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Objectives: Hydrogel films were prepared from Polyvinyl alcohol [PVA], Corn starch [CS], Castor oil [CO]
and silver nanoparticles [SNP], biosynthesized in leaves’ extract of locally grown Mentha piperita L.
(Family, Labiatae) for prospective application as wound dressings.
Methods: Both aqueous [AME] and methanolic [MME] extracts of Mentha piperita leaves were used for
phytochemical synthesis of SNP, that were later dispersed in hydrogel matrix by simple blending of
the constituents (PVA, CS, CO, AME/MME and SNP) and crosslinking with glutaraldehyde.
Results: The hydrogel films were flexible and biodegradable. The structure analysis by FTIR suggested
hydrogen bonding between the functional groups of PVA, CS and CO in the films. SEM analysis revealed
that SNP globules were distributed (10.02% and 12.57%) throughout the hydrogel matrices that were pre-
pared from both AME and MME, respectively. The hydrogel films with MME showed higher thermal sta-
bility than those formed from AME due to uniform dispersion of small (size�70 nm) and unagglomerated
SNP in the former. The hydrogel films can be safely used upto 200�C. The antibacterial studies exhibited
that the films inhibited the growth of both S. aureus and P. aeruginosa, as investigated by disc diffusion
method.
Conclusion: The hydrogel films were prepared through ecofriendly and benign route, devoid of any toxic
solvents, diluents, surfactants, stabilizers and can be employed as thermally stable, antibacterial and
biodegradable films. The hydrogel films with MME showed better performance than AME films, for
prospective application as wound dressings.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Mentha piperita L. (Family, Labiatae) is one of the important
plants in pharmaceutical industry with specific pharmaceutical
characteristics. Mentha oil and its extract have antifungal activities
against several microorganisms such as Pseudomonas, Aspergillus
Niger and Fusarium. Mentha extracts can be defined as primary
antioxidants which can prevent the beginning and proliferation
of free radical-mediated chain reaction. Therefore, the extract can
prevent the oxidative damage on skin (Robles-Martínez et al.,
2020; Siddeeg et al., 2018). In addition, Mentha essential oil can
be used as potential source of natural antimicrobial agents
(Narayanan and Sakthivel, 2010; Rajeshkumar et al., 1872).

Metal nanoparticles have specific and unique physical, biologi-
cal and chemical properties that have gained the attention of
researchers in the past decades. They are used in diverse areas,
for example, beauty care products, drug delivery and coatings
(Ghosal et al., 2019; Ghosal et al., 2015). Silver, gold and platinum
nanoparticles have been used in cosmetics and pharmaceutical
products. In addition, some other known metal nanoparticles
including zinc, iron, copper and selenium have been successfully
used as antimicrobials in medical treatments. Biosynthesis of
nanoparticles further augments their significance and applications.
Using biological agents such as plant extracts in nanoparticles syn-
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thesis has become an excellent alternative to traditional methods
as it is nontoxic, eco-friendly, clean and inexpensive method.
(Mubarak et al., 1873, Narayanan and Sakthivel, 2010; Narayanan
and Sakthivel, 2011; Patil and Kim, 2017; Rosman et al., 2020).

Hydrogels have some specific characteristics such as
hydrophilicity, biodegradability and biocompatibility that render
them suitable for biomedical applications including drug delivery,
tissue engineering and wound dressings (Kouser et al., 2018a;
Kouser et al., 2018b; Kouser et al., 2018c; Vashist et al., 2019;
Vashist et al., 2012; Vashist et al., 2016; Vashist et al., 2012;
Vashist et al., 2013; Vashist et al., 2014). The hydrogel films to be
used as wound dressings must be non-toxic, biodegradable,
antimicrobial to prevent wound infection, with the ability to
absorb wound exudates, and control moist environment. PVA and
starch blend films have shown good water absorption, film forming
behavior and mechanical strength (Hassan et al., 2018; Khan et al.,
2021; Sin et al., 2013; Velgosova et al., 2021). CO has been used as
antibacterial agent in hydrogels, for skin tissue augmentation, as
polyurethane membranes for wound dressing applications, and
as multifunctional reagent (Díez-Pascual and Díez-Vicente, 2015;
Gharibi et al., 2021; Ghosal et al., 2013; Muzammil et al., 2021;
Rezaei Hosseinabadi et al., 2020). In the present research,
nanocomposite hydrogel films [PVA:CS:CO] have been fabricated
using PVA, CS, and CO, by blending. The latter has been a simple
applied technique for preparing hydrogel films (Iqbal et al.,
2020). PVA:CS:CO [H] matrix was further loaded with biosynthe-
sized SNP and crosslinked using glutaraldehyde [GA] which favors
intermolecular reaction with PVA under mild conditions
(Figueiredo et al., 2009).

The proposed research aims (i) to utilize the potential of locally
available Mentha piperita plant in the biosynthesis of SNP, (ii) to
develop transparent and biodegradable nanocomposite hydrogel
films using non-toxic components, loaded with biosynthesized
nanoparticles, as herbal dressing for wounds, (iii) through environ-
ment friendly protocol. The manuscript highlights the properties of
hydrogel films obtained from the combination of PVA/CS/CO/mint
extract and biosynthesized SNP. The literature review revealed that
no research work has been accomplished on such hydrogel films as
developed in the present research.
2. Materials and methods

2.1. Materials

CS (C6H10O5)n, MW (162.14)n (Holyland, Saudi Arabia), PVA,
MW 140,000 (HIMEDIA, Mumbai, India), Silver nitrate [SV] (extra
Fig. 1. TEM o
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pure from ScharlauChemie S.A., Sentmenat, Spain), CO (Loba Che-
mie, Mumbai, India), Glycerol [GL] (Sigma-Aldrich, Germany),
Tween 80 [TW] (Sigma-Aldrich, Germany), GA (Loba Chemie,
Mumbai, India) and ethanol (AnalaR NORMAPUR, France), were
used as received. Deionized water (DIW) was used in the prepara-
tion of hydrogels.

Fresh mint plant Mentha piperita (Family: Lamiaceae), was
obtained from Alahmadi farm in Madina Al- Monawwarah, Saudi
Arabia, in the month of December, and identified by Dr. Kadry
Abdel Khalik, Botany Department, Faculty of Applied Sciences,
Umm Al-Qura University.

2.2. Methods

2.2.1. Preparation of aqueous mint extract [AME] and methanolic mint
extract [MME]

Fresh mint leaves were washed with DIW and dried on the top
of the lab bench until no residual water was found on leaves. The
leaves were then patted dry again and used to prepare AME and
MME.

The leaves were added to boiling DIW (10%w/v) and left covered
to boil for 5 min. Next, the extract was cooled slowly to room tem-
perature and filtered through whatmann filter paper to obtain
AME.

For preparing MME, the leaves were placed in methanol (25%w/
v), left for 24 h at room temperature, and then filtered to obtain
MME.

Both AME and MME were stored in dark bottles for future use, if
required.

2.2.2. Preparation of silver nanoparticles in aqueous mint extract
[SAME] and methanolic mint extract [SMME]

1 ml of AME was added to 9 ml of 0.1 M SV solution. The mix-
ture was placed in dark, at room temperature, for 2 h. Similarly,
1 ml of MME was added to 9 ml of 0.1 M SV solution and placed
in dark for 2 h. In both cases, the change in color was observed
from green to dark brown. The formation of SNP in AME and
MME was confirmed by UV and TEM analysis. The solutions SNP
in AME and SNP in MME are termed as SAME and SMME,
respectively.

2.2.3. Preparation of hydrogel films
To CS (2.8 g) and PVA (1.2 g) was added DIW (40 ml), CO (0.4 g)

and TW (0.4 g), each separately dissolved in ethanol (4 ml) and GL
(2 ml) dissolved in ethanol (10 ml). The contents were constantly
stirred for 10 min at 80 ± 5 ℃ and then cooled to room tempera-
f SAME.



Fig. 2. TEM of SMME.

Fig. 3. UV spectra of SAME and SMME.
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ture, followed by the addition of SAME, and continuous stirring for
1 h at room temperature. Acidified GA dissolved in ethanol (1 ml)
was dropwise added to SAME and PVA:CS:CO blend. The mixture
was divided in two portions, each portion was gently poured on
a glass petri dish and left to dry at room temperature to produce
hydrogel film termed as H-SAME, i.e., hydrogel film (H) developed
with SNP biosynthesized in aqueous mint extract. Similar proce-
dure was followed to prepare H-SMME, i.e., hydrogel film devel-
oped with SNP biosynthesized in methanolic mint extract.

By similar method, PVA:CS:CO, PVA:CS:CO-AME and PVA:CS:
CO-MME hydrogel films were also prepared termed as H, H-AME
and H-MME films, respectively.
Fig. 4. Hydrogel films of H, H-AME,
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2.3. Characterization

2.3.1. Spectral analysis, morphology, thermal stability and
biodegradation assessment:

FTIR spectra of H, H-AME, H-MME, H-SAME and H-SMME
were recorded on FTIR spectrophotometer (Spectrum 100, Perkin
Elmer Cetus Instrument, Norwalk, CT, USA) to identify different
functional groups. The composition and morphology of films
were observed by FE-SEM (JSM 7600F JEOL, Japan) and EDX
(Oxford) attached to the SEM instrument. Sample was sputter
coated with Pt prior to observation under the microscope and
the microscope was operated at 15 kV. The particle size distribu-
tion of SNP were determined using Dynamic Light Scattering
(DLS) analyzer (Zetasizer Nano, ZSP) Malvern Instruments Ltd.,
U.K.) and UV analysis was performed on a UV–vis spectropho-
tometer (Lambda 35) Perkin 202 Elmer lambda, Waltham, MA,
USA. TEM analysis was performed on a Transmission electron
microscope (TEM)(JEM-2100F) JEOL, Japan, to find out the size
and shape of nanoparticles.

Thermal analysis of nanocomposites was carried out by TGA
(Mettler Toledo AG, Analytical CH-8603, Schwerzenbach, Switzer-
land) in nitrogen atmosphere and at heating rate 10�C/min to
assess the thermal stability of hydrogel films.

Biodegradation assessment was performed by soil burial
method. Hydrogel films were cut in (2 cm � 2 cm) square films.
These films were separately buried in soil at the depth of 10 cm.
For identification of each sample, a flag with the film code of a par-
ticular film was planted over the burial site of that film. The films
were carefully pulled out from the soil, after every 4 days, to record
the degradation effect of soil, i.e., change in color, texture, weight
and overall appearance of the film, and were again replaced at their
site and buried, until major changes were observed.
H-SME, H-SAME and H-SMME.
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2.3.2. In-vitro antibacterial test
2.3.2.1. Bacterial isolates. Standard strains (Staphylococcus aureus
ATCC and Pseudomonas aeruginosa ATCC) were sub-cultured from
stored frozen (-20 �C) tubes contain glycerol on blood agar pur-
chased from Saudi Prepared Media Laboratory Company Ltd. (SPML
Ltd. Dammam) and incubated for 18 h at 37 �C. After the incuba-
tion, 3–5 single colonies were inoculated into Nutrient broth media
(SPML Ltd. Dammam) and incubated for another 18 h at 37 �C to
make a suspension for each strain. These suspensions were stan-
dardized at 600 nm optical density equal to 0.1 MacFarland to
assure the inoculum prepared with the same number of cells. Then
we used disc diffusion method which was adopted according to the
Clinical and Laboratory Standards Institute for antimicrobial sus-
ceptibility (CLSI, 2010).

2.3.2.2. Preparation of the sample. Each bacterial suspension was
added by transferring 100 ml of each standardized suspension then
spread on pre-prepared Muller-Hinton agar media (SPML Ltd.
Dammam). Two sets of discs were prepared. In the first set, the fil-
ter paper discs (6 mm diameter, 0.9 mm thick) were impregnated
with CO, AME, MME, SAME and SMME. Then by using sterile for-
ceps, these discs were applied onto the surface of the prepared
Muller-Hinton agar media. In the second set, the hydrogel films,
H, H-AME, H-SAME, H-MME, H-SMME, were cut into discs (6 mm
diameter and 0.9 mm thick). Here, plain hydrogel film H was used
as a negative control. One disc of antibiotic (Amoxicillin for S. aur-
eus and Amikacin for P. aeruginosa) was added in each plate as a
positive control. The plates were incubated for 24 h at 37 �C, then
the zone of inhibition for each preparation was measured using
metric scale.
Fig. 5. FTIR spectra of H (a), H-SAME (b) and H-SMME (c).
3. Results and discussion

3.1. Synthesis

Biosynthesis of SNP in mint extract was performed utilizing the
phytochemical reduction potential of AME and MME (Khatoon
et al., 2018; Robles-Martínez et al., 2020) without using any sol-
vent, surfactant, stabilizer, and capping agent. TEM analysis
(Fig. 1) of SAME revealed the presence of large globules of SNP with
size � 800 nm, and average particle size as 448 nm. SMME (Fig. 2)
showed the presence of spherical SNP of size � 70 nm, with aver-
age particle size about 37.5 nm. UV spectrum showed broad peaks
with maximum absorption at 420 nm and 465 nm, in SAME and
SMME, respectively (Fig. 3). In SAME, an additional peak was
observed at 360 nm.

The hydrogel matrix was prepared from CS, PVA, CO, TW and
GL. The raw materials used are eco-friendly, and the solvents
employed in synthesis are water and ethanol. The nanocomposite
hydrogel films were obtained by reinforcing the matrix with SNP
biosynthesized in mint leaves’ extract: AME and MME(Alam
et al., 2020; Sharmin et al., 2021; Sharmin et al., 2020). The
crosslinking was carried out by GA. The films were dried at room
temperature for 72 h and could be peeled off the glass petridish
easily. The hydrogel films prepared were flexible/foldable, crack-
free and bubble-free (Fig. 4). The synthesis strategy complies with
‘‘greener synthesis” protocol as (i) no reducing or stabilizing agents
or diluents were used, (ii) no side reactions occurred, (iii) the
preparation of films was carried out at room temperature and,
(iv) the hydrogel films were biodegradable.

3.2. FTIR

FTIR spectrum of CO (not shown here) presented absorption
bands for- OH (3400 cm�1), -C@C-Hstr (3007 cm�1),–CH2, CH3
4

(2926 cm�1 and 2855 cm�1; assym and sym str str), -C@Oester
(1740 cm�1), -(CC(@O) -O) (1240 cm�1, 1165 cm�1), �O- C- C -str
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ester (1097 cm�1), C@C (1650 cm�1) and –CH3 (1400 cm�1; bend-
ing) (Akram et al., 2008). FTIR spectrum of H, H-SAME and H-
SMME (Fig. 5) showed absorption bands at 3000–3600 cm�1

(OH), 2800–2900 cm�1 (–CH2, –CH3 str), 1738 cm�1 (-C@O),
1649 cm�1 (-C@C-str), 1300–1400 cm�1 (–CH- bending). These
were the absorption bands typical for the functional groups pre-
sent in PVA, CS and CO (Aktürk et al., 2019; Sharmin et al.,
2020). However, in all these spectra, the absorption bands were
very broad due to inter and intramolecular hydrogen bonding typ-
ically between the hydroxyl functional groups of PVA, CS and CO
(Tanwar et al., 2021; Vashist et al., 2012; Vashist, Shahabuddin,
et al., 2012).
3.3. SEM

SEM micrographs of H, H-AME, H-MME (supporting file a,b,c),
H-SAME and H-SMME (Fig. 6) showed that there were no cracks
or pinholes and all the films were uniform and homogenous. While
in H, H-AME and H-MME, SNP are absent, in H-SAME and H-SMME,
Fig. 6. (a) SEM of H-SAME. (b) SEM of H-SMME. (c) S
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SNP could be seen distributed throughout the matrix. The high-
resolution images (Fig. 6c) of H-SAME and H-SMME distinctly
exhibited the distribution of SNP as globules. In H-SMME, these
SNP globules were homogenously distributed throughout the H
matrix and were noticeably not agglomerated, thus indicating con-
siderable homogeneity between the H matrix and SNP. However,
smaller SNP globules were somewhat aggregated in H-SAME while
the larger particles were apparently not agglomerated.

Unlike in H, H-AME and H-MME films (supporting file a,b,c), the
presence of Ag-element was confirmed in H-SAME (10.02%) and H-
SMME (12.57%) by elemental mapping (Akram et al., 2010; Alam
et al., 2020).
3.4. TGA

The hydrogel films showed similar degradation pattern upto
150 �C (Fig. 7), which can be attributed to the loss of entrapped
moisture. The next step incurred about 20 wt% loss upto 300�C in
H, H-AME and H-MME, followed by the next step that extended
EM of H-SAME and H-SMME (higher resolution).



Fig. 7. TGA thermograms of H, H-AME, H-MME, H-SAME and H-SMME.
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over the rest of the thermogram. In H, H-AME and H-MME, 10 wt%
degradation occurred upto 210�C, while in H-SAME and H-SMME,
the same occurred at 250�C and 260�C, respectively. In H, H-
AME, H-MME, H-SAME and H-SMME, 50 wt% loss occurred in the
range of 325�C–350�C, while 80 wt% loss occurred from 400�C to
415�C. The degradation pattern of H, H-AME and H-SAME was
comparable. H-SMME showed higher thermal stability than H-
SAME though both the hydrogel matrices were reinforced with
SNP. This can be well explained with reference to the size of dis-
persed SNP and morphology of their respective hydrogel films
Fig. 8. Hydrogel films afte

Table 1
Antibacterial activity using disk diffusion method.

Mint extract preparation Bacterial isolate

S. aureus (mm) P. aeruginosa (mm)

AME N/A N/A
H-AME N/A N/A
SAME 7.7 7.5
H-SAME 8.33 9
MME N/A N/A
H-MME N/A N/A
SMME 7.33 9.5
H-SMME 8.33 9.5
CO 6.7 7
H N/A N/A
Amoxicillin 13.7
Amikacin 19.7
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(Fig. 6a and b). H-SMME has smaller size SNP homogenously dis-
persed throughout the matix while in H-SAME, SNP are relatively
larger in size and clustered thus the homogeneity and integrity
of the hydrogel matrix is expended.

3.5. Antibacterial study

Disk diffusion method using different samples (filter paper and
hydrogel) showed different zones of inhibition as listed in Table 1.
The zones of inhibition were measured in millimeters (mm). The
positive control (Amoxicillin) for S. aureus showed 13.7 mm zone
of inhibition. H-SAME showed zone of inhibition for S. aureus
(8.33 mm) while SAME showedmedium effect (7.7 mm). CO exhib-
ited the lowest inhibition (6.7 mm). Similarly, addition of AgNO3 to
aqueous mint extract and methanolic mint extract hydrogel films
showed medium zone of inhibition (9 and 9.5) in comparison to
the positive control (Amikacin) which was 19.7 mm for P. aerugi-
nosa. H, H-AME and H-MME films showed no effect on both S. aur-
eus and P. aeruginosa. It is obvious that the addition of AgNO3 to the
aqueous mint extract and methanolic mint extract, followed by the
synthesis of SNP, increased the effect of inhibiting the growth of
both S. aureus and P. aeruginosa by hydrogel films.

Our extended studies demonstrated that the PVA:CS:CO hydro-
gel films loaded with SNP, showed potential for wound healing
because of the dispersion of nanosized SNP.

3.6. Soil burial degradation

The hydrogel films were buried under soil and observed for any
change in color, texture, weight and overall appearance of the
films, after every 4 days. The signs of degradation became promi-
nent after 12 days of soil burial. The films turned soft and became
very fragile. H, H-AME and H-MME films had turned so weak that
they could not be handled and they broke. This can be correlated to
the presence of CO that aggravated degradation. H-SAME and H-
SMME films had also turned very soft due to the absorption of
water under the effect of soil, however, they did not break on han-
dling and seemed to have retained their mechanical strength due
to the presence of SNP. However, after 20 days of burial, both H-
SAME and H-SMME films were degraded in pieces. The change in
color was evident in all the films (Fig. 8). Thus, our study confirmed
that all hydrogel films were biodegradable, therefore, after using
the hydrogel films they can be easily degraded in soil.
4. Conclusion

PVA, CS and CO based hydrogel films were easily fabricated
through simple, environment friendly, quicker route without any
harmful solvents, arduous steps and side reactions. The hydrogel
r soil biodegradation.



M. Mojally, E. Sharmin, N.A. Obaid et al. Journal of King Saud University – Science 34 (2022) 101879
films were foldable, crackfree and thermally stable. They showed
antibacterial activity against S. aureus and P. aeruginosa. The pre-
pared films were found to be degradable in soil. These hydrogel
films can be used as biodegradable and antibacterial wound
dressings.
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