 1.0 0.1
CGP2-5 20 20 5.0 10 1.0 0.1
CGP2-7 20 20 7.0 10 1.0 0.1

Table 2. Feed compositions of NCHs.
2% (wjfv) 2% (wfv) 2% (w/v) Cloisite 30% o
S.No. Chitosan ~ Guar gum Polyol 30B AM:MBA > f;nAItI)JS T](EHI:/ILE;D
(mL) (mL) (mL) (mg/mL)  (26:4) (mL)

NC-2 20 20 3.0 2.0 10 1.0 0.1
NC-4 20 20 3.0 4.0 10 1.0 0.1
NC-6 20 20 3.0 6.0 10 1.0 0.1

2.2. Structure and Stability of Hydrogels

The reaction scheme showing the mechanism of formation of CH-guar gum-polyol hydrogels is
presented in Figure 1.

2.3. FT-IR Spectra of NCHs

The FT-IR absorption spectra of chitosan, CG-0, and chitosan-guar gum-polyol (CGP2-1 to 5),
NC-2, NC-4, and NC-6 samples are shown in Figure 2. The FTI-IR spectra of guar gum show a
characteristic broad and strong peak at 3391 cm~!, which may be attributed to the OH bond stretching.
The sharp band at 2907 cm™ may be attributed to the CH group stretching. CH, group bending is
observed in the band appearing at 1457 cm~! and CH,~O-CH, bending appears in the 1025 cm™~!
frequency region [37,38]. The peak at 1090 cm™! is assigned to the ether linkages in chitosan.

The peak at 1442 cm™! represents the characteristic amino peak and the peak at 1660 cm™! is for
amide I, which is attributed to the acetamide group of chitosan [39], as shown in Figure 2. It is clearly
seen that there is intermolecular hydrogen bonding between the -OH groups present on the chitosan
and guar gum and the ~OH groups of the polyol and Cloisite 30B. The broadening of the band near
3000-3200 cm ™! is also observed in the case of CGP2-3 and CGP2-5 and NC-4, but it is not as broad as
seen in NC-6 (marked with a circle in Figure 2). A wide broadening is observed in the IR spectra for
NC-6 for the band in the frequency range 3600-3000 cm™'. The peak of the ether group in CGP2-3,
CGP2-5, NC-4, and NC-6 appears at 1036 cm™! in the IR spectra, which suggests the formation of, new
ether linkages in a hydrogel containing more content of polyol and Cloisite 30B, viz., NC-6, NC-4.
However, it was observed that the basic structure of the polymer matrix remained unaffected and only
a slight shift in the IR band intensity of the characteristic absorption bands was observed. This may be
attributed to the presence of more electrostatic interactions in CGP2-5 (containing more polyol content)
as well as the interaction of clay nanoparticles with the polymer matrix in NC-6.
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Figure 1. Reaction scheme showing the chemical synthesis of the interpenetrating network formation
of CH-guar gum (GG)-polyol hydrogels.
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Figure 2. FT-IR spectra of pure chitosan, CG-0, CGP2-3, CGP2-5, NC-4, and NC-6 hydrogels.
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2.4. SEM Analysis

The swollen structures of CG-0 composition (Figure 3a,b) also revealed a crosslinked structure.
The presence of guar gum has greatly influenced the crosslinked structure of the matrix. On the other
hand, the dried structures in the composition having no polyol content, i.e., CG-0, are not homogeneous
and clearly show a rough morphology (Figure Slab). The dried surface morphology of the hydrogels
is shown in Figure Slc,d for CGP2-3 and in Figure Sle,f for CGP2-5.

Figure 3. SEM micrographs showing water-swollen CG-0 hydrogel network: (a) Swollen structure at
magnification 1.00Kx; (b) swollen structure showing the interpenetrating network at magnification 500x.

The thin pore wall of the hydrogels appears not to be strong enough and excessive agglomeration
is seen, which could affect the swelling capacity in the CG-0 hydrogel.

The water-swollen micrographs of CGP2-5 in Figure 4a,b showed a more crosslinked structure
than the hydrogels having no polyol (CG-0). The mesh size of IPN hydrogels has increased due to
the increased network density. This increase in the mesh size can be attributed to the more hydroxyl
groups of polyol, which are able to form hydrogen bonds with chitosan and the guar gum matrix.
It should be noted that the porous structure/network observed during SEM analysis may be due to
the ice-templating effect. During freezing, the water molecules within the hydrogel network form ice
crystals, which on lyophilization leave porous networks.
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18pn

Figure 4. SEM micrographs of water-swollen CGP2-5: (a) Swollen structure at magnification 500x;
(b) swollen structure showing the interpenetrating network at magnification 1.00Kx.

The SEM images in Figure 5a—c showed three-dimensional interpenetrating network formation
following the introduction of Cloisite 30B. The pore dimension or mesh size of the resulting swollen
NCHs decreased due to the increase in Cloisite 30B content. This is further supported by the fact
that the complete exfoliation of clay minerals and the excess of hydroxyl groups of polyol and clay
increased the intermolecular hydrogen bonding, resulting in denser, crosslinked structures.
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Figure 5. SEM micrographs showing water-swollen NC-2 hydrogel network: (a) Swollen structure at
magnification 500KX; (b) swollen structure at magnification 100x%; (c) swollen structure showing the
interpenetrating network at magnification 1.00Kx.

2.5. XRD Analysis

The addition of Cloisite 30B to the CH-guar gum/polyol matrix in the dispersed form gives
rise to strong polar interactions of the hydroxyl groups present in the biopolymeric matrix with the
hydroxyl groups of clay particles. The occurrence of hydrogen bonding affected the formation of
intercalated and exfoliated structures. The uniform dispersion and exfoliation of clay particles are
confirmed by TEM analysis. The XRD spectra of native Cloisite 30B show the presence of a peak at
26—4.491° and confirm that the interlayer spacing of the crystalline structure d001 is 19.66 A [40].
The NC-4 demonstrates a characteristic peak at 20.4° and for NC-6 at 20.6°, as depicted in Figure 6.
The diffraction of chitosan shows two different peaks at 20 = 10° and 26 = 20° [41]. The peaks at 10°
disappeared in NCHs due to the crosslinking reaction. This may be attributed to the destruction of the
intermolecular hydrogen bonds between the amine groups and hydroxyl groups of chitosan due to the
graft copolymerization. These results indicate that the graft copolymerization caused destruction of the
ordered crystal structure of the chitosan. There is an intensity difference between the two compositions,
which may be due to the presence of different amounts of Cloisite 30B. The high amount of Cloisite
30B in NC-6 gives rise to a slightly disordered structure in comparison to NC-4, which is also evident
from the DSC analysis in which an exothermic peak was observed for NC-4. These profiles indicate an
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increase in the d-spacing of the resulting NCHs, which implies that Cloisite 30B has been completely
intercalated in the CH-guar gum-polyol matrix during the polymerization process.

——NCG6
——NC4

Intensity (A.U.)

y T y
20 40 60 80
20

Figure 6. XRD patterns of NC-4 and NC-6 NCHs.
2.6. Thermal Gravimetric Analysis of NCHs

The TGA curves for various NCHs are depicted in Figure 7. The 10% weight loss occurred in the
temperature range 200-230 °C, which can be attributed to the evaporation of solvent molecules from
the hydrogel network. Half of the weight loss was observed in the range of 380-400 °C, which can be
due to the loss of ether and amide linkages, while 70% weight loss occurred in the temperature range
450-480 °C due to the loss of the hydrocarbon chain of linseed polyol [42]. Furthermore, TGA analysis
revealed that NC-6 shows less thermal stability in comparison to NC-2 and NC-4. This can be ascribed
to the increase in intermolecular interactions as well as the crosslinked network structure between
the hydrogel matrix and clay nanoparticles in NC-2 and NC-4. The excess of clay content in NC-6
hydrogels may clog the interstitial spaces of the interpenetrating networks, which may hinder the
free rotation of shorter polyether links and result in the low thermal stability of NC-6. The TGA
thermograms of CG-0, CGP2-3, and CGP2-5 hydrogels are presented in Figure S2.

100.0 /= —100.0

NC-2
90.0 |- NC-4 —~90.0
NC-6

80.0 — —80.0

70.0 — —70.0

60.0 — —60.0

50.0 —50.0

10.0 — —40.0

30.0 — =130.0

20.0 — | | | | | | —120.0

100.0 200.0 300.0 400.0 500.0 600.0
Temp Cel

Figure 7. TGA micrographs of NC-2, NC-4, and NC-6 NCHs.
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2.7. Differential Scanning Calorimetry of NCHs

The DSC thermograms for NC-4 and NC-6 are depicted in Figure 8. The glass transition of
NCHs was observed in the temperature range 53-95 °C. Furthermore, a more intense exothermic
peak for NC-4 was observed at a slightly lower temperature (225 °C) in comparison to NC-6 (230 °C).
This can be ascribed to the formation of an ordered structure due to more ordered interactions and
high crosslinking in NC-4 as compared to NC-6, which is also evident from the XRD data. The DSC
analysis of CG-0, CGP2-3, CGP2-5, and CGP2-7 is presented in Figure S3.

!

.00 =

D0SC mvWihnin

40.00 -

15,00

L L L L L L L L L L I

500 wo.0 150.0 200.0 2600 3000 350.0 400.0 450.0 500.0 5500 600.0
Tamp Col

Figure 8. Differential scanning calorimetry micrographs of hybrid nanocomposites hydrogels (NCHs).
2.8. Effect on Swelling Mechanism

The combination of a biopolymeric hydrophilic matrix of chitosan and guar gum with the
exfoliated cloisite 30B and a hydrophobic covering of vegetable oil-derived polyol merge, forming an
interpenetrating nanocomposite hydrogel network exhibiting an excellent water-absorbing capacity.
The swelling mechanism behind the synthesized NCHs can be best understood in terms of the
interactions occurring between the water molecules and the glassy dried hydrogels. Initially, when water
molecules come into contact with the hydrogel network, the polar groups, viz., -OH, -NH,, present on
the surface of the hydrogels come into play and water penetrates into the polymeric network.
The imbibed water can be in the form of free water or bound water, which is also known as nonfreezable
water [43]. The variation in size and shape with the change in the external stimuli is the most
recognizable characteristic of the synthesized NCHs polymeric hydrogels, which can result in either
imbibing or expelling free water.

2.8.1. Effect on Swelling Ratio (SR) and % Equilibrium swelling ratio (% EWS) of the NCHs

The study related to water absorption of CH-guar gum/polyol and NCHs has shown interesting
results. A detailed study of the water absorption behavior with the variation in the polyol content
has been performed and presented in Figure S4; in brief, it shows that with the increase in the polyol
content in the hydrogel matrix the swelling ratio also increased, which can be attributed to the higher
crosslinking structure that formed, as is well supported by the FT-IR and SEM analyses. An SR of
9.432 for CGP2-5 was observed, which was quite a bit higher than that of our earlier synthesized
hydrogels using synthetic MMA [36], as well as the natural polymer HEC [35]. The SR value in an
acidic medium was also calculated for the CG-0, CGP2-3, and CGP2-5 hydrogels. This study revealed
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that the composition of CGP2-3 showed an SR value of 6.948 (Figure S5) in an acidic media of pH 4. A
large variation in the water absorption in the various composition of hydrogels having different polyol
contents was observed as the pH of the solution was varied.

Noticeably, the presence of guar gum in the hydrogel matrix greatly influenced the swelling
parameter. Guar gum, a galactomannan obtained from the Indian cluster bean Cyamopsis tetragonoloba
(L.) Taub., is a water-soluble polysaccharide [44]. When it is mixed with chitosan and polyol, it gives
rise to intermolecular hydrogen bonding and thus affects the swelling behavior. A literature review
revealed that guar gum has been introduced for oral controlled drug delivery [45], and also for colon
targeting [46]. The limitation associated with its high swelling capacity can be a factor in the early
drug burst release phenomenon. Thus, the addition of hydrophobic polyol to the guar gum matrix will
protect the drugs in the gastric liquid (pH 1.3-3.5) and the resulting hydrogels act as a site-specific
delivery system, in which the degradation of guar gum component by the colonic microflora [47] may
allow for the release of the drug at a niche where the hydrogel shows high swelling. The introduction
of naturally occurring biodegradable polymers like chitosan, guar gum, and linseed oil-based polyol
has led to environmentally friendly and commercially fruitful products. Furthermore, the increase in
the SR and % EWS was studied for the various components of NCHs having different clay contents
that are discussed below.

The equilibrium swelling behavior of the crosslinked NCHs hydrogels at 25 °C in pH 4 and pH
7.4 solutions is illustrated in Figure 9. The % EWS with the variation in pH of the NCHs constitutes an
important parameter when designing a biomaterial for targeted DDSs.

1600 -
1400
1200 -
1000 -

800 " %EWS (pH4)
1 %EWS (pH7.4)

% EWs

8

NC-2 NC4 NC-6

Figure 9. % EWS and pH relationship for the NCHs at pH 4 and pH 7.4.

The phenomenon by which hydrogels swell in different pH allows a specific drug to be delivered
to a specific site in the human body. It is well known that the basic principle on which hydrogel-based
targeted drug delivery works upon is the pH-controlled swelling kinetics of the hydrogel network [48].
The clay content of the NCHs has a great influence on the water absorption capacity. The lower values
of SR and % EWS of NC-4 and NC-6 can be mainly attributed to two factors.

Firstly, the hydrogen bond interaction between the polar groups present on the surface of the
hydrophilic matrix, viz., the -OH and -CONH groups of chitosan, guar gum, and polyol with clay
particles, can be weakened when it comes into contact with water, and the tangling of the polymeric
chains was restricted [49]. Secondly, the presence of bulky alkyl chains may have restricted the complete
radical polymerization reaction, decreasing the hydrophilicity and thereby the water absorption [50].
At pH 4.0, the SR ratio for the NC-2 containing 20% of Cloisite 30B was about 14.697 (Figure 10).
The effect of Cloisite 30B content of NCHs on the SR value in pH 7.4 is shown in Figure 11. This SR
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value was far greater than that for a hydrogel without the clay, i.e., CGP2-1 to CGP2-5 (Figure S3).
Similarly, excellent results were observed for the % EWS for NC-2 (Figure 9). A high % EWS value of
1369% for NC-2 can be explained on the basis of the classic rubber elasticity theory [51], which suggests
that the total number of crosslinking points per clay platelet for NCHs is several tens to more than
100, which indicates that each clay particle acts as a multifunctional crosslinker; to a great extent,
this minimizes the network voids for holding water and hence increases the crosslinking, providing a
more porous structure well supported by the SEM micrographs (Figure 5). The excess of clay present
in NC-4 and NC-6 may fill the voids and decrease the hydrophilic character in NCHs.
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Figure 10. Effect of Cloisite 30B content on SR of various NCHs in phosphate-buffered saline, pH 4.0.
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Figure 11. Effect of cloisite 30B content of NCHs on SR in phosphate-buffered saline, pH 7.4.
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2.8.2. Swelling Studies in Physiological Fluids

An important relationship exists between the swelling of a polymeric hydrogel network and the
nature of the solvent. Physiological solutions such as saline, urea, potassium nitrate, potassium iodide,
D-glucose, and sodium hydroxide play an important role in exploiting the hydrogels in drug delivery.
An effect of the cloisite 30B content in NCHs on the swelling ratio was also observed (Figure 11).
Figure S6 shows the % EWS of CGP2-5 and NC-6 in the above physiological solutions. The swelling
study in 1% NaOH was also observed (Figure S7).

The swelling studies were carried out in irea (5% w/v), p-glucose (5% w/v), KI (15% w/v), NaCl (0.1%),
KNO3;, and KH,POjy (the sources of K*) [37]. A high value of 1135.8% of % EWS was observed in
the KH,POj solution (Figure 12). This is expected due to the different interactions of the pores of the
hydrogel network with the ions of the salt. Notably, a 1000-fold higher % EWS than the initial dried
weight was achieved in potassium iodide solution for the NCHs composition.
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S 400 4 ENC-2

L

[
&
)
[
)

5 > ()
& SR

S
&

Figure 12. Effect of physiological solutions on % EWS of CGP2-3 and NC-2 hydrogels.

2.9. Degradability Studies

2.9.1. Hydrolytic Degradation

The degradation behavior of the synthesized hydrogels in response to pH variation (4 vs. 7.4) was
studied. It was observed that the gels containing a higher amount of polyol started their degradation
within a week. The polymeric degradation mechanism can be understood in terms of chemical
degradation via hydrolysis [52]. As the swelling process starts and the water molecule enters the
hydrogel network, which contains hydrolyzable bonds, as soon as the equilibrium swelling is achieved
and no further water can be absorbed by the matrix the degradation process is initiated and the
chemical degradation results in a change in the basic structure of the polymeric network, giving rise to
the release of monomers and oligomers. Moreover, the pH inside the pores is regulated by the acidic
and basic pendant groups of the monomers as well as the pH of the solution in which the degradation is
taking place. The hydrolytic degradation is measured as the % weight loss with time. The higher polyol
content in CGP2-5 led to earlier degradation at pH 7.4 after EWS was achieved. This can be attributed to
the ionization or protonation of the pendant groups. However, the gels with a higher content of polyol
(CGP2-5) showed stability in acidic media. The hydrophobic nature of polyol and greater crosslinking
density supported the stability of the hydrogels in acidic media. As the content of the ionized groups
increases in the swelling medium, it becomes more hydrophilic, swells, and finally starts degrading.
The composition of CGP2-7 having a comparably higher content of polyol due to this slow degradation
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of the hydrogels having an excess of polyol content showed a loosening of crosslinks and hence earlier
degradation. The degradability studies on NCHs showed that the hydrogels containing a higher
amount of Cloisite 30B exhibited earlier hydrolytic degradation at pH 4 after the EWS was achieved.
This can be attributed to the deprotonation of the pendant groups. On the other hand, the NCHs
containing the least Cloisite 30B took a longer time for degradation. The composition NC-2 was quite
stable in acidic media, which can be attributed to the effective crosslinked structure, formed and hence
resisting degradation for a longer period of time. Thus, the variation of polyol content and Cloisite 30B
in the synthesized hydrogel system can be tuned in such a manner as to have tunable degradability
kinetics and can be exploited to be used as sustained DDSs to prevent early drug release.

2.9.2. Soil Burial Degradation

Biodegradation is the most essential parameter that needs to be optimized for a polymeric DDS.
The need for control of degradation mechanisms for drug delivery devices has gained attention
in recent years. The aim is to provide renal or fecal elimination [53], which results in minimum
toxicity and enhances the therapeutic efficacy of the drug. In the present study, besides hydrolytic
degradation, soil burial degradation was performed to see the complete degradability characteristics
of the synthesized hydrogels [54]. All the hydrogels showed an increase in weight at the early stages
of the soil burial degradation due to the enzymatic and microbial interactions. Fractures and surface
degradation were clearly seen in the later stages of the study (Figure S8). The strength of the hydrogels
containing a higher amount of polyol was affected.

3. Materials and Methods

3.1. Materials

Chitosan (448877-50G, Sigma Aldrich, St. Louis, MO, USA), guar gum (Product no. 39234,
Acrylamide (AM), S.D. Fine-Chem limited, Mumbai, India), methylene bisacrylamide MBAAm
(Product no. M2022-100G, Sigma Aldrich), tetra ethylene (TEMED) RM1572-100 mL, Himedia A.R,,
Mumbeai, India), glacial acetic acid (Product no. 2105, Fisher Scientific, Pittsburgh, PA, USA), 50%
hydrogen peroxide, diethyl ether, and acetic anhydride (Merck, Mumbai, India) were used as received.
Linseed oil polyol was prepared by standard protocols [30]. Cloisite 30B was provided by Southern Clay
(Gonzales, TX, USA) as a gift sample. Deionized water from Millipore (Mille U10 water purification
system, Burlington, MA, USA) was used in the synthesis of hydrogels and their swelling studies.
Sodium phosphate buffers of the required pH were prepared using standard commercially available
buffer capsules ranging from pH 4.0 + 0.05 to pH 7.0 + 0.05.

3.2. Methods

3.2.1. Preparation of NCHs

CH-GG-polyol/Cloisite 30B hydrogel networks were prepared by free radical polymerization reaction
using chitosan (2% by dissolving in 1% acetic acid) and guar gum (2%) as matrix material, and polyol (2%)
mixture in different proportions. N,N’-methylenebisacrylamide (MBAAm) was used as a crosslinker,
ammonium persulfate (APS) was used as an initiator, and N,N,N’,N’’-tetramethyl-ethylenediamine
(TEMED) was employed as an accelerator. Firstly, the GG, CH, and polyol matrix is prepared, followed by
the addition of water-dispersed Cloisite 30B. Two sets of compositions without Cloisite 30B (CH-GG/polyol)
(Table 1) and with the nanofiller Cloisite 30B (NCHs) (Table 2) were prepared. The gelation occurred at
room temperature. Subsequently, the NCHs obtained were cut into 1 X 1 cm blocks using a surgical blade.
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3.2.2. Purification of the NCHs

The NCHs were washed with double-distilled water to eliminate any unreacted monomer
and other moieties [36]. The NCHs were kept dispersed overnight in distilled water for complete
purification. Next, these samples were dried at room temperature.

3.2.3. Fourier-Transform Infrared (FT-IR) Analysis of NCHs

The FT-IR analysis of the completely dried hydrogels was obtained using a model 1750 FT-IR
spectrophotometer (Perkin Elmer Cetus Instruments, Norwalk, CT, USA).

3.2.4. Thermal Gravimetric Analysis (TGA) of NCHs

The thermal stability of the synthesized hydrogels was analyzed using Perkin-Elmer Diamond
analyzer (Shelton, CT, USA) under N at a heating rate of 10 °C/min. A hydrogel sample of about
10 mg was placed inside the hermitic aluminum lid. The temperature was increased from 100 to 500 °C.

3.2.5. Differential Scanning Calorimetry (DSC) of NCHs

DSC analysis was performed for using SII EXSTAR 6000, DSC620 (Tokyo, Japan) from 30 to 400 °C
in an N, atmosphere at a 10 °C/min heating rate.

3.2.6. Scanning Electron Microscopy (SEM) Analysis of NCHs

The morphological analysis of dried and swollen samples in solutions of different pH (1 and
7.4) was done using a scanning electron microscope (LEO440, All India Institute of Medical Sciences,
New Delhi, India ). The SEM analysis of swollen samples in different pH solutions was frozen in liquid
Ny, which helped to sustain the crosslinked structures without any rupture. These samples were dried in
a lyophilizer and completely dried samples were fixed on the aluminum stubs with gold coating for 40 s.

3.2.7. Transmission Electron Microscopy (TEM) of NCHs

TEM analysis was performed using JEOL-2100 TEM (Tokyo, Japan) at an operating voltage of
200 Kv. The samples were held using carbon-coated grids of a 300 mesh size.

3.2.8. X-ray Diffraction (XRD) of NCHs

The XRD analysis was done using a Rigaku MiniFlex diffractometer (using Cu Ko }I 1.5418 A
radiation, Tokyo, Japan) at a scanning rate of 0.002 per min in the range 30° to 80°.

3.2.9. Swelling Studies

Swelling ratio (SR) and % equilibrium swelling ratio (% EWS) measurements were carried out
using gravimetric measurements. The dried hydrogels were immersed in a solution of varying pH and
1% NaOH solution. The swollen hydrogels were weighed at regular intervals of time to monitor the
swelling ratio and % EWS.

3.2.10. Swelling Studies in Various Physiological Solutions

Swelling studies in various physiological solutions (saline, potassium nitrate, potassium iodide,
p-glucose, and urea) were carried out by the standard gravimetric method [35,36].

3.2.11. Hydrolytic Degradation

A hydrolytic degradation study was carried out using our method reported earlier [35,36].
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3.2.12. Soil Burial Degradation Studies

A soil burial degradation study was carried out by immersing a known weight of hydrogel
samples in soil of a known composition as per the reported method [35,36].

4. Conclusions

This study highlights the use of the natural polymers chitosan and guar gum as matrix materials
for the synthesis of biodegradable nanocomposite hydrogels, as evident from the hydrolytic and soil
burial degradation studies. The role of linseed oil-based polyol and nanofiller Cloisite 30B in the
fabrication of stable hydrogels was explored, with a view to introducing hydrophobicity and enhanced
stability to physiological solutions. A three-dimensional network was formed, with the formation
of hydrogen bonds giving rise to thermally stable gels. The complete exfoliation of the nanofiller
resulted in highly swollen hydrogels. It is anticipated that the stable NCHs developed in this study
have a hydrophobic property, high thermal stability, a pH-responsive nature, and enhanced swelling
capacity, and so can find potential application as drug delivery systems, especially for the delivery of
various hydrophobic drugs. We also hypothesize that this element of hydrophobicity may help these
hydrogels to traverse the hydrophobic environment of the blood-brain barrier and hence they may be
explored as a potential vehicle for the delievery of various biologics to the brain. Future prospects for
this hydrogel system lie in achieving a desired sustained-release system, with improved key features
such as hydrophobicity, biodegradability, and pH-responsive swelling.

Supplementary Materials: The following are available online at http://www.mdpi.com/2310-2861/5/4/44/s1.

Author Contributions: Conceptualization, S.A., A.V. (Arti Vashist), and A.V. (Atul Vashist); Supervision, S.A;
Writing—original draft, A.V. (Arti Vashist); Writing—review and editing, A.V. (Arti Vashist), A.G., AK., YK.G,,
M.N. and A.V. (Atul Vashist).

Funding: The authors appreciate the financial support received from the Council of Scientific and Industrial
Research (CSIR), New Delhi, India for this work. Dr Atul Vashist is thankful to SERB-Department of Science and
Technology (DST), Govt. of India for Start Up Research Grant (Y5/2015/000562/LS).

Acknowledgments: The authors are grateful to the All India Institute of Medical Sciences (Central Facility) for
the SEM analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Das, D; Pal, S. Modified Biopolymer-Dextrin Based Cross linked Hydrogels: Application in Controlled Drug
Delivery. RSC Adv. 2015, 5, 25014-25050. [CrossRef]

2. Vashist, A,; Ahmad, S. Hydrogels: Smart Materials for Drug Delivery. Orient. J. Chem. 2013, 29, 861-870.
[CrossRef]

3. Carreira, A.S.; Gongalves, FA.M.M.; Mendonga, P.V,; Gil, M.H.; Coelho, ].E]. Temperature and pH Responsive
Polymers based on Chitosan: Applications and New Graft Copolymerization Strategies based on Living
Radical Polymerization. Carbohydr. Polym. 2010, 80, 618-630. [CrossRef]

4. Tokarev, I.; Gopishetty, V.; Minko, S. Highly Porous 3D Fibrous Nanostructured Bioplolymer Films
with Stimuli-Responsive Porosity via Phase Separation in Polymer Blend. ACS Appl. Mater. Interfaces
2015, 10, 44041-44049. [CrossRef] [PubMed]

5. Koetting, M.C.; Peters, ].T.; Steichen, S.D.; Peppas, N.A. Stimulus-responsive hydrogels: Theory, Modern
Advances, and Applications. Mater. Sci. Eng. R Rep. 2015, 93, 1-49. [CrossRef] [PubMed]

6.  Spizzirri, U.G.; Hampel, S.; Cirillo, G.; Nicoletta, EP.; Hassan, A.; Vittorio, O.; Picci, N.; Iemma, F.
Spherical gelatin/CNTs Hybrid Microgels as Electro-Responsive Drug Delivery Systems. Int. ]. Pharm.
2013, 448, 115-122. [CrossRef] [PubMed]

7. Satarkar, N.S.; Hilt, ].Z. Magnetic Hydrogel Nanocomposites for Remote Controlled Pulsatile Drug Release.
J. Controll. Release 2008, 130, 246-251. [CrossRef] [PubMed]


http://www.mdpi.com/2310-2861/5/4/44/s1
http://dx.doi.org/10.1039/C4RA16103C
http://dx.doi.org/10.13005/ojc/290303
http://dx.doi.org/10.1016/j.carbpol.2009.12.047
http://dx.doi.org/10.1021/am5076327
http://www.ncbi.nlm.nih.gov/pubmed/25612328
http://dx.doi.org/10.1016/j.mser.2015.04.001
http://www.ncbi.nlm.nih.gov/pubmed/27134415
http://dx.doi.org/10.1016/j.ijpharm.2013.03.013
http://www.ncbi.nlm.nih.gov/pubmed/23524119
http://dx.doi.org/10.1016/j.jconrel.2008.06.008
http://www.ncbi.nlm.nih.gov/pubmed/18606201

Gels 2019, 5, 44 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Chakrabarty, A.; Maitra, U.; Das, A.D. Metal Cholate Hydrogels: Versatile Supramolecular Systems for
Nanoparticle Embedded Soft Hybrid Materials. J. Mater. Chem. 2012, 22, 18268-18274. [CrossRef]

Wang, C.; Flynn, N.T.; Langer, R. Morphologically Well-defined Gold Nanoparticles Embedded in
Thermo-Responsive Hydrogel Matrices. In MRS Proceedings; Cambridge University Press: Cambridge, UK,
2004; p. R2.2.

Eid, M.; El-Arnaouty, M.; Salah, M.; Soliman, E.-S.; Hegazy, E.-S.A. Radiation Synthesis and Characterization
of poly (vinyl alcohol)/poly (N-vinyl-2-pyrrolidone) based Hydrogels Containing Silver Nanoparticles.
J. Polym. Res. 2012, 19, 1-10. [CrossRef]

Adhikari, B.; Biswas, A.; Banerjee, A. Graphene Oxide-Based Hydrogels to Make Metal
Nanoparticle-Containing Reduced Graphene Oxide-Based Functional Hybrid Hydrogels. ACS Appl. Mater.
Interfaces 2012, 4, 5472-5482. [CrossRef]

Ambre, A H.; Katti, D.R,; Katti, K.S. Biomineralized Hydroxyapatite Nanoclay Composite Scaffolds
with Polycaprolactone for Stem Cell-Based Bone Tissue Engineering. |. Biomed. Mater. Res. Part A
2015, 103, 2077-2101. [CrossRef] [PubMed]

Wang, X.; Hélary, C.; Coradin, T. Local and Sustained Gene Delivery in Silica-Collagen Nanocomposites.
ACS Appl. Mater. Interfaces 2015, 7, 2503-2511. [CrossRef] [PubMed]

Nurunnabi, M.; Parvez, K.; Nafiujjaman, M.; Revuri, V.; Khan, H.A.; Feng, X.; Lee, Y.-K. Bioapplication
of Graphene Oxide Derivatives: Drug/Gene Delivery, Imaging, Polymeric Modification, Toxicology,
Therapeutics and Challenges. RSC Adv. 2015, 5, 42141-42161. [CrossRef]

Spanoudaki, A.; Fragiadakis, D.; Vartzeli-Nikaki, K.; Pissis, P.; Hernandez, J.C.R; Pradas, M.M.
Nanostructured and nanocomposite hydrogels for biomedical applications. In Surface Chemistry in Biomedical
and Environmental Science; Springer: Berlin/Heidelberg, Germany, 2006; pp. 229-240.

Gant, R,; Abraham, A.; Hou, Y., Cummins, B.; Grunlan, M.; Coté, G. Design of a Self-Cleaning
Thermoresponsive Nanocomposite Hydrogel Membrane for Implantable Biosensors. Acta Biomater.
2010, 6, 2903-2910. [CrossRef]

Kosemund, K.; Schlatter, H.; Ochsenhirt, J.L.; Krause, E.L.; Marsman, D.S.; Erasala, G.N. Safety Evaluation of
Superabsorbent Baby Diapers. Regul. Toxicol. Pharmacol. 2009, 53, 81-89. [CrossRef]

Rytwo, G.; Lavi, R.; Rytwo, Y.; Monchase, H.; Dultz, S.; Konig, T.N. Clarification of Olive Mill and Winery
Wastewater by Means of Clay-Polymer Nanocomposites. Sci. Total Environ. 2013, 442, 134-142. [CrossRef]
Wang, W.; Wang, A. Preparation, Characterization and Properties of Superabsorbent Nanocomposites based
on Natural Guar Gum and Modified Rectorite. Carbohydr. Polym. 2009, 77, 891-897. [CrossRef]

Campbell, S.; Maitland, D.; Hoare, T. Enhanced Pulsatile Drug Release from Injectable Magnetic Hydrogels
with Embedded Thermosensitive Microgels. ACS Macro Lett. 2015, 4, 312-316. [CrossRef]

Song, F,; Li, X.; Wang, Q.; Liao, L.; Zhang, C. Nanocomposite Hydrogels and Their Applications in Drug
Delivery and Tissue Engineering. |. Biomed. Nanotechnol. 2015, 11, 40-52. [CrossRef]

Oh, Y,; Islam, M.E. Preformed Nanoporous Carbon Nanotube Scaffold-Based Multifunctional Polymer
Composites. ACS Nano 2015, 9, 4103-4110. [CrossRef]

Chang, C.-W.; van Spreeuwel, A.; Zhang, C.; Varghese, S. PEG/Clay Nanocomposite Hydrogel: A Mechanically
Robust Tissue Engineering Scaffold. Soft Matter 2010, 6, 5157-5164. [CrossRef]

Hoo, S.P; Sarvi, F,; Li, W.H.; Chan, P.P; Yue, Z. Thermoresponsive Cellulosic Hydrogels with Cell-Releasing
Behavior. ACS Appl. Mater. Interfaces 2013, 5, 5592-5600. [CrossRef] [PubMed]

Prabaharan, M. Prospective of Guar gum and its Derivatives as Controlled Drug Delivery Systems. Int. |.
Biol. Macromol. 2011, 49, 117-124. [CrossRef] [PubMed]

Kaur, P; Garg, T.; Rath, G.; Goyal, A.K. In situ Nasal Gel Drug Delivery: A Novel Approach for Brain
Targeting Through the Mucosal Membrane. Artif. Cells Nanomed. Biotechnol. 2016, 44, 1167-1176. [CrossRef]
Liu, Y.; Zhou, H. Budesonide-Loaded Guar Gum Microspheres for Colon Delivery: Preparation,
Characterization and in Vitro/in Vivo Evaluation. Int. . Mol. Sci. 2015, 16, 2693-2704. [CrossRef]
Bhattarai, N.; Gunn, J.; Zhang, M. Chitosan-based Hydrogels for Controlled, Localized Drug Delivery.
Adv. Drug Deliv. Rev. 2010, 62, 83-99. [CrossRef]

Li, X.; Zhang, Z.; Chen, H. Development and Evaluation of Fast Forming Nano-Composite Hydrogel for
Ocular Delivery of Diclofenac. Int. |. Pharm. 2013, 448, 96-100. [CrossRef]


http://dx.doi.org/10.1039/c2jm34016j
http://dx.doi.org/10.1007/s10965-012-9835-3
http://dx.doi.org/10.1021/am301373n
http://dx.doi.org/10.1002/jbm.a.35342
http://www.ncbi.nlm.nih.gov/pubmed/25331212
http://dx.doi.org/10.1021/am507389q
http://www.ncbi.nlm.nih.gov/pubmed/25569123
http://dx.doi.org/10.1039/C5RA04756K
http://dx.doi.org/10.1016/j.actbio.2010.01.039
http://dx.doi.org/10.1016/j.yrtph.2008.10.005
http://dx.doi.org/10.1016/j.scitotenv.2012.10.031
http://dx.doi.org/10.1016/j.carbpol.2009.03.012
http://dx.doi.org/10.1021/acsmacrolett.5b00057
http://dx.doi.org/10.1166/jbn.2015.1962
http://dx.doi.org/10.1021/acsnano.5b00170
http://dx.doi.org/10.1039/c0sm00067a
http://dx.doi.org/10.1021/am4009133
http://www.ncbi.nlm.nih.gov/pubmed/23734910
http://dx.doi.org/10.1016/j.ijbiomac.2011.04.022
http://www.ncbi.nlm.nih.gov/pubmed/21596058
http://dx.doi.org/10.3109/21691401.2015.1012260
http://dx.doi.org/10.3390/ijms16022693
http://dx.doi.org/10.1016/j.addr.2009.07.019
http://dx.doi.org/10.1016/j.ijpharm.2013.03.024

Gels 2019, 5, 44 17 of 18

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Sharmin, E.; Ashraf, S.; Ahmad, S. Synthesis, characterization, antibacterial and corrosion protective
properties of epoxies, epoxy-polyols and epoxy-polyurethane coatings from linseed and Pongamia glabra
seed oils. Int. |. Biol. Macromol. 2007, 40, 407—422. [CrossRef]

Chahataray, R.; Jesthi, D.; Nayak, P. Synthesis and Characterization of Chitosan/Cloisite 30B (MMT) Nano
Composite for Controlled Release of Antidiabetic Drug Jamun Seed Powder. J. Adv. Res. BioSci. BioTechnol.
2015, 1, 9-18.

Azhar, FF; Olad, A. A study on Sustained Release Formulations for Oral Delivery of 5-fluorouracil based on
Alginate—Chitosan/Montmorillonite Nanocomposite Systems. Appl. Clay Sci. 2014, 101, 288-296. [CrossRef]
Anirudhan, T.; Parvathy, J. Novel pH Sensitive Composite Hydrogel based on Functionalized Chitosan/clay
for the Controlled Release of a Calcium Channel Blocker. Design. Monomers Polym. 2015, 1-11. [CrossRef]
Liu, B.; Luo, J.; Wang, X.; Lu, J.; Deng, H.; Sun, R. Alginate/quaternized Carboxymethyl Chitosan/Clay
Nanocomposite Microspheres: Preparation and Drug-Controlled Release Behavior. J. Biomater. Sci. Polym.
Ed. 2013, 24, 589-605. [CrossRef] [PubMed]

Vashist, A.; Gupta, Y.K.; Ahmad, S. Interpenetrating Biopolymer Network based Hydrogels for an Effective
Drug Delivery System. Carbohydr. Polym. 2012, 87, 1433-1439. [CrossRef]

Vashist, A.; Shahabuddin, S.; Gupta, YK, Ahmad, S. Polyol Induced Interpenetrating Networks:
Chitosan-Methylmethacrylate based Biocompatible and pH Responsive Hydrogels for Drug Delivery
System. J. Mater. Chem. B 2013, 1, 168-178. [CrossRef]

Saraydin, D.; Isikver, Y.; Karadag, E.; Sahiner, N.; Giiven, O. In Vitro Dynamic Swelling Behaviors of Radiation
Synthesized Polyacrylamide with Crosslinkers in the Simulated Physiological Body Fluids. Nucl. Instrum.
Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2002, 187, 340-344. [CrossRef]

Shahid, M.; Bukhari, S.A.; Gul, Y.; Munir, H.; Anjum, E; Zuber, M.; Jamil, T.; Zia, K.M. Graft Polymerization
of Guar gum with Acryl Amide Irradiated by Microwaves for Colonic Drug Delivery. Int. ]. Biol. Macromol.
2013, 62, 172-179. [CrossRef]

Qu, X,; Wirsen, A.; Albertsson, A.-C. Novel pH-sensitive Chitosan Hydrogels: Swelling Behavior and States
of Water. Polymer 2000, 41, 4589-4598. [CrossRef]

Nanda, R.; Sasmal, A.; Nayak, P. Preparation and Characterization of Chitosan—Polylactide Composites
Blended with Cloisite 30B for Control Release of the Anticancer Drug Paclitaxel. Carbohydr. Polym.
2011, 83, 988-994. [CrossRef]

Sarkar, K.; Debnath, M.; Kundu, P. Recyclable Crosslinked O-carboxymethyl Chitosan for Removal of
Cationic Dye from Aqueous Solutions. Hydrol. Curr. Res. 2012, 3, 1-9. [CrossRef]

Gong, C.; Wu, Q.; Wang, Y.; Zhang, D.; Luo, F; Zhao, X.; Wei, Y.; Qian, Z. A Biodegradable Hydrogel
System containing Curcumin Encapsulated in Micelles for Cutaneous Wound Healing. Biomaterials
2013, 34, 6377-6387. [CrossRef]

Ping, Z.; Nguyen, Q.; Chen, S.; Zhou, J.; Ding, Y. States of Water in Different Hydrophilic Polymers—DSC
and FTIR Studies. Polymer 2001, 42, 8461-8467. [CrossRef]

Rao, M.; Kanatt, S.; Chawla, S.; Sharma, A. Chitosan and Guar gum Composite Films: Preparation, Physical,
Mechanical and Antimicrobial Properties. Carbohydr. Polym. 2010, 82, 1243-1247. [CrossRef]

George, M.; Abraham, T. pH Sensitive Alginate-Guar Gum Hydrogel for the Controlled Delivery of Protein
Drugs. Int. J. Pharm. 2007, 335, 123-129. [CrossRef] [PubMed]

Krishnaiah, Y.; Satyanarayana, V.; Dinesh Kumar, B.; Karthikeyan, R. In vitro Drug Release Studies on Guar
gum-based Colon Targeted Oral Drug Delivery Systems of 5-Fluorouracil. Eur. J. Pharm. Sci. 2002,16,185-192.
[CrossRef]

Salyers, A.; Palmer, ].; Wilkins, T. Degradation of Polysaccharides by Intestinal Bacterial Enzymes. Am. .
Clin. Nutr. 1978, 31, S128-5130. [CrossRef]

Qiu, Y.; Park, K. Environment-Sensitive Hydrogels for Drug Delivery. Adv. Drug Deliv. Rev. 2012, 64, 49-60.
[CrossRef]

Shi, X.; Wang, W.; Wang, A. Synthesis, Characterization and Swelling Behaviors of Guar gum-g-poly (sodium
acrylate-co-styrene)/vermiculite Superabsorbent Composites. J. Comp. Mater. 2011, 45, 2189-2198. [CrossRef]
Mansur, H.S.; Sadahira, C.M.; Souza, A.N.; Mansur, A.A. FTIR Spectroscopy Characterization of Poly (vinyl
alcohol) Hydrogel with Different Hydrolysis Degree and Chemically Crosslinked with Glutaraldehyde.
Mater. Sci. Eng. C 2008, 28, 539-548. [CrossRef]


http://dx.doi.org/10.1016/j.ijbiomac.2006.10.002
http://dx.doi.org/10.1016/j.clay.2014.09.004
http://dx.doi.org/10.1080/15685551.2015.1012622
http://dx.doi.org/10.1080/09205063.2012.701160
http://www.ncbi.nlm.nih.gov/pubmed/23565870
http://dx.doi.org/10.1016/j.carbpol.2011.09.030
http://dx.doi.org/10.1039/C2TB00021K
http://dx.doi.org/10.1016/S0168-583X(01)00956-9
http://dx.doi.org/10.1016/j.ijbiomac.2013.08.018
http://dx.doi.org/10.1016/S0032-3861(99)00685-0
http://dx.doi.org/10.1016/j.carbpol.2010.09.009
http://dx.doi.org/10.4172/2157-7587.1000138
http://dx.doi.org/10.1016/j.biomaterials.2013.05.005
http://dx.doi.org/10.1016/S0032-3861(01)00358-5
http://dx.doi.org/10.1016/j.carbpol.2010.06.058
http://dx.doi.org/10.1016/j.ijpharm.2006.11.009
http://www.ncbi.nlm.nih.gov/pubmed/17147980
http://dx.doi.org/10.1016/S0928-0987(02)00081-7
http://dx.doi.org/10.1093/ajcn/31.10.S128
http://dx.doi.org/10.1016/j.addr.2012.09.024
http://dx.doi.org/10.1177/0021998311401071
http://dx.doi.org/10.1016/j.msec.2007.10.088

Gels 2019, 5, 44 18 of 18

51. Ganyji, F; Vasheghani-Farahani, S.; Vasheghani-Farahani, E. Theoretical Description of Hydrogel Swelling:
A Review. [ran. Polym. ]. 2010, 19, 375-398.

52. Heller, J. Controlled Release of Biologically Active Compounds from Bioerodible Polymers. Biomaterials
1980, 1, 51-57. [CrossRef]

53. Gao, D.; Xu, H.; Philbert, M.A.; Kopelman, R. Bioeliminable Nanohydrogels for Drug Delivery. Nano Lett.
2008, 8, 3320-3324. [CrossRef] [PubMed]

54. Riaz, U,; Vashist, A.; Ahmad, S.A.; Ahmad, S.; Ashraf, S. Compatibility and Biodegradability Studies of
Linseed Oil Epoxy and PVC Blends. Biomass Bioenergy 2010, 34, 396—401. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/0142-9612(80)90060-5
http://dx.doi.org/10.1021/nl8017274
http://www.ncbi.nlm.nih.gov/pubmed/18788823
http://dx.doi.org/10.1016/j.biombioe.2009.12.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Synthesis of Nanocomposite Hydrogels 
	Structure and Stability of Hydrogels 
	FT-IR Spectra of NCHs 
	SEM Analysis 
	XRD Analysis 
	Thermal Gravimetric Analysis of NCHs 
	Differential Scanning Calorimetry of NCHs 
	Effect on Swelling Mechanism 
	Effect on Swelling Ratio (SR) and % Equilibrium swelling ratio (% EWS) of the NCHs 
	Swelling Studies in Physiological Fluids 

	Degradability Studies 
	Hydrolytic Degradation 
	Soil Burial Degradation 


	Materials and Methods 
	Materials 
	Methods 
	Preparation of NCHs 
	Purification of the NCHs 
	Fourier-Transform Infrared (FT-IR) Analysis of NCHs 
	Thermal Gravimetric Analysis (TGA) of NCHs 
	Differential Scanning Calorimetry (DSC) of NCHs 
	Scanning Electron Microscopy (SEM) Analysis of NCHs 
	Transmission Electron Microscopy (TEM) of NCHs 
	X-ray Diffraction (XRD) of NCHs 
	Swelling Studies 
	Swelling Studies in Various Physiological Solutions 
	Hydrolytic Degradation 
	Soil Burial Degradation Studies 


	Conclusions 
	References

