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simple, rapid, and inexpensive route. The PCNCHFs and its 5-fluorouracil (FU)-loaded composites (PCNCHFs@
FU) were tested for FU release and characterized by FTIR, XRD, FE-SEM, EDX, DSC, and TGA analyses to investigate
their structural, morphological, and thermal properties. The nanosepiolite-loaded polymer composites
(PCNCHF1 to PCNCHF5) exhibited higher tensile strength than the pristine polymer hydrogel (PCNCHFO); conse-
quently, the thermal properties (glass- and melting-transition) were improved. The PCNCHFs@FU demonstrated
prolonged FU release at pH 7.4 for 32 h. The biocompatibility of PCNCHFs was tested against human skin fibro-
blast (CCDK) cells. The viability of cells exposed to all PCNCHFs was >95% after 72 h of culture. The live/dead
assay show the proliferation of fibroblast cells, confirming the biocompatibility of the hydrogels. The pH-
sensitive PCNCHFs@FU release could be suitable for drug release in cancer therapy, and the developed PCNCHFs
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may also be useful for tissue engineering, food packaging, and other biological applications.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Biopolymer-based composite hydrogels are in great demand for
various applications, including those encompassing the pharmaceu-
tical, environmental, and biomedical fields, due to their economic,
environment-friendly, biodegradable, and biocompatible nature
[1-3]. In brief, three-dimensional hydrophilic polymeric networks
with high water affinity usually do the construction of polymer-
based hydrogels. Instead of dissolving into solution, their physically
and/or chemically cross-linked structures allow them to hold water
[4-6]. Hydrogels can be constituted with different macromolecules
with various functional groups, such as -OH, -SOsH, -COOH,
-CONH-, and -CONH,, in their polymeric backbone (either embedded
in or grafted to). Because of their hydrophilic functional domains,
the resulting hydrogels can absorb and retain large amount of
water and other biological fluids/cells. Therefore, these swollen
three-dimensional viscoelastic polymer network structures can
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resemble natural tissue and is of great importance in biomedical
field [7-9]. Carboxymethyl cellulose (CMC) based hydrogel systems
were developed by different methods, such as physical blending,
chemical grafting, and ionic gelation etc. However, the polyelectro-
lyte behavior of CMC is due to the presence of carboxylate moiety,
which is a pH sensitive group with in-situ gelation ability, resulting
in bio-adhesive behavior. Hence, the electrically controlled CMC
based systems are very useful in delivering various pharmaceuticals
such as 5-fluorouracil (FU) for colon drug release, wound dressing,
and tissue engineering, because of its biocompatibility [10-16].
Recently, the European Food Safety Authority reported that, CMCis a
safe food additive for all animals; moreover, it was also shown to be
harmless to the environment because of its biodegradation propensity
[17]. The unique viscosity characteristics, hydrophilic nature, adhesive
behavior, film forming ability, and biocompatibility, the CMC-based
hydrogels have wide range of industrial applications [18-21], in addi-
tion to biomedical [22-24] and environmental applications [25-27].
The pristine polymer hydrogels show lower mechanical stability with-
out chemical crosslinking agents. Therefore, it is necessary to use
ecofriendly materials as alternative for reinforcement strategy. To
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improve the polymer properties, the use of naturally occurring nanoclay
materials in reinforcement technique could serve the purpose and is re-
cently gaining much attention. With the increasing focus on the ecolog-
ical impact, cost effectiveness, and materials safety, naturally available
nano-clays (particularly sepiolite), are potentially appealing toward in-
dustrial, biomedical, and technological applications [28]. Sepiolite is an
inexpensive, abundant, and biocompatible nanofibrous mineral with
molecular formula of MggSi;2030(OH)4(0OH;)4.8H,0. This Mg-rich sili-
cate material has gained attention for use in various modern industrial
sectors due to its fibrous morphology, high surface area, and surface ac-
tive silanol function groups. Additionally, sepiolite shows excellent ad-
sorption, reinforcing, and bacterial inhibition abilities and carrier
properties [28-30], making it useful for the fabrication of a wide range
of advanced nanostructured materials. Drug release from a polymer hy-
drogel can be controlled by reinforcement of the network with appro-
priate nano-clay additives. However, the incorporation of nano-clay in
the polymer hydrogel network can also affect overall physical, chemical,
and mechanical properties. This physical and chemical property alter-
ation of nano-clay embedded polymeric hydrogels are significant in
consideration for specific applications. Therefore, nano-clay embedded
polymer hydrogel networks can tune the swelling properties, thermal
withstandability, and mechanical strength of the reinforced hydrogel
[31,32].

Most of the existing works on polymer nanocomposites are related
to the incorporation of layered silicates of sepiolite into biopolymers
like cellulose, starch, gelatin, alginate, chitosan, and polylactides
[33-37]. Previous studies have indicated that incorporation of
nanofibrous sepiolite into aforementioned polymers can confer fasci-
nating reinforcement characteristics with unique mechanical robust-
ness. Though sepiolite does not primarily exhibit intercalation
properties, the natural magnesium silicates (Mg—Si) show notably
low porosity and high surface area (i.e., 320 m?/g for sepiolite)
[28,38]. Additionally, the silanol groups (Si-OH) in the nanoclay,
which are formed at the discontinuous edge of the silica sheets, interact
well with the prepared polymer networks to form homogeneous nano-
composites. This synergistic interaction among inorganic nanoparticles
and the functional groups of organic polymers can yield hybrid
polymer-clay nanocomposite materials with improved mechanical
and thermal properties [39,40].

In the present study, polymer-clay nanocomposite hydrogel films
(PCNCHFs) were studied with respect to their structural and morpho-
logical characteristics, swelling studies, thermal stability, and mechani-
cal properties. We also examined FU drug release from PCNCHFs and
evaluated their cytotoxicity and cytocompatability against fibroblast
CCDK cells.

2. Materials and methods
2.1. Materials

Caboxymethyl cellulose sodium (CMC, Mw = 250,000, CAS: 9004-
32-4), polyvinylpyrrolidone (PVP, Mw = 40,000, CAS: 9003-39-8),
and sepiolite (CAS: 63800-37-3) were procured from Sigma-Aldrich
chemicals. Laboratory-grade supplies of the other required chemicals
were procured and utilized without any pre-treatment. Additionally,
deionized water (DW) was obtained from a water purification system
and used in all experiments.

2.2. Preparation of PCNCHFs

The PCNCHFs were prepared in a single step by thermal treatment
followed by a casting process [41]. Briefly, polymer-clay solutions
(CMC, PVP, and sepiolite) were prepared in sealed glass bottles contain-
ing 150 mL of deionized water under 120 °C temperature and 15-1b
pressure (107 kPa) for 15 min. The resulting homogeneous polymer-
sepiolite solutions were transferred into a clean glass plate
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(25 x 25 mm diameter) and allowed to cool at ambient conditions.
After 24 h, the formed PCNCHFs (0.7-0.9 mm thickness) were soaked
in DW to eliminate any surface adherents and soluble impurities and
then air dried at approximately 25 °C for one day. The polymer concen-
tration was maintained constant along with small amounts of agar,
polyethylene glycol, and glycerin; however, the concentration of the
nano-clay, sepiolite (i.e., 180 nm, Fig. S1) was changed to 0%, 0.3%,
0.5%, 0.7%, 0.9%, and 1.5%. The resulting modified PCNCHFs were desig-
nated as PCNCHFO, PCNCHF1, PCNCHF2, PCNCHF3, PCNCHF4, and
PCNCHF5, respectively.

2.3. Characterization

The developed PCNCHFs were characterized by different analytical
methods. FTIR analysis was performed using a JASCO spectrophotome-
ter and involved acquisition of spectra within the range of 4000 to
400 cm™ L. The XRD (Bruker AXN) spectra of PCNCHFs was examined
in the wide angle 26 value of 5°-85° using Copper-Ka radiation (A =
1.5418 A) at 30 kV and 40 mA. To measure morphological variations,
all the PCNCHFs were coated with a thin Pt layer and then surveyed
by FE-SEM at an acceleration voltage of 15-20 kV. In addition, quantita-
tive elemental analysis was performed by EDX. To investigate their ther-
mal properties, all PCNCHFs were subjected to DSC (NETZSCH
DSC200F3) and TG (NETZSCH STA 409 PC, TGA-DTA) analysis. For
DSC, the required amount of each sample (5 to 7 mg) was balanced
and then studied between 25 °C and 350 °C at 5 °C/min heating incre-
ments. Similarly, TGA-DTA was performed until 600 °C from room tem-
perature in the presence of a N, stream at 60 mL/min with increment in
heating rate of 10 °C/min. The sepiolite mineral size was measured
using DLS instrument. In addition, other methods were used to study
the swelling, mechanical properties, drug loading, encapsulation effi-
ciency, and biocompatibility of PCNCHFs, for which details are discussed
in supplementary information.

3. Results and discussion
3.1. Fabrication of PCNCHFs

The present work is an extensive investigation on the hydrogels for-
mation by blending of the biopolymers CMC and agar with other poly-
mers. Simple moisture heat treatment of this polymer blend (CMC,
agar, and PVP) reinforced with sepiolite mineral would result in a simul-
taneous physically cross-linked network formation via hydrogen-bond
associated linear random coil configured macromolecules [41], leading
to the formation of mechanically robust hydrogels through a one-pot
and green method without using any chemical cross-linkers. The
inclusion of PVP provides surface hydrophilicity and increases small-
void formation. PVP is a hydrophilic, water-soluble polymer that has
been shown to be cytocompatible and is capable of enhancing blood
compatibility [42]. The graphical representation of this simple, eco-
nomic, and rapid approach for composite hydrogel synthesis is illus-
trated in Fig. 1.

3.2. FTIR analysis

FTIR analysis yields useful evidence regarding the molecular
structure, chemical bonding, and miscibility of polymers in multi-
component structures. Here, we used FTIR to examine the possible in-
teractions of the as-prepared PCNCHF release systems. The FTIR spectra
of sepiolite, pristine PCNCHFs, and their PCNCHFs@FU are provided in
Fig. 2. In Fig. 2a, PCNCHFO exhibits characteristic signals at 3480 cm ™'
attributable to the stretching vibrations of hydroxyl groups. The peaks
at 2890 and 1467 cm™ !, corresponds to C—H bending and C—N
stretching vibrations are appeared at 1341, and 1243 cm ™. Further,
the carbonyl stretching vibrations in CMC and PVP are observed at
1660 cm™!. The peaks at 1418 and 1359 cm ™' are due to strong and
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Fig. 1. Graphical illustration of the preparation of PCNCHFs.

medium C—N stretching vibrations. The peaks at 1151 to 1074 cm ™!

are due to stretching vibrations of glycosidic ring (C-0-C) in CMC
[43], and peaks at 959 and 839 cm ™! due to C—O and C—H bending vi-
brations, respectively. Similarly, pure sepiolite shows broad bands in the
range 3900-3000, which is due to (free and intermolecular bonded)
O—H stretching vibrations of silanols (Si-OH) and Mg-OH. The O—H
bending vibrations of Si-OH, Mg-OH, are appeared at 1648 and
1461 cm™ !, respectively [44,45]. However, the intensity of these sepio-
lite peaks increased with increasing the sepiolite content in the polymer
hydrogels. In PCNCHF5, the observed C—H stretching peak was reduced
drastically at 2889 cm™!; the absence of the C—H bond in pure sepiolite
was evidenced by absence of C—H stretching vibrations in the
PCNCHF5, which is the major indication of notable molecular dispersion
of sepiolite. Furthermore, the peak at 1662.5 cm™' was attributable to
the bending vibration of zeolitic water, peaks at 1200 to 678 cm ™!
were due to characteristic silicate, the peak at 1013.5 cm™' was attrib-
utable to the presence of tetrahedral Si-O-Si bonds, peaks at 1185.7,
1063.4, and 937.3 cm~! were attributable to Si—O bonds, and the
peak at 689.3 cm™! was attributable to Mg—-OH bond vibrations [44].
These results evidenced the molecular dispersion of sepiolite inside
the polymer hydrogel network. Furthermore, the thermodynamic pa-
rameters (E,, InA, AH, AS, and AG) for the two main thermal decompo-
sition steps from 250 to 320 °C and 350-410 °C of the PCNCHFs were
calculated using Broido's equation and their values were displayed in
Tables 1 and 2, which is clearly explained in supplementary
information.

As shown in Fig. 2b, the FT-IR spectra of PCNCHFs@FU showed char-
acteristic peaks in the region of 3670-2750 cm ™~ due to the N—H, 0—H
(Mg-0H, Si-OH), C—N, and C—H stretching vibrations of FU drug, sepi-
olite, CMC and PVP. The peaks at 2200 and 1420-1650 cm™ ! correspond
to the C(=C and merged C=0 & C=N stretching vibrations of FU drug,
while the peaks at 1351 and 1242 cm™! are due to the stretching vibra-
tion of the C—N (pyrimidine ring) and aromatic C—F stretching of FU
drug. However, the intensity of the C-0-C and C—O stretching vibra-
tions are reduced at 1149 and 1068 cm ™! due to the intercalation of
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FU in silicate layers of sepiolite. The peaks at 1252 and 500-800 cm ™'

were corresponds to the C—N and aromatic ring stretching vibrations,
respectively [10]. Finally, the pure FU drug peaks as mentioned in
Fig. 2c. These results suggested that the intensity of the characteristic
peaks of PCNCHFs are decreased due to intercalation of FU drug in the
silicate layers of the sepiolite mineral, which caused decreased interac-
tion between the FU drug and polymers. Herewith we conclude that
molecular dispersion of FU drug, throughout the hydrogel network is
uniform.

3.3. XRD analysis

XRD is a versatile and non-destructive technique that was per-
formed to evaluate the influence of sepiolite reinforcement on the crys-
tal structure of polymer hydrogels. The XRD patterns of pure sepiolite,
FU, PCNCHFs, and FU-loaded PCNCHFs are shown in Fig. 2d. PCNCHFO
showed characteristic peaks at 12.7, 19.8, and 23.1 cm ™' ascribed to
the semi-crystalline CMC and PVP polymers [41]. The semi-crystalline
structure of both polymers was maintained by interactions between
the monomer units via inter and intramolecular bonding [46]. Pure se-
piolite shows a characteristic peak at 7.8° corresponding to the (110)
crystalline plane. The peaks present in the range of 15° to 30° (23.5°,
28°, 31°) indicate the crystalline structure of silica in sepiolite. The
peaks at 41° and 46° belong to sepiolite and those at 38° and 50°
(JCPDS: 13-0595) are related to magnesite. In XRD analyses of PCNCHFs,
a semi-crystalline region was prevalent at minimum concentrations
(20.9 wt%) of sepiolite. Nevertheless, at a higher sepiolite concentration
(21.5 wt%), low intense semi-crystalline peaks were noticed in
PCNCHF5. The reduction in the semi-crystalline properties may be due
to the interaction between the polar functionalities of both CMC and
PVP polymers with the silicate layers in sepiolite. This retarded the or-
dering of the crystalline regions in the PCNCHF5 and resulted in a
weak diffraction peak. As a result, PCNCHF5 showed low-intensity
peaks at 9.06°, 12.79°, and 23.38°, respectively, and exhibited an amor-
phous nature. [47,48].
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Fig. 2. FTIR analysis of (a) PCNCHFs, (b) PCNCHF@FU, and (c) pure FU; XRD spectra of PCNCHFs before (d) and after drug loading (e).

Table 1

The kinetic-thermodynamic parameters of PCNCHFs at the decomposition stage of

250-320 °C.
Title E, (kJ/mol)  InA AH AS AG

x1073 (kJ/mol) (KJ/K) (kJ/mol)

Sepeolite 19.6620 —11.7589 —4.6390 —163.749  91.3706
PCNCHFO  478.861 —8.05612  —4.63224  —162.554  90.70371
PCNCHF1  402.306 —8.31591 —4.63338 —162.772  90.82547
PCNCHF2  370.557 —8.43276  —4.63385 —162.841  90.86382
PCNCHF3  348.074 —8.52062  —4.63419  —162.908  90.90122
PCNCHF4  364.305 —8.48939  —463394 —162.922  90.90892
PCNCHF5  242.965 —8.99547  —4.63575 —163.15 91.03634

For PCNCHFs@FU (Fig. 2e),

the characteristic peaks related to

sepiolite and both polymers were retained with weak diffraction
peak intensities. In contrast, FU yielded an intense characteristic

peak at 31.87°. The positions

and intensities of the other peaks

were shifted and evidently reduced, indicating a certain degree of
interaction between FU and both polymers (CMC and PVP). The
typical peaks of CMC and PVP polymers disappeared in both
PCNCHFO@FU and PCNCHF5@FU. However, the sepiolite peaks ap-
peared with less intensity because of the intercalation of FU in sepi-
olite layers, which caused an increase in the amorphous nature of the

systems.
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Table 2
The kinetic-thermodynamic parameters of PCNCHFs at the decomposition stage of
350-410 °C.

Title E, (i/mol)  InA AH AS AG
x1073 (kJ/mol) (kJ/K) (kJ/mol)

Sepeolite 24.169 —11.7062 —5.42926 —162.908 106.384
PCNCHFO 698.414 —7.64433 —5.42067 —162.345 106.0159
PCNCHF1 822.164 —7.35961 —5.4191 —162.396 106.0497
PCNCHF2 783.18 —7.45104 —5.41959 —162.489 106.1099
PCNCHF3 687.706 —7.6789 —5.42081 —162.545 106.1469
PCNCHF4 598.082 —7.90457 —5.42195 —162.46 106.0913
PCNCHF5 505.285 —8.17296 —5.42313 —162.626 106.1995

3.4. SEM-EDX analysis

Morphological investigations of pristine (PCNCHFO) and sepiolite-
reinforced polymer composite hydrogels (PCNCHF1 to PCNCHF5)
were performed by SEM, as shown in Fig. 3. The SEM images showed
that sepiolite reinforcement of the physical crosslinking network of
polymers was properly connected together in the nanocomposites.
The probable interactions between components can cause morphologi-
cal changes in the nanocomposites. The SEM image of PCNCHFO shows
the physical morphology and surface characteristics of the
network-like structure (Fig. 3a). The SEM findings for PCNCHF1

International Journal of Biological Macromolecules 178 (2021) 464-476

(Fig. 3b) showed that sepiolite incorporation inside the network en-
hances the interfacial interactions between the polar functions of CMC
and PVP polymers and the silicate layers of sepiolite, and at a low con-
centration (0.3 wt%), the overlapping sepiolite layers exhibit a smooth
surface morphology. However, at higher concentrations of sepiolite,
the surface shows a plate-like structure, as shown in Fig. 3(b-f). At
higher sepiolite (1.5 wt%) concentrations, PCNCHF5 displays a dense
plate-like structure (Fig. 3f) along with the smooth surface caused by
formation of the polymer-clay complex through interfacial interactions.
These morphological changes confirm the reinforcement of sepiolite in-
side the physical hydrogel network.

EDX measurement was performed to evaluate the quantitative ele-
mental data and their compositional characteristics. Therefore, EDX
data of PCNCHFO and PCNCHF5 were compared before and after sepio-
lite reinforcement. In Fig. 4a, the surface morphology of PCNCHFO
showed the presence of carbon, oxygen, and nitrogen, based on their
atomic weights. These elements were derived from the polymers
(i.e., CMC, PVP, and agar), with the presence of nitrogen confirming
PVP. In contrast, PCNCHF5 (Fig. 4b) showed additional elements such
as silicon and magnesium along with the aforementioned elements.
Here, the carbon and nitrogen contents were reduced, whereas the ox-
ygen, silicon, and magnesium contents were increased. These findings
confirmed that the obtained PCNCHFs were successfully reinforced
with the nano-sepiolite material.

Fig. 3. Surface morphological features of all PCNCHFs measured in FE-SEM analysis.
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Fig. 4. SEM-EDX analysis of (a) PCNCHFO and (b) PCNCHF5.

3.5. Thermal analysis

3.5.1. DSC analysis

DSC investigations play a vital role in characterizing a material's
thermal properties, which are associated with their transition states,
structure, and hydrophilicity, and can further confirm the interactions
between polymers and sepiolite. The thermal behavior of the PCNCHFs
and the FU-loaded PCNCHFs was examined by DSC thermograms in the
spectral range of 30-350 °C, and all curves showed endothermic and
exothermic peaks, as shown in Fig. 5(a-b). In Fig. 53, the primary transi-
tion of DSC detected at 50-125 °C was attributed to the glass-transition
temperature (Tg) for primary relaxation of polymer chains because of
micro-Brownian motion of the polymer backbones and silicate layers.
Moreover, this endotherm represents the elimination of residual mois-
ture in the PCNCHFs. In addition, the sharp T, of PCNCHFs specifies the
synergy among polymers and sepiolite. As sepiolite content (0.3% to
1.5%) increases in polymer matrix, it will eventually increases the T,
and Ty, values from PCNCHF1 to PCNCHF5. These characteristics are
highly relevant when the hybrid material is developed as a carrier sys-
tem for bioactive materials. Consequently, the hybrid materials show ef-
fective changes in various properties in comparison with pristine
polymers and PCNCHFO, such as swelling, thermal, mechanical strength,
strain modulus, and fracture resistance properties. The broad exother-
mic peak of PCNCHFs at 225-260 °C was attributed to the melting tem-
perature (Ty,), due to the presence of semi-crystallinity in polymers. The
nature of the T, peak indicates the drop-in crystallinity of PCNCHFO
(semi-crystalline) and the upsurge of the amorphous segment from
PCNCHF1 to PCNCHEFS5, in agreement with the findings of XRD.

As shown in Fig. 5b, the DSC thermograms provide information re-
garding the physico-chemical properties of drug entrapment by
PCNCHFs. During the first transition, the PCNCHFO@FU and PCNCHF5@
FU showed a broad endothermic peak at around 60 °C-120 °C due to
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evaporation of residual water molecules. According to the literature
[8,49], FU alone exhibits a sharp peak at 284 °C corresponding to its
melting and polymorphism. In addition, the peak depth at T, specifies
the reduced crystallinity in PCNCHFs@FU and the increased amorphous
fraction in PCNCHFO@FU and PCNCHF5@FU, in agreement with the FTIR
results. However, this FU peak alone was not observed after loading into
the PCNCHFs. These findings confirm that the FU was molecularly dis-
persed into the PCNCHFs network, which is in the amorphous state,
and that PCNCHF@FU remained unaffected during encapsulation.

3.5.2. TGA analysis

The influence of sepiolite reinforcement on the polymer composite
hydrogels was investigated to verify the thermal stability and the extent
of degradation by integral TGA and DTG curves, as shown in Fig. 5(c-d).
In Fig. 5¢, pure sepiolite shows three distinct degradation steps. In the
first step, sepiolite undergoes weight loss of 9.2% due to elimination of
the absorbed water molecules on the zeolitic surface from 25 °C to
130 °C. The second degradation was observed from 130 °C to 305 °C
and was attributed to the loss of weakly bound coordinated water,
with a 3% loss of weight. The third degradation step was detected
from 305 °C to 525 °C, and was ascribed to the dehydration of firmly
bonded coordinated water, similar to the second major degradation
step. Lastly, 1.6% weight loss was observed after 650 °C which shows
dihydroxylation followed by structural obliteration.

The PCNCHFs show three distinguishable degradation steps in the
TGA diagram, which appear more clearly in the DTG diagram. The deg-
radation steps from PCNCHFO to PCNCHF5 as follows: 1) the initial deg-
radation between 35 °Cand 180 °C with 9.5%, 9.4%,9.12%, 9.1%, 8.6%, and
7.8% weight loss respectively, which indicates the elimination of physi-
cally adsorbed/ hydrogen bond linked water molecules; 2) the second
degradation step between 250 °C and 320 °C with 24.3%, 22.7%, 21.4%,
20.7%, 21.0%, and 16.1% weight loss, respectively; and 3) the final
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Fig. 5. (a-b) DSC analysis of PCNCHFs and PCNCHF@FU; (c-d) TGA analysis of PCNCHFs, and plots of —Ln(In(—1/Y)) vs 1/T for decomposition steps in the range of (e) 250-320 °C and

(f) 350-410 °C, respectively).

degradation from 350 °C to 410 °C with 12.3%, 17.8%, 18.0%, 16.9%,
13.6%, and 14.0% weight loss, respectively. However, the initial weight
loss was attributable to both the elimination of substantially adsorbed/
hydrogen bonded water and the increase in the glass transition temper-
ature from PCNCHFO to PCNCHF5. The second weight loss corresponded
to the removal of zeolitic water and weakly bound coordinated water,
which indicated the increase in the melting temperature after sepiolite
incorporation. The final weight loss occurred due to dehydroxylation
and structural destruction of PCNCHFs. All degradation steps were
clearly observed by the DTG diagram (Fig. 5d). On the basis of the re-
sults, we concluded that the sepiolite content increases and then de-
creases the weight loss and increases the percentage of weight
remaining (Fig. S2). The increased uniform molecular dispersion and in-
terfacial interactions between polar polymer groups and silicate layers
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of sepiolite potentially enhanced the thermal stability of PCNCHFs. Fur-
thermore, the thermodynamic parameters (E,, InA, AH, AS, and AG) for
the two main thermal decomposition steps from 250 to 320 °C and
350-410 °C of the PCNCHFs were calculated using Broido's equation,
which is clearly explained in supplementary information.

3.6. Swelling study

The water holding capability of PCNCHFs was calculated by measur-
ing the percentage swelling ratio (%SR). The %SR calculations were per-
formed by determining the dry weight (50 mg) of all PCNCHFs dipped
in water for shorter and longer duration (30 min and 38 h) and
displayed in Fig. 6a. From the plot, the %SR values of PCNCHFs are clearly
contingent on the immersion time and the incorporated sepiolite
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content. The %SR for PCNCHFO increased >1.2 times with the immersion times. The hydrophilicity of sepiolite clay is a key parameter responsible
time (from 30 min to 38 h), while it increased approximately 1.6 times for the upsurge in %SR values with an increase in sepiolite content. The
with an increase in the clay content (from 0 to 1.5%) for both immersion PCNCHF5 samples showed high water-holding capability with
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significant mechanical strength and moderate flexibility. In this regard,
the enhanced water resistance of biopolymer films with reinforcement
of nanoclay has been observed for various composites like CMC/starch/
clay, chitosan/clay, and agar/clay nanocomposite films [33,36,50]. This is
due to the H-bond interaction between the -OH functional groups and
the biopolymer chains. The high surface area of sepiolite improves the
compact packing of biopolymer matrix with sepiolite, decreasing its
sensitivity to water [51]. The unique characteristics of these super-
porous PCNCHFs open a new window into controlled drug/bioactive
compound delivery application.

3.7. Cumulative release of FU
The PCNCHFs showed a pH-responsive drug-release behavior due to
presence of acid functional groups. The effect of different functional

polymer groups on FU encapsulation and their release kinetics were de-
termined. The EE of PCNCHF3 (37%) and PCNCHF5 (45%) were higher
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than that of PCNCHFO (25%) due to the enhanced porosity as a result
of the interaction between the functional polymer and sepiolite and
the consequently increased penetration of drug molecules. Moreover,
the uniformity of the topological structure of nano-sepiolite and its sur-
face charges permitted higher drug loading into the composite hydro-
gel. Thus, the drug-loaded polymer-clay composite hydrogels
(PCNCHF3@FU and PCNCHF5@FU) showed higher FU release at pH 7.4
and 1.2 than the polymer hydrogel (PCNCHFFO@FU, as depicted in
Fig. 6b & 6¢). The increase in sepiolite concentration from PCNCHF1 to
PCNCHF5 increased %FU release because of the network porosity incre-
ment as a result of sufficient surface interactions between the polymers
and the clay structure. In contrast, the reduced FU release with a further
increase in sepiolite concentration can be attributed to the non-
homogeneous structure (data not shown). However, the PCNCHF5@
FU showed higher FU release at pH 7.4 compared to the FU release
from PCNCHFO@FU at pH 1.2 (Fig. 6¢). The reason for this is that at
high pH, the polymer acid groups were ionized (~-COOH — -COO™) to
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Fig. 7. Mechanical properties of PCNCHFs. (a) Stress-strain curves, (b) percentage changes in the tensile strength vs. fracture stress, and (c-h) SEM morphology of the tensile fracture

surface. The SEM images are shown with low and high magnifications, as indicated.
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create osmotic pressure on the composite network; moreover, this -
COO~ increased the electrostatic repulsive forces, leading to lower hy-
drogen bonding, and the resultant swelling changes led to further FU re-
lease in a sustained manner [5,8,49]. Furthermore, the interaction of
sepiolite with CMC macromolecules instigated the inhibition of FU leak-
age during the formation of the composite hydrogels. This could also be
one of the reasons for the decrease in FU vanishment from the PCNCHFs
[52]. In contrast, at pH 1.2, protonation of the acid groups reduced the
electrostatic forces among the -COO™ groups, which reduced the
hydrogen-bonding association and eventually reduced FU release be-
cause of absorption shrinking. The release kinetics of PCNCHF5@FU
were compared with those of PCNCHF3@FU and PCNCHFO, which con-
firmed the prolonged and sustained release of FU from the network. In
this process, the nano-clay plays a crucial part in the course of FU re-
lease. The FU release time of PCNCHF5@FU was extended for 32 h
owing to the longer route for FU migration from PCNCHF5 to the PBS
medium due to the greater porosity created by nano-sepiolite, in com-
parison with PCNCHFO. The FU release mechanism of PCNCHFs is
depicted in Fig. 6d, as follows: the nano-sepiolite particles in the com-
posite structure provided a longer route for FU migration into the PBS
medium compared to PCNCHFO [52]. This prolonged the release time
of FU in a well-controlled manner.

For the evaluation of FU release mechanism from all PCNCHFs, the
release kinetic parameters played an important role and were deter-
mined by plotting the graph between Mt./M« (cumulative release)
and t (time). Herein, the values were applied in Mt./Me = Kt", then
the “n” values were between the 0.49 and 0.60, which suggests that
the PCNCHFs@FU followed an anomalous FU transport model with
two explicitly independent mechanisms: diffusion-controlled
(non-Fickian) and case Il transport (swelling controlled) [5,10]. Both ex-
tended drug release time and sustained release performance offer ad-
vantages in cancer treatment proficiency since the stable and
persistent drug release from the carrier can efficiently kill cancer cells
and prevent their growth in long-term usage.

3.8. Mechanical properties

Reinforcement of the polymer hydrogels with different concentra-
tions of sepiolite, greatly influenced their mechanical properties,
which were studied by tensile measurements, and the findings are
depicted in Fig. 7a. With the increase in sepiolite content from PCNCHFO
(0% sepiolite) to PCNCHF5 (1.5% sepiolite), the tensile strength (TS) also
increased from 52.04 4 0.68 MPa to 78.02 + 0.76 MPa, although further
reinforcement of clay decreased the mechanical properties. A similar
pattern was reported earlier for gelatin-egg white/clay biopolymer
nanocomposite [53], CMC/starch/clay [33], chitosan/clay [36], and
agar/clay [50]. These findings can be attributed to the conformation de-
veloped by the nano-fibrous structures of sepiolite with a surface area of
320 m?/g [28,38]. The ionic interactions and Van der Waals forces be-
tween polymer chains and silanol groups (Si-OH) yielded well-
assembled polymer-clay nanocomposite structures [33]. In contrast,
PCNCHFO showed increased toughness, resulting in a higher elastic
modulus and yield stress. The reinforcement of sepiolite has a stronger
impact on the elastic modulus. In this system, the physical crosslinking
interactions among CMC and PVP are accompanied by hydrogen bonds
created between CMC and PVP and CMC and sepiolite, which generate a
higher number of entanglements and build up a stronger network.
However, the reinforcement of sepiolite beyond 1.5% did not affect the
properties of nanocomposites; this may be due to uneven distribution
of sepiolite, which created stacked structures at higher concentrations.
As shown in the Fig. 7(b), the tensile strength of the PCNCHF5
(78.02 £ 0.76 MPa) was ~109% higher than that for the PCNCHFO.
Therefore, the increment of sepiolite inside the polymer matrix can
greatly influence the mechanical properties of the PCNCHFO, which
eventually optimizes the physical cross-linking inside the network
structure of nanocomposites. Comparatively, the TS values of PCNCHF1
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to PCNCHFS5 are higher than those of industrial trade polymer films such
as high-density polyethylene, polypropylene, and polystyrene, which
show TS values of 22-31, 31-38, and 45-83 MPa, respectively [54].

The tensile fracture surface of PCNCHFs was observed by SEM anal-
ysis. Fig. 7(c-h) shows the overall morphology of the fractured surfaces
(in different magnifications). The pristine PCNCHFO displayed quite soft
textured surface (Fig. 7c), whereas the intercalated nanocomposites
from PCNCHF1 to PCNCHF3 showed a somewhat uneven cracked distri-
bution pattern (Fig. 7d-f) and at high magnifications, these patterns
were predominant (Fig. 7d-f). As the sepiolite reinforcement increased
from PCNCHF4 to PCNCHF5, the resultant PCNCHFs did not show any
presiding layered intricated structures in the low-magnification image.
However, high-resolution images clearly depicted the assemblage of
nanosized sepiolite clay particles distributed evenly throughout the
polymer matrix (Fig. 7g-f).

3.9. In vitro cytocompatibility of the polymer hydrogels

Despite showing profound mechanical properties, chemical stability,
ease of processing, and non-toxic nature, cytocompatibility remains an
essential parameter for any material before it can be used in biomedical
applications. Therefore, we assessed CCDK cell attachment to all the
PCNCHFs to demonstrate their cytotoxicity and cytocompatibility
behavior since fibroblasts plays a prime role in the formation of
granulation tissue and tissue regeneration. To evaluate the cytotoxicity
and cell viability, the pristine and sepiolite-incorporated polymer
hydrogels against CCDK cells were assessed using PrestoBlue, which al-
lows simple and rapid live measurement for toxicity and viability. Fig. 8
demonstrates the percentage cell viability of CCDK exposed to
PCNCHFO, PCNCHF1, PCNCHF3, PCNCHF4, and PCNCHFS5 for a 72-h incu-
bation period. The obtained results confirmed that the all PCNCHFs
showed >95% cell viability, which is comparable to the control groups
and other polymer-clay composites [55]. Therefore, the developed
PCNCHFs are non-toxic to normal cells, indicating their excellent
biocompatibility.

Moreover, biocompatibility was further assessed by measurements
of live/dead cells and their images were obtained by fluorescence mi-
croscopy. As shown in Fig. 9, the live cells and dead cells were measured
with green and red fluorescence, respectively. The fibroblasts seeded to
PCNCHFs were found to remain feasible after 72-h culture, which exhib-
ited strong green fluorescent cells. As the sepiolite reinforcement in-
creased in the hydrogels, the number of elliptical/round-shaped
fibroblasts increased gradually. At higher sepiolite concentrations, the

L1

PCNCHF0 PCNCHF1 PCNCHF3 PCNCHF4 PCNCHFS5S

120

100 A

®
=

(=)
(=

% Cell viability

'S
=)

20 -+

Fig. 8. Prestoblue-based cell viability assay against fibroblasts (CCDK) treated with
different hydrogel samples for a 72-h incubation period.
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elliptical/round-shaped fibroblasts were consistently dispersed in the
network structure, which indicated the excellent biocompatibility of
PCNCHFs. These results suggested that the PCNCHFs had good
cytocompatibility along with a non-toxic nature. The porous network
structure of PCNCHFs, which permitted oxygen and nutrients to perme-
ate, provided an appropriate ambiance for fibroblasts. Therefore, the de-
veloped PCNCHFs could be used in different fields such as drug delivery,
tissue engineering, wound dressing, and food packaging applications to
not only provide physical support but also improve the survivability of
normal cells via their interactions with the cell membrane receptors.

4. Conclusion

In this study, CMC-based hydrogels reinforced with sepiolite
(PCNCHFs) were successfully developed by moist heat treatment
followed by solution casting. The FTIR spectra of PCNCHFs displayed
some distinct changes in the spectral range with a difference in their vi-
brational band intensities representing an interfacial interaction among
the polar groups (carboxylic, hydroxyl, and imine) of the polymers and
silanol groups (Si-OH) on sepiolite. The XRD results showed that rein-
forcement of sepiolite on the polymer hydrogels resulted in reduced
crystallinity. Subsequently, the surface morphology of PCNCHFs was

Fig. 9. Live/dead assay fluorescence images of human skin fibroblasts (CCDK) cells (a-e) treated with hydrogel samples (PCNCHFO to PCNCHF5) for a 72-h incubation period. The images
were captured with a 200-um scale bar. The live and dead cells were indicated by green and red colors, respectively.

474

International Journal of Biological Macromolecules 178 (2021) 464-476

modified with layer, plate, and cluster-type formations, respectively.
The peak depth at glass transition and melting point from DSC analysis
also showed a decrease in the degree of crystallinity of PCNCHFs and the
increase of the amorphous nature, which was consistent with the XRD
results. The TG thermograms of PCNCHFs moved toward higher temper-
ature after sepiolite reinforcement, confirming the good dispersion and
strong interfacial interactions between silanol (Si-OH) groups of sepio-
lite and the carbonyl, carboxylic acid, imine, and hydroxyl groups of
polymers, which improved the thermal stability of PCNCHFs. The TS of
PCNCHF5 (78.8 MPa) was higher than that of the pristine PCNCHFO
(53.2 MPa). The PCNCHFs exhibited biocompatibility and showed
higher swelling capacity with stable and sustained FU release in time,
which is more favorable for different drug release applications. On the
basis above investigation results, PCNCHFs may offer a simple, eco-
nomic, and unique approach for the fabrication of novel systems that
will be useful in different fields, including drug delivery, wound dress-
ing, tissue engineering, and food packaging.
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