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Abstract

- M. Minnatul Karim? - M. A. Gafur’ - Muhammad Angkan Khan? - Md. Abdus Sabur?

Modification of cellulose with silver nanoparticles produces various nanocomposites with significantly developed properties.
This work aims to prepare a PVA hydrogel modified with cellulose/silver nanocomposites having potential applications in
various fields including biomedical, antimicrobial inhibition, textile wears, etc. Microfibrillated cellulose/silver nanocom-
posites hydrogels were prepared in the aqueous medium with aid of microwave-assisted heating. Different percentages of
nanocomposites were incorporated in PVA hydrogel to enhance the properties of PVA hydrogel. Prepared products were
characterized by UV—Visible spectroscopy, FTIR, TGA, XRD, and SEM. The swelling (in water saline, acidic and alkaline
solution), tensile, thermal, and antibacterial properties were also examined. The formation of Ag nanoparticles (AgNPs)
in the (MFC-Ag)NC was confirmed by XRD and UV-Vis spectra. UV-Vis spectra showed the characteristic peaks of Ag
in the UV-Vis spectra at 425 nm. Final products exhibited significant porosity and maximum swelling of 519.44%. The
thermal stability of hydrogel increased with an increased percentage of (MFC-Ag)NC. Hydrogels exhibited significant
antimicrobial inhibition against multidrug-resistant microorganisms, including Escherichia coli, Staphylococcus aureus,

and Pseudomonas aeruginosa.
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Introduction

Due to the unique physical properties hydrogels is an attrac-
tive material being used in the various field starting from
biomedical, adsorption, textiles, etc. Very low adverse
effects to cells and tissues, high water content, and bio-
compatibility of hydrogels making it a suitable material for
applications in the biomedical field including drug delivery
systems, biomedical devices, tissue engineering, contact
lenses, hygiene products, etc. [1-7]. Among different pre-
requisite biocompatibility and nontoxicity with the substrate
to which hydrogels are applied is a major concern for the
hydrogel intended for biomedical applications [8]. Due to the
presence of hydroxyl group polyvinyl alcohol (PVA) shows
strong hydrophilicity. Hydrophilic nature and some desired
characteristics of PVA including good self-healing capabil-
ity, biocompatibility, and nontoxicity make it suitable in the
field of biomedical [8-10]. The presence of the hydroxyl
group makes PVA reactive and can be functionalized to form
hydrogels by chemical and physical means of crosslinking
with many types of functional groups. Physical crosslinking
through hydrogen bonds is a common technique for PVA
hydrogels synthesis. Borax has been successfully used as
a chemical crosslinking agent for PVA. Borax produces
borate ions in the aqueous medium and crosslinked chemi-
cally with PVA with the formation of extensive hydrogen
bonds remarkably increase the viscoelasticity of the PVA in
aqueous solutions which leads to the formation of hydrogel’s
3D bridge network. Borax produces borate ions in aqueous
medium form complexes with hydroxyl groups of PVA that
act as a temporary cross-linker [11-14]. Numerous studies
have been revealed that composites of PVA hydrogels can
be prepared with different compounds including sodium
alginate, hyaluronan (HA), modified montmorillonite clay,
AgNPs, cellulose nanocrystals (CNC), microcrystalline
cellulose (MCC), cellulose fibers (CF), holocellulose (HC),
gum acacia, bacterial cellulose (BC), MFC, and chitosan
[15-19]. The resulting PVA hydrogels incorporated with
nanocellulose or silver nanoparticles exhibited desirable
properties for biomedical applications [20, 21].

Cellulose, the most abundant, sustainable, and environ-
ment-friendly natural polymer attracts much attention in bio-
medical applications due to its excellent biocompatibility.
The nanostructured cellulose such as nanocellulose (NC),
cellulose nanocrystal, microfibrillated cellulose (MFC) acts
as a potential aspirant in hydrogels because of its affluence,
high stiffness, low toxicity, and low weight [22, 23]. Exten-
sive hydrogen bonding can create interconnected networks
throughout cellulose structure via crosslinking to form
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hydrogels [24]. The use of these nanofibers in hydrogel has
proven effective due to the large surface area and enhanced
mechanical properties presented by cellulose [25]. Since
cellulose itself rarely possess antibacterial properties, cel-
lulose/PVA hydrogels are not efficient in therapeutic pur-
poses. AgNPs have been widely used as topical antibacterial
agents with luscious antimicrobial activity and fewer side
effects to minimize the abuse of broad-spectrum antibiotics
[26]. Instead of cellulose, Cellulose-Ag nanocomposites can
exert significant antimicrobial activity and demonstrate vari-
ant applications in the public health sector and biomedical
field [27, 28]. Cellulose incorporated with AgNPs lead to
the formation of (MFC-Ag)NC which can be utilized exten-
sively because of a wide range of properties subsuming high
mechanical strength, biodegradation, bio suitability, and sta-
bility against a variety of chemicals [18]. It has also been
reported that the incorporation of (MFC-Ag)NC into PVA
improved the antimicrobial properties as well as mechanical
properties as compared to individual MFC and AgNPs due
to the synergistic effects between both nanomaterials [29].
Commonly, AgNPs are synthesized by the reduction
of silver compounds by different techniques. A chemical
stabilizer is needed to protect the nanoparticles from clus-
tering. Fortunately, cellulose can act as both reducing and
stabilizing agents. However, the main problem of synthe-
sizing AgNPs is the consistency to get uniform properties
namely morphology, chemical reactivity, crystalline struc-
ture, etc. The properties of AgNPs are mostly dependent
on the synthesis method. In the present study, AgNPs have
been prepared microwave-assisted. It is expected that cel-
lulose molecules might create sufficient reactive cite under
microwave heating which can increase the reduction of silver
to produce more nanosilver and form (MFC-Ag) nanocom-
posite. The nanocomposites have been incorporated in PVA
hydrogels to enhance the physical and mechanical proper-
ties of hydrogels. Besides this, the MFC-Ag nanocompos-
ite can be generated the crosslinking network with PVA by
hydrogen bonding without minimum reduction of swelling
capacity because MFC acts as a superabsorbent. The thermal
properties of cross-linked (MFC-Ag) nanocomposite/PVA
hydrogels have not been reported in the literature before.
Therefore, we have investigated the thermal properties of
hydrogels to understand the effect of (MFC-Ag)NC. The
previous studies have been suggested that the cellulose-
AgNP incorporated PVA hydrogel is effective for Escheri-
chia coli and Staphylococcus aureus [20, 30, 31]. Like E.
coli and S. aureus, Pseudomonas aeruginosa caused harmful
effects in the tropical area and it became resistant to multiple
drugs. However, no work has been found on the usefulness



Journal of Polymers and the Environment (2022) 30:2875-2887

2877

OH OH OH

PVA Borate

Scheme 1 Reactions between PVA and Borax

of cellulose-AgNP incorporated PVA hydrogel against P.
aeruginosa. In this study, we have considered the antibacte-
rial activity of synthesized hydrogels against E. coli and S.
aureus, and P. aeruginosa bacteria. All bacteria used in this
study were multidrug-resistant reported [32].

Experimental
Materials

Textile wastage was collected from Ha-Meem Group Gar-
ment Industries Ltd. Dhaka, Bangladesh which was trans-
formed into cotton linter for the experiments. Borax was col-
lected from the local market and purified by recrystallization
method to remove sand, dirt, etc. Silver nitrate anhydrous
(extra pure) and PVA were brought from MolyChem, India,
and LobaChemie, India respectively. Other analytical grade
chemicals such as sodium hydroxide (>97%), glacial acetic
acid (99.7%), sodium chlorite (80%), sodium metabisulfite
(97%), sulphuric acid (>98%), silver nitrate (>99%) and
acetone (>98%) (all were purchased from Merck, Germany)
were used without further purification.

Methods
Preparation of Microfibrillated Cellulose

Cotton linter can be used as an alternating source of
a-cellulose as this is a cheap by-product of various garments
industries in Bangladesh. MFC was prepared from cotton
linter by several steps [33]. Sodium lauryl sulfate (5%) was
used to wash cotton linter in the water bath at 40 °C for
30 min followed by subsequent drying for 8 h under vac-
uum at 60 °C after rinsing with distilled water. Dried cotton
linter was treated with alkali and was bleached to remove the
impurities and to extract pure a-cellulose using the conven-
tional methods [33-35]. MFC was prepared by acid hydroly-
sis of extracted a-cellulose by the method mentioned in the
previous work [36-38].
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Synthesis of MFC-Ag Nanocomposites

(MFC-Ag)NC was synthesized by microwave-assisted heat-
ing with a very simple experimental setup. 0.481 g MFC
and 0.403 g AgNO; were placed in a 100 ml beaker. 50 ml
deionized water was added to it and stirred for 2 h with a
magnetic stirrer to form a suspension. The beaker was sealed
carefully with aluminum foil before placing it in the micro-
wave oven (Memmert, Germany, Models -UF with forced
air circulation, from 30 °C to 220 °C) to avoid expelling of
acid vapor and was heated for 15 min at 150 °C. After heat-
ing, the suspension was allowed to cool at room tempera-
ture. (MFC-Ag)NCs were separated from the dark brown
suspension using successive centrifugation. The (MFC-Ag)
NCs were washed with water several times until acidity was
removed completely. Finally, the nanocomposite was washed
with acetone and dried under a vacuum at 60 °C.

Preparation of (MFC-Ag)NC /PVA Hydrogels

The hydrogel was prepared using borax, PVA, and (MFC-
Ag)NC as key ingredients. A certain amount of PVA was
dissolved in distilled water at 85 °C. The pre-calculated
amount of (MFC-Ag)NC was dispersed in a little amount
of hot water and immediately added into the PVA solution.
The (MFC-Ag)NC The borax was used as a cross-linker and
the solution was added to this dispersed mixture. Borate
ions get attached to the PVA molecules to form trigonal and
tetrahedral ‘di-diol” structures [39]. Although the mixture
became viscous after adding borax, the transparent hydro-
gel was formed within a minute. The hydrogel was cured at
80 °C for 24 h. To investigate the effect of nanocomposite on
hydrogel, the samples were prepared with 0 wt%, 0.5 wt%, 1
wt%, 2 wt%, and 5 wt% of (MFC-Ag)NC (Scheme 1, Fig. 1).

Characterization
UV-Vis absorption spectra of MFC and (MFC-Ag)NC
were examined by Shimadzu UV-1600 spectrophotometer

from 190 to 800 nm. The infrared spectra (scanning range
4000-700 cm™") of MFC, (MFC-Ag)NC and hydrogels were
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Fig. 1 (MFC-Ag)NC/PVA ( a)
hydrogels a prepared in beakers
and b formed hydrogel

i\

recorded with FTIR (8400S, Shimadzu, Japan) spectropho-
tometer. The diffraction pattern and crystallographic struc-
ture of MFC and (MFC-Ag)NC were examined using an
XRD diffractometer (D8-Advance, Bruker, Germany) from
5° to 70°. Sample composition and surface topography were
examined with a scanning electron microscope (JSM-7610F,
JEOL Co. Ltd., Japan). To investigate the thermo-analytical
response and thermal stability of the materials, Extrar 6300
TG/DTA, Seiko, Japan was used. The process was carried
out under the inert environment of nitrogen gas with a scan-
ning rate of 20 °C/min. The detection range was set from
room temperature to 600 °C.

Swelling Test

The hydrogel samples were weighed and then submerged in
distilled water at room temperature. The weights of speci-
mens were taken at an interval of 24 h after wiping with a
tissue to remove the excess water. The degree of swelling
was measured till 72 h by the following equation: [39]

Ws — Wd

x 100
Wwd

Swelling% (Pure water) =
where Ws = the weight of the gel in the swollen state and
Wd= the weight of the gel in the dry state.

The swelling tests were also performed in saline water
(0.9% NaCl), pH 1, pH 4, pH 10, and pH 13. All reported
values are the average of three experiments.

Tensile Strength Test

Tensile strength test of hydrogels was performed at room
temperature using a 60kn WDW-S series Hounsfield tensile
testing machine (China). The dimension of test samples was
4x40x6 mm?>. The conditions were set as follows: Cross-
head speed of 2 mm/min and a gauge length of 20 mm. The
initial cross-section of 40 mm? was used for calculating the
tensile stress and Young’s moduli.
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Antimicrobial Activity

The well diffusion method was used to test the antibacterial
activity of prepared (MFC-Ag)NC/PVA hydrogels according
to the guideline of the National Committee for Clinical Lab-
oratory Standards (NCCLS) [40]-[42]. The gram-negative
Escherichia coli MZ20 and Pseudomonas aeruginosa MZ2F
and gram-positive Staphylococcus aureus MZ18 were grown
in Luria—Bertani (LB) for 18-20 h. The bacterial inoculums
were prepared by maintaining turbidity of 0.5 McFarland
standard (equal to 1.5 x 10% colony-forming units (CFU)/
ml). Mueller Hinton agar (MHA) plates (150-mm diameter)
were prepared, and bacterial suspensions were spread over
the surface. Negative & positive bacterial strains of 100 uL
each were placed on the solid culture medium. With the aid
of a sterile tip, holes of a diameter of 8 mm were shoved
and poured with (MFC-Ag)NC/PVA hydrogels with differ-
ent concentrations of (MFC-Ag)NC. After pouring samples,
the medium was kept at 37 °C for 24 h. The zone of inhibi-
tion for different strains was observed and measured after
incubation.

Result and Discussion

Characterization of MFC, (MFC-Ag)NC, and (MFC-Ag)
NC/PVA hydrogels

The absorbance spectra of MFC and (MFC-Ag)NC are
shown in Fig. 2 measured by UV-vis spectroscopy. The
spectra of (MFC-Ag)NC exhibited a strong absorbance band
at 425 nm while there was no characteristic peak for MFC.
The appearance of the peak at 425 nm is probably due to
the surface plasmon excitation vibration effect of AgNPs
which is following the previous studies [42]-[44]. It has also
been observed that the UV absorption band is positioned
at a long-wavelength range between 350 and 500 nm. The
position and intensity of the absorption peak of silver NP
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Fig.2 UV-Vis absorption spectra

may be depended on its size, shape, and surface capping
agents [43]. Gu-Joong Kwon et al. have revealed that the
spherical AgNPs can absorb light within the wavelength
range of 400—430 nm [45]. They also mentioned that nano-
cellulose can act as both template and the capping agents of
the (MFC-Ag)NPs. Ag-NPs are formed by the reduction of
Ag* ions by hydroxyl groups of cellulose followed by redox
reaction by which metallic Ag is fixed within the cellulose
porous structure.

Figure 3 shows the XRD pattern of MFC and (MFC-
Ag)NC. The typical diffraction peaks assigned to cellu-
lose and face-centered cubic (FCC) silver nanoparticles
were observed clearly. The diffraction peaks at around
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Fig.3 XRD diffractogram of a MFC b (MFC-Ag)NC ¢ PVA hydro-
gel d PVA/(MFC-Ag)NC (2wt%) hydrogel e PVA/(MFC-Ag)NC
(5wt%) hydrogel

20=12.08°, 19.96°, and 22.08° were observed due to the
101, 10 1, and 002 planes of cellulose respectively. The
peaks at around 20=34.74°, 40.62°, and 48.16° for (MFC-
Ag)NC were noticed due to the well-crystallized silver nano-
particles with FCC structure [43]. It indicated that Ag™ has
been successfully reduced with the cellulose matrix under
microwave-assisted heating and formed a crystalline struc-
ture. However, the intensity of the peaks at 34.74°, 40.62°,
and 48.16° is smaller compared to identified peaks of cel-
lulose at position 19.96°, and 22.08°.

Figure 4 shows the FTIR spectra of (MFC-Ag)NC, PVA,
and PVA/(MFC-Ag)NC hydrogels. The (MFC-Ag)NC dis-
plays the typical bands of cellulose [46, 47]. In general, the
absorption bands of (MFC-Ag)NC at around 3383 cm™! is
attributed to the stretching vibration of the hydroxyl group;
2897, 1666, 1487, 1028, and 833 cm™! peaks correspond to
the C—H group, C=0 stretching in cellulose, C—H bending
mode, C—O-C stretching mode from the glucosidic units
[46], and C—H rocking vibration of cellulose [48] respec-
tively. The characteristic absorption bands of PVA hydrogel
are found at 3358 cm™! which is corresponded to the O-H
stretching of the hydroxyl group of the PVA; sharp band at
1649 cm™' is assigned to the C-O stretching of the acetate
group, and 1492 cm™! is attributed to combination frequen-
cies of (CH-OH) of PVA. The peak at 1427 cm™! represents
the trigonal complex structure between PVA and borate [49],
which means the formation of trigonal structure is dominant
in this hydrogel. No remarkable changes were observed on
the spectra of PVA/ (MFC-Ag)NC hydrogels compared to
the PVA hydrogel. The characteristics bands of MFC and
PVA are closer to each other. Probably, in the hydrogels, the
individual bands of MFC and PVA were overlapped.
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Fig.4 FTIR spectrum of a (MFC-Ag)NC b PVA hydrogel ¢ PVA/
(MFC-Ag)NC (2wt%) hydrogel d PVA/(MFC-Ag)NC (5wt%) hydro-
gel
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Scanning electron microscopy (SEM) provides major
information about the surface morphology of hydrogels.
Figure 5 exhibits the surface morphology of (MFC-Ag)
NC (a and b), pure PVA (c), and PVA/(MFC-Ag)NC (d)
hydrogel samples following water removal by freeze dry-
ing. The images of (MFC-Ag)NC showed that the pre-
pared composite was in the micro range, exhibiting the
diameter of the composite materials as 0.07, 0.12, 0.15,
0.17 pm. After the removal of water, the voids formed
inside the pure PVA hydrogel was circular or oval in
shape and exhibited a diameter of 5-7 um. The addition
of (MFC-Ag)NC has brought substantial differences to
the hydrogels, particularly in terms of the diameter of
the void which decreased to 1-2 pm. As the amount of
(MFC-Ag)NC was increased the distance between PVA
chain reduced which in turn lead to a dense and relatively
compact structure. Furthermore, a random void structure
was observed compared to the circular and oval structure
of pure PVA hydrogel. That’s because of the random dis-
tribution of the (MFC-Ag)NC composite throughout the
hydrogel structure.

Fig.5 FESEM images of (a)
and (b) (MFC-Ag)NC (c¢) PVA
hydrogel and d PVA/(MFC-Ag)
NC (5wt%) hydrogel
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Swelling Properties

Figure 6 shows the change of degree of swelling (DS)
with time in distilled water, saline water, and various pH
solutions. It has been seen that the swelling percentage of
hydrogel is decreased with the increase of (MFC-Ag)NC
loading (Fig. 6a). From the SEM it is seen that the pore size
decrease with the addition of (MFC-Ag)NC. As hydrogels
retain water into their structure with the help of their beehive
structure. As the pore size decreases, it affects the swelling
property. So it can be said that with a higher percentage of
(MFC-Ag)NC incorporation, the pore size decreases which
led to the decrease of swelling of hydrogels [50]. The maxi-
mum swelling percentage was found to be 519.44% for 0
wt% (MFC-Ag)NC. The addition of (MFC-Ag)NC till 1 wt%
kept the swelling behavior similar to the maximum swelling
was found at 48 h but after this period the degree of swelling
tends to reduce. This could be due to the disintegration of
the hydrogel. Whenever polymer molecules are swelled in a
particular solvent, the physical bonds between the molecules
become weak [51]. Therefore, the PVA hydrogel started to
disintegrate after a complete swell in distilled water. This
also suggests that the bonding was weak and the cross-link-
ing of the hydrogel was physical bonding.
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tions of pH 1,4, 7, 10, 13 at 48 h

The DS of the hydrogel intensely dropped in the saline
(0.9% NaCl) water compared to distilled water. Moreo-
ver, the DS of hydrogel in saline water decreased after
1 wt% of (MFC-Ag)NC loading i.e. the hydrogel with
1 wt% (MFC-Ag)NC showed maximum DS capacity in
the saline water. Outwardly, the degree of cross-linking
in the hydrogel is influenced by the Na* cation of saline
water. Ag present in MFC may prohibit the entrance of
Na* ion to form crosslinking in hydrogel and hence DS
increases. At a very higher percentage of (MFC-Ag)NC,
(MFC-Ag)NC itself forms a crosslinked network with PVA
and borax hydrogel causing the reduction of DS and also
from the SEM it was evident that the pore size decreased
after the addition of (MFC-Ag)NC compared to the pure
PVA hydrogel which in-turn decreased the swelling degree
to a continuous manner. The maximum DS of hydrogel
is also found at 48 h for saline water. More ionic density
can reduce the gel stability which may act as the driving
force for the breakdown of bonding between the PVA and
(MFC-Ag)NC [52].

The DS of PVA hydrogel with 0 wt% (MFC-Ag)NC, 2
wt% (MFC-Ag)NC, and 5 wt% (MFC-Ag)NC was meas-
ured after 48 h in different pH solutions ranging from 1 to
13 to determine the sensitivity of the hydrogel samples. As
expected, the maximum DS value was obtained at pH 7 for
all types of samples and all samples showed a downward
trend in DS with the incorporation of (MFC-Ag)NC. Fur-
thermore, the DS decreased in both acidic and basic solu-
tions. At lower pH, the alcoholic groups of PVA and car-
boxylic acid groups of (MFC-Ag)NC are protonated which
can minimize the swelling proportion because of the reduc-
tion of anion-anion repulsion. In distilled water, the groups
converted into ions of alcohol and carboxylate that result-
ing in the maximum repulsive electrostatic forces which
in turn increased the DS of the hydrogel. However, in the
basic solution, the alcohol and carboxylic groups changed
to negatively charged ions which caused greater repulsion
and expected to have more swelling in the hydrogels, we
observed a decreased order. The possible reason is the pres-
ence of Ag™ and Na* ions which diminished the formation
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of negative carboxylate ions and hindered the effective elec-
trostatic repulsion [53].

Tensile Properties

The summary of mechanical properties of a series of hydro-
gels including tensile strength, Young’s modulus, and
elongation at break with different (MFC-Ag)NC contents
is listed in Table 1. The mechanical properties of (MFC-
Ag)NC/PVA hydrogels were evaluated by uniaxial tensile
measurements. The hydrogels with 0-5 wt% of (MFC-Ag)
NC loading would lead to an increase in modulus and ten-
sile strength. In (MFC-Ag)NC/PVA hydrogels, both covalent
bonds and physical interactions between (MFC-Ag)NC and
PVA chains might be stronger which led to the increase of
tensile strength. This enhancement in mechanical behaviours
would be related to the ability of (MFC-Ag)NC to change
the energy dissipation process. Besides, the addition of a

Table 1 Tensile properties of hydrogels with different PVA/(MFC-
Ag)NC loading

small fraction of (MFC-Ag)NC led to a significant increase
in Young’s modulus (toughness). The moduli values are sig-
nificantly higher than those reported by Han and co-workers
[54], 0.9 kPa was reported for pure PVA-borax hydrogels
and values ranging from 3.8 to 22.5 kPa was notified for gels
reinforced with cellulose nanoparticles (Fig. 7).

This enhancement in mechanical properties can be attrib-
uted to the reinforcing influence of (MFC-Ag)NC. Liu et al.
described the possible formation of a semi-interpenetrating
network between nano-cellulose and PVA [55]. The strong
interfacial interactions between the (MFC-Ag)NC and PVA
impart restrictions on segments of the polymer chain dur-
ing deformation leading to enhanced stiffness and strength.
Entangled segments of nanocomposite act as a physical
crosslinking agent, working in association with borax com-
plexes towards maintaining the mechanical integrity of the
hydrogels. This is supported by the increased gel content
observed at (MFC-Ag)NC concentrations up to 5 wt%. At
low degrees of crosslinking, polymer chains exhibit greater
flexibility and freedom to move, increasing the possibility
of bond reformation across the broken interface. Therefore
elongation at break was found the highest in 0 wt% of (MFC-
Ag)NC loading.

Thermogravimetric Properties

Figure 8 shows the TGA and DTG curves of (MFC-Ag)NC
and PVA hydrogels with various (MFC-Ag)NC contents.
The TGA curve of (MFC-Ag)NC indicates higher stability
toward thermal degradation. From 30 to 600 °C, weight

(€)

:\’ (a)

PVA hydrogel with Tensile Elongation (%) Young
(MFC-Ag)NC strength modulus
(KPa) (KPa)
Owt% 108+1.4 280.9+4.2 54+1.1
0.5wt % 11.5+1.7 2732+29 69+1.1
1wt % 121+£1.2 261.5+3.3 84+1.1
2wt% 145+2.1 2453433 12.7+£2.5
Swt% 16.3+4.3 209.1+£1.3 239+1.7
Fig. 7 Tensile stress—strain 20
curves of a PVA hydrogel, b
PVA/(MFC-Ag)NC (0.5wt%) 18 -
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Fig.8 TGA, DTG, and DTA curves of a (MFC-Ag)NC, b PVA hydrogels, ¢ PVA hydrogel with 2wt% of (MFC-Ag)NC, d PVA hydrogel with

Swt% of (MFC-Ag)NC

loss percent of nanocomposite was observed and maxi-
mum degradation was observed from 242 to 380 °C. The
TGA of (MFC-Ag)NC exhibited that the water content was
approximately 7 wt%, and at 242-380 °C, 90% weight was
lost which may be due to the degradation of the cellulose
chain. PVA hydrogels with different percentages of (MFC-
Ag)NC showed multiple steps of weight loss. The first
steep weight loss started at 93 °C and is attributed to the
loss of water in the sample which led to 60—-80% weight
loss till 125 °C in this stage. 2 wt% and 5 wt% (MFC-Ag)
NC loaded hydrogels showed lower weight loss compared
to pure PVA hydrogel. This is evidence of the semi-inter-
penetrating network formation between PVA hydrogel and
(MFC-Ag)NC. The strong electrostatic forces between
(MFC-Ag)NC and PVA molecules offer obstruction during
degradation of the polymer chains and lead to improved

properties against thermal degradation. This data is also
supported by a study performed by Sriupayo et al.[56].
The second step of degradation occurred at the tempera-
ture range from 135 to 225 °C. PVA started to degrade at
around 130 °C. During degradation of PVA, the remaining
water of gel is readily separated via vapor formation. The
DTG graph shows the final degradation peaks at 366, 311,
307 and 303 °C for (MFC-Ag)NC, 0 wt% (MFC-Ag)NC/
PVA, 2 wt% (MFC-Ag)NC/PVA, 5 wt% (MFC-Ag)NC/
PVA hydrogels, respectively and the corresponding weight
loss is 0.62 mg/min, 0.46 mg/min, 0.51 mg/min, 0.22 mg/
min. The DTA curve shows the endothermic peaks are
located at around 120, 124, and 190 oC (Fig. 8) for 0 wt%
(MFC-Ag)NC/PVA, 2 wt% (MFC-Ag)NC/PVA, 5 wt%
(MFC-Ag)NC/PVA hydrogels, which fit well with the first
step weight losses in the TG curve.
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Table 2 Antimicrobial activity

. Tested Microorganisms
data of PVA hydrogels with

Zone of Inhibition of study compound (mm)

different wt% of (MFC-Ag)NC PVA hydrogel with (MFC-Ag)NC (MFC-Ag)NC

against E. coli, P. aeruginosa,

and S. aureus Owt% 0.5wt% 1wt% 2wt% Swt%
Escherichia coli X 1.0+0.1 1.1+0.1 1.9+0.1 41+02 45+03
Pseudomonas aeruginosa X 1.1+0.3 1.5+03 2.0+02 45+04 50=x05
Staphylococcus aureus 0.7+0.1 1.8+£0.1 2.0+0.1 23+05 3.1+04 39+05

Anti-Microbial Activity

The antimicrobial activity of the hydrogel was observed
against multi-drug resistant E. coli MZ20 (gram-negative),
P. aeruginosa MZ2F (gram-negative), and S. aureus MZ18
(gram-positive) through the agar well diffusion method. As
shown in Fig. 9, the pure PVA hydrogel does not show any
antibacterial activity. (MFC-Ag)NC/PVA hydrogels showed
that the antibacterial ability increased with an increasing
percentage of (MFC-Ag)NC. With the addition of (MFC-Ag)
NC to the culture medium, it was expected to get attached
to the cell wall of the bactericides and because of the nature
of Ag nanoparticles, it destroyed the cell walls and affected
the protein and other cellular components leakage and at last
killed the cells. Ag nanoparticles can rapidly degenerate to
form free radicals by redox reaction. During the reaction,
Ag™ ion is formed which is responsible for the formation
of reactive oxygen species (ROS) resulting the oxidative
stress. Studies showed that nanoparticles can increase the
level of ROS up to 50 fold. When the cells of gram-positive
and gram-negative bacteria experience oxidative stress, a
series of dysfunctions are observed in their lipid membrane,
protein and DNA which stop cell growth and destroy them
[57, 58].

@ Springer

Table 2 shows that the antimicrobial efficiency of (MFC-
Ag)NC/PVA hydrogel depended on the concentration of the
(MFC-Ag)NC regardless of the form of bacteria used. That’s
why the best antibacterial effect was observed by (MFC-Ag)
NC only. It is clear that, with a higher percentage of (MFC-
Ag)NC content, the hydrogel samples exhibited an extended
inhibition zone around the wells. 5% (MFC-Ag)NC/PVA
hydrogels showed the maximum antimicrobial action against
E. coli, P. aeruginosa, and S. aureus. The maximum width
of the zone of inhibition of (MFC-Ag)NC/PVA hydrogels
against E. coli, P. aeruginosa, and S. aureus were 4.1 +0.2,
4.5+0.4, and 3.1 £0.4 mm respectively. By analyzing the
outcomes we can also discover that (MFC-Ag)NC hydrogels
exhibited better activity against gram-negative bacteria com-
pared to gram-positive bacteria.

Conclusions

A novel hydrogel has been prepared using micro-fibrillated
cellulose embedded silver nanocomposite and PVA, using
borax as a crosslinking agent to improve the gel strength and
antibacterial properties. The process for the preparation of
nanocomposite and hydrogel is eco-friendly and inexpen-
sive. The details of the structure were studied by UV-vis
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spectroscopy, XRD investigation, FTIR spectroscopy, and
SEM which supported the formation of nanocomposite and
hydrogel. Furthermore, the swelling property of the gel is
dependent on time, salt present, pH, and weight fraction of
(MFC-Ag)NC in PVA hydrogel. The degree of swelling was
found the highest in distilled water at pH 7.0 because of
the strong anion-anion repulsion and its value is decreased
with the increases of the percent of (MFC-Ag)NC. Tensile
strength and modulus of hydrogels were increased with the
addition of a different percentage of (MFC-Ag)NC whereas
elongation percentage showed the reverse trend. The weight
loss percentage and rate of degradation have been deter-
mined through thermogravimetry. The initial weight loss
due to bound water of hydrogel was found the highest for
pure PVA hydrogel which decreased with the increasing
percentage of (MFC-Ag)NC. The presence of (MFC-Ag)
NC in PVA gels aided effective microbial penetration and
the samples containing silver expressed antimicrobial activ-
ity against both gram-negative (E. coli, P. aeruginosa) and
gram-positive (S. aureus) bacteria although the effective-
ness was better against both the gram-negative bacteria than
the gram-positive bacteria. Based on the observed results,
PVA hydrogels with (MFC-Ag)NC can therefore be used in
a controlled release system and also can be considered as a
potential platform for further development of antibacterial
wound dressing.
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