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Design, preparation, and characterization of CS/
PVA/SA hydrogels modified with mesoporous
Ag,0/SiO, and curcumin nanoparticles for green,
biocompatible, and antibacterial biopolymer film
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and Hossein Naeimi 2°

Amir Hossein Ghasem

One of the most significant factors affecting the rapid and effective healing of wounds is the application of
appropriate wound dressings. In the present study, novel antibacterial wound dressings are fabricated that
consist of Chitosan (CS)/Polyvinyl alcohol (PVA)/Sodium Alginate (SA), which are all biocompatible,
functionalized with mesoporous Ag,O/SiO, and curcumin nanoparticles as reinforcements. In this
research nanocomposites are fabricated (0 wt%, 5 wt%, 10 wt%, 15 wt%, and 20 wt% of Ag,O/SiO,). After
the composition of nanocomposites using the cross-linked technique, Fourier Transform Infrared (FT-IR)
spectroscopy is performed to confirm the functional groups that are added to the polymer at each step.
X-ray diffraction (XRD) is done to show the crystallinity of Ag,O/SiO,. Field emission scanning electron
microscopy (FE-SEM) studies are performed to demonstrate the morphology of the structure, Energy-
dispersive X-ray spectroscopy (EDS) is done to examine the elements in the wound dressing and atomic
force microscopy (AFM) study is performed to show surface roughness and pores. Then the
nanocomposites with different weight percentages are cultured in three bacteria called Acinetobacter
baumannii, Staphylococcus epidermidis, and Proteus mirabilis, all three of which cause skin infections.
Finally, by performing the tensile test, the results related to the tensile strength of the wound dressings
are examined. The results show that with the increase of Ag,O/SiO,, the mechanical properties, as well
as the healing properties of the wound dressing, have increased significantly. Fabricating these
nanocomposites helps a lot in treating skin infections.

Wound healing stages and the processes that take place
during it are very important as the first important factor in the

All hydrogels are water-insoluble 3D polymer networks that can
absorb body fluids in a biological environment.” Various
polymers of natural and synthetic origin are used to make
hydrogels.®*® Physical hydrogels are formed through weak
secondary forces and chemical hydrogels are created by cova-
lent forces.” ™

Swelling, mechanical properties, and biological properties
are among the most important properties of hydrogels, each of
which can affect the structure and morphology of the hydro-
gel.**® The hydrogel is an adsorbent dressing with a non-stick
polymer structure.**** These wound dressings are usually made
of gelatin or polysaccharide, which is cross-linked by cross-
linking agents.*
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design and fabrication of wound dressings.>**” The human body
is a complex and interesting machine in which various processes
performed by cells are considered as its driving components.*®
The wound healing process is a great example of how tissues are
repaired by different body systems along with wound care prod-
ucts.”?* Wound healing in different patients takes different
times depending on the type of wound. However, the wound
healing process is similar in most people.** In general, small
wounds require less healing time, and deeper wounds require
more time and care to heal completely.*** The process of
complete healing or healing of a wound depends on many
factors: the suitable wound dressings, the attention and care that
is spent on the healing of the wound, and so on ref. 33 and 34.

Among the new wound dressings, hydrogels, which are made
of hydrophilic polymeric materials, can swell and can create
a cold surface on the wound, which reduces the patient's
pain.’***® Hydrogel dressings can absorb wound secretions and
keep the wound moist, which can help the wound heal.*”**
These dressings facilitate debridement by hydration, also
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absorb wound exudate and cause wound healing faster by
creating a moist environment for the wound.* Diabetes melli-
tus is one of the most common chronic diseases.*” Diabetes
mellitus is a metabolic disease in the metabolism of fats,
carbohydrates, and proteins in the body that is caused by
changes in insulin secretion in the body.** Decreased insulin
secretion from pancreatic beta cells or decreased sensitivity of
target cells to insulin or both leads to increased blood
glucose.*>* In this systemic disease, a large number of organs
of the body are involved and it has many early and late
complications. According to the predictions, its prevalence in
human society will increase in the future.** One of the most
important problems that diabetic patients face is a diabetic foot
ulcer. Peripheral neuropathy and peripheral vascular disease
are underlying factors in the development of diabetic ulcers, but
skin atrophy, which causes the skin to be less resistant to
ulceration, is also a responsible factor in some cases.*>*® Dia-
betic neuropathy affects the sensory components of the auto-
nomic nervous system and the locomotors system.*” Damage to
the sensory system causes the patient to lose the pain and all
sensations, resulting in general or partial numbness in the foot
of a person with diabetes.*®* Therefore, due to the loss of sense of
touch in the foot, in case of injury or wound, the patient is not
informed of the wound and its spread.*** In this case, due to
the patient not knowing about his wound, the wound spreads
and becomes infected, which leads to amputation of about
15%.°>° Because blood flow to the wound area is not adequate
in diabetics, the wound healing process is slow.***” Because
people with diabetes show a limited response to infection, it is
difficult to diagnose infection in diabetic wounds and require
amputation if antibiotics do not work.****® Early diagnosis and
effective treatment of diabetic foot ulcers are essential to avoid
amputation and maintain the quality of life of a diabetic
patient.®* Therefore, the need to use new dressings in the
treatment of these wounds is strongly felt.®> Wound drug
delivery is the newest method of wound healing. In this method,
biocompatible and biodegradable polymers are used for drug
delivery to the wound site.®®* Newer polymeric dressings that can
be used to release drugs include polyurethane sponges, chito-
san, hydrocolloid, and alginate dressings. Chitosan is a natural
polycationic linear polysaccharide achieved by partial deacety-
lation of chitin.®*®* Chitin is a white, hard, inflexible substance
and an abundant polysaccharide.®*”* Chitin is the most abun-
dant amino polysaccharide and is obtained from the shells of
shrimp, fish, and crabs.”»”* Chitosan has desirable properties
such as non-toxicity, biocompatibility, biodegradability, hemo-
static activity, cell adhesion, anti-inflammatory properties,
antimicrobial effect, and activity against various types of
bacteria and fungi, which makes it a suitable polymer and it has
been effective in tissue engineering, drug delivery systems and
wound healing.”*”* After wounding, cells die and extensive
tissue damage occurs, and neutrophils, which contain high
amounts of degrading enzymes and oxygen free radicals, release
these substances into the wound environment, prolonging the
inflammatory phase.””” Non-phagocytic cells also produce free
radicals, which lead to the accumulation of oxygen and reactive
nitrogen species at the wound site. The anti-inflammatory
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response after skin ulceration is a prerequisite for wound
healing. Strong antioxidants and anti-inflammatory agents such
as quercetin and curcumin can perform an essential role in
physiological wound regeneration.”

Mi et al”® designed a type of bilayer chitosan wound
dressing, including a dense upper layer (skin layer) and
a sponge-like lower layer, which is very suitable for application
as a modern delivery of silver sulfadiazine for the control of
injury infections. Lu et al.®® fabricated a new wound dressing
composed of nano-silver and chitosan using a nanometer and
self-assembly technology. This dressing should have wide
utilization in clinical settings. Jayakumar et al.®* reviewed an
extensive study on the wound dressing applications of
biomaterials based on chitin, chitosan, and their derivatives in
various forms in detail. Liang et al.** prepared new silver
nanoparticles (Ag NPs)/chitosan composite dressing with
asymmetric wettability surfaces via a simple two-step method
for biomedical applications as wound healing materials. Their
research indicated a novel wound dressing with asymmetrical
wettability for clinical use. Liu et al.® reviewed, a close look at
the application of chitosan-based hydrogels in wound dress-
ings and DDS to enhance wound healing. Ehterami et al.®*
fabricated insulin delivering chitosan nanoparticles that were
coated onto the electrospun poly (g-caprolactone)/Collagen to
design a potential wound heal material. Adeli et al.®® fabricated
electrospun PVA/Chitosan/Starch nanofibrous mats using the
electrospinning method for wound healing application.
Amirian et al.®® prepared a novel in situ crosslinked injectable
hydrogel using the water-soluble amidated pectin and
oxidized chitosan through Schiff base reaction without any
chemical crosslinker.

Metal nanoparticles have attracted great attention in
medical applications. Numerous metal and metal oxide nano-
particles have been produced for various medical applications,
including biological sensing,®” labeling,*® imaging,* cell sepa-
ration,” and infection treatment.” Metal oxide nanoparticles
draw extreme attention due to their stability, relatively low
production prices, as well as their beneficial properties for
numerous medical applications.®> Because of their high surface
energy, they are quickly deactivated by migration-coalescence
during the chemical process. Since of their high surface
energy, metal nanoparticles are thermodynamically sensitive
and apt to migrate and coalesce during various proses. This
structural alteration is usually attended to by decrease metal
nanoparticle activity.”® Encapsulating metal nanoparticles in
nanoshells or nanopores is expected to physically separate the
metal nanoparticles and stop them from migration and coa-
lescence, and thus enhance their activity and stability.”* When
nanoparticles are applied for medical applications, it is
important to choose the right material to encapsulate metal
nanoparticles. Suitable materials for encapsulating nano-
particles for medical application must be chemically stable in
various conditions, non-toxic and biocompatible, as well as
economically available and inexpensive. Silica is an excellent
inorganic substance for the encapsulation of metal nano-
particles. It is a chemically inactive oxide and it can maintain its

structural and morphological integrity under various

© 2021 The Author(s). Published by the Royal Society of Chemistry
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conditions.?® Silica is a non-toxic,”” biocompatible®® material
and its high porosity increases the contact surface with the
environment. In this study, by encapsulating silver nano-
particles with silica as a suitable substrate for stabilization of
silver nanoparticles and also by using the high porosity of silica,
stable nanoparticles with high porosity and contact surface
were synthesized. Silver nanoparticles cause antibacterial
properties in wound dressings and also the porosity of silica
improves drug delivery properties in hydrogel structures. In this
research, the design, fabrication, and characterization of CS/
PVA/SA hydrogels functionalized with mesoporous Ag,0/SiO,
and curcumin nanoparticles for use as novel and green anti-
bacterial wound dressings are examined.

2. Experimental

2.1. Materials

All the materials including, solvents, chemicals, and reagents
were prepared from Sigma-Aldrich, Merck Chemical Company.
Silver nitrate (ACS reagent, =99.0%), ammonia (solution 25%
for analysis), sodium silicate, chitosan (1.250.000 Da, medium
molecular weight, 75-85% deacetylated), polyvinyl alcohol (M,
= 85 000-124 000, medium molecular weight), sodium alginate
(medium molecular weight), acetic acid and all other chemicals
and reagents were of analytical grade.

2.2. Methods

2.2.1. FT-IR spectroscopy. The FT-IR spectra were recorded
as KBr pellets and selected dried samples, as well as Ag,0/SiO,
nanoparticles and curcumin-loaded hydrogel specimens were
placed between probe and platform on a Nicolet FT-IR spec-
trophotometer in the range of 400-4000 cm ™.

2.2.2. XRD test. XRD patterns were described by an X'Pert
Pro (Philips) apparatus with CuKa radiation (A = 0.154056
Angstrém wavelengths) and by beginning 10° to 80° (26).

2.2.3. Surface morphology of scaffolds using FE-SEM. To
study the size and morphology of the holes and porosities in the
scaffold, a model SEM (AIS2100) from South Korea located in
Razi Metallurgical Research Center is used. To enhance the
electrical conductivity of the sample surface and increase the
clarity of the images, a thin layer of platinum was sprayed on the
samples before imaging. Thin layers were prepared from the
side sections of the scaffolds and examined using the above
device.

2.2.4. AFM analysis. AFM, like scanning tunneling micro-
scopes, are subsets of scanning probe microscopes. This
microscope uses a very sharp tip to probe and map the elevation
of the sample surface. AFM detects field forces close to each
other between probe tip atoms and sample surface atoms
instead of tunnel current. Because atomic force microscopy is
not limited to electrical conductor surfaces, it is more widely
used than scanning tunneling microscopes. It should be noted
that to perform this test, an ENTEGRA AFMNT-MDT device
made in the United States located at the University of Isfahan is
performed.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.2.5. Mechanical test. To calculate the mechanical prop-
erties, a tensile strength test with (SANTAM machine) made in
Iran is employed. Therefore, each cube specimen with a length,
width, and thickness of 15 x 15 x 0.9 mm is prepared and
loaded at a rate of 0.2 mm min~*. The output of the device was
in the form of force and displacement data. With the initial
diameter and length of each sample, it became stress and
strain. Finally, utilizing the slope of the elastic region of the
strain stress diagram, the elastic modulus of each specimen is
achieved. Mechanical behavior of nanocomposite scaffolds
including compressive strength and elastic modulus using
compressive strength test according to standard (ASTM-20) by
the device (SANTAM-STM50) with pressure rate (0.5 mm min )
in the Institute of New Technologies, Amirkabir University of
Technology is examined.

2.2.6. Procedures applied for the antibacterial test results.
For the antibacterial efficacy of CS/PVA/SA hydrogel with
different percentages of Ag,0/SiO,, a modified 24 h time-kill
test was performed against three bacterial pathogens, Acineto-
bacter baumannii (ATCC BAA-747), Staphylococcus epidermidis
(CIP 81.55), and Proteus mirabilis (ATCC 43071) were first the
agar diffusion method was performed based on the clinical and
laboratory standards institute. For this purpose, 100 ul of
suspension containing 10® CFU ml ™" of bacteria spread on the
Mueller-Hinton agar. The pieces of the same size of CS/PVA/SA
hydrogel with different percentages of Ag,0/SiO, placed into the
plates were incubated at 37 °C for 24 hours, and their antimi-
crobial activity was determined for each microorganism by
measuring the growth inhibition zone.

2.2.7. Biological evaluation. To study the biological prop-
erties of nanocomposites, biological evaluation of samples
made according to the relevant standard is performed in
physiological solution. The biological properties of the five
different specimens are examined by putting specimens in the
falcon tube with simulated body fluid (SBF) and phosphate
buffer salt (PBS) separately, for three weeks based on the
information described by Kokubo et al®® Weight change,
absorption rate, and change in pH value of each sample are
estimated. For this target, nanocomposites made with different
percentages of polymer and reinforcements phases are divided
(0.5 x 0.5 x 0.5 cm), then specimens are immersed in SBF and
PBS at 37 °C in a water bath. Then all of them are removed from
the SBF and PBS until they reach equilibrium. Based on eqn (1),
the swelling ratio is calculated'® as follows:

W, — W,

1

Swelling ratio = x 100 (1)
where W, and W; are the weights of each specimen with the
swollen and dry conditions.

2.3. Hydrogel characterization

2.3.1. Hydrogel gel content. In this method, the hydrogels
were dried at 50 °C for 24 hours in a fume hood until W, as the
constant weight was reached. Then, hydrogels were soaked in
distilled water for 24 hours to reach an equilibrium swelling
weight. Later, the samples were dried at 50 °C for 48 hours to
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a constant weight (W,
(W,) based on the following eqn (2):

). The gel fraction was determined as (W.)/
101

Gel content(%) = (%) x 100 (2)
0

2.3.2. Hydrogel porosity measurements. The porosity of the
hydrogels was investigated by the liquid displacement method.
In this method, three specimens of each type of hydrogel were
used. First, the hydrogel was weighed (W,,), then the hydrogel
was dried at 50 °C for 24 hours and weighed again (Wy). Then,
the hydrogels were immersed in ethanol for 48 hours until
saturated with adsorption, then re-weighed (Wj). The hydrogel
porosity was estimated by eqn (3):

W_Wd

Porosity = Wo—w
w 1

(%) (3)

2.3.3. Hydrogel water vapor transmission rate (WVTR). The
water vapor transmission rate'® (WVTR) as mentioned in eqn
(4) of the prepared hydrogel films were estimated according to
the method given in European pharmacopeia. For this purpose,
a hydrogel membrane with a mean diameter of 20 mm and
thickness of 1 mm was cut and put as a cap on the mouth of
a bottle with a diameter of 30 mm including 20 ml of distilled
water. The bottle was then put in a constant temperature
humidity chamber for 24 hours at 35 °C and humidity of 35%.
The weight loss of the system was regarded as the index of
WVTR.

Wi — Wi
24 x A

where A is the area of the mouth of the bottle (mm?), W; and W;
is the weight of the bottles containing hydrogel films before and
after putting them in the chamber respectively.

2.3.4. Invitro drug release. The in vitro drug release of the
CS/PVA/SA hydrogels (with different composition fractions of
Ag,0/Si0, NPs and curcumin) was checked at pH 7.4 in phos-
phate buffer saline (PBS). An amount of 60 mg of any CS/PVA/SA
hydrogels was added in an Erlenmeyer flask containing 40 ml of
PBS and was placed in an orbital shaker at 300 rpms. A volume
of 5 ml specimen was taken from every flask after different
periods and was analyzed in a UV-visible spectrophotometer.
Standard solutions of curcumin with different concentrations
were used to draw the calibration curve (absorption by
concentration) so that the absorption of each curcumin solu-
tion with a certain concentration was measured at the optimal
wavelength, then a calibration curve was plotted. Finally, the
adsorption of each prepared hydrogel sample solution was
measured and adapted to the calibration curve, and the
concentration of curcumin released from each CS/PVA/SA
hydrogel with different composition fractions of Ag,0/SiO,
NPs and curcumin at different times was calculated. The
quantity of drug release from each or CS/PVA/SA hydrogels was
determined using the following eqn (5):**

WVTR(g m? h') = x 10° (4)

Percent drug release = % x 100 (5)

i
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where C, (mg) is the quantity of drug released at the time and C;
(mg) is the actual measure of the drug included in the CS/PVA/
SA hydrogels with different composition fractions of Ag,0/SiO,
NPs and curcumin.

2.4. General method for preparation of Ag,0/SiO,
nanoparticle

Dissolve 1.18 g of AgNO; in a minimum amount of water, then
add 1 ml of ammonia solution. In another container, 6.75 g of
sodium silicate was mixed in 25 ml of distilled water. The two
solutions were added and stirred to obtain a homogeneous
solution. The solution was transferred to a Beaker and dried at
150 °C to obtain a white and a porous solid. The solid was then
powdered using a mortar. A graphical depiction of the current
preparation of Ag,0/SiO, has been shown in Fig. 1.

2.5. General procedure for preparation of CS/PVA/SA
hydrogels

To prepare the CS/PVA/SA hydrogels, the first 2 g of chitosan was
dissolved in 100 ml of 1% acetic acid at 60 °C, after that the
solution was filtered (2% chitosan solution). Then, 1 g of
sodium alginate was dissolved in 100 ml of deionized water (1%
sodium alginate solution). In another container, 5 g of polyvinyl
alcohol was dissolved in 100 ml of deionized water at 85 °C (5%
polyvinyl alcohol solution).

The solutions of chitosan, sodium alginate and polyvinyl
alcohol were then mixed in 2 : 2 : 1, respectively. First, 2% chi-
tosan solution was added dropwise to sodium alginate solution
for 2 hours. Then 5% polyvinyl alcohol solution was added
dropwise to sodium alginate-chitosan solution for 1 hour. The
solution is stirred for 4 hours. An appropriate number of Ag,0/
SiO, nanoparticles and curcumin was added to the obtained
solution in the proportions of Table 1. In samples above 20% of
nanoparticles, the polymerization process of the hydrogel was
disrupted and as the percentage of nanoparticles increased, the
synthesized hydrogel was not suitable for biological and
mechanical tests, so the maximum percentage of nanoparticles
in the hydrogel was selected 20%. It should be noted that the
total weight of the solution was considered to be 13 g, in which

ammonia
d Y/

W agNoy

]

amount of ‘
() @ :> / -
dried at 150° C

) distlled water
Ag,0/Si0;

pa |

i‘ﬂ sodium

=l

25 mlof
(Iisulled water

Fig. 1 Stepwise of preparation of Ag,O/SiO, nanoparticle.
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Table 1 Ag,O/SiO, and curcumin weight percentage

Curcumin
Description Polymer (g) Ag,0/Si0; (g) (2
0 wt% Ag,0/SiO, 10 0 3
5 wt% Ag,0/SiO, 10 0.65 2.35
10 wt% Ag,0/SiO, 10 1.3 1.7
15 wt% Ag,0/Si0, 10 1.95 1.05
20 Wt% Ag,0/Si0, 10 2.6 0.4

10 g of polymer and 3 g of nanoparticles with different weight
percentages (0, 5, 10, 15, and 20 wt% of Ag,0/SiO,) are
combined. After mixing for 1 hour, it was poured into a Petri
dish and dried at 50 °C for 24 hours as shown in Fig. 2.

A graphical depiction of the current preparation of CS/PVA/
SA hydrogels has been shown in Fig. 3.

3. Results and discussion

In this part, the results of FT-IR spectroscopy, XRD, SEM, AFM,
and biological

EDS, Antibacterial test, and mechanical
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properties of mesoporous (CS/PVA/SA-curcumin-Ag,0/SiO,)
composites including (0 wt%, 5 wt%, 10 wt%, 15 wt%, and
20 wt% of Ag,0/Si0,) are reported. In this article, mechanical
tests cover tensile tests, fracture toughness, elastic modulus,
and hardness evaluation.

3.1. Results of FT-IR spectroscopy

The Fourier-transform infrared spectra of (a) chitosan, (b)
sodium alginate, (c) polyvinyl alcohol, (d) CS/PVA/SA hydrogels
(without Ag,0/SiO, NPs and curcumin) are shown in Fig. 4. For
chitosan (Fig. 4a) the absorption peak at 3440 cm ™' is due to the
stretching vibration of the O-H bond. The primary amines have
two peaks in 3500-3300 cm ™" is corresponding to the stretching
vibrational absorptions of N-H bond, but that peak overlaps
with the broad O-H peak. However, the absorption peak at
1641 cm ™' is related to the bending vibrational absorptions of
N-H primary amines. The peaks at 1435 cm " correspond to
bending vibrational absorptions of CH,. Finally, the stretching
vibrational peak at 1084 cm ' is related to the C-0.1%

For sodium alginate (Fig. 4b), the characteristic peak at
3428 cm™ " is related to the stretching vibrational absorptions of
O-H. The signal that appeared at 2927 cm ™ is corresponding to

y

Fig.2 Mixing polymer with a certain weight percentage of nanoparticles (a) accurate measurement of solutions (b) transferred to Petri dishes (c)

dried at 50 °C for 24 hours.

acetic

acid 1/
%l H »>D ” D> D
60 °C T 29%b chitosan’

solution

59 polyvinyl
alcohol
solution

@ 2 hours

D iy D

1% sodium
alginate di
solution

29 chitosan

solution 1 Rours

QN

Fig. 3 Stepwise of preparation of CS/PVA/SA hydrogels.
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Fig. 4 Demonstration of comparative FT-IR spectra of (a) chitosan, (b) sodium alginate, (c) polyvinyl alcohol, (d) CS/PVA/SA hydrogels (without

Ag,0O/SiO, NPs and curcumin).

the stretching vibration of the aliphatic C-H bonds. The
asymmetric peaks at 1637 cm™ ' and 1418 cm ™" correspond to
the sodium carboxylate. The peak at approximately 1028-
1150 cm ™! is attributed to the C-O bonds. In the spectrum of
polyvinyl alcohol (Fig. 4c), the broad peak at 3440 cm™ ' is
related to the stretching vibrational absorptions of O-H.
Moreover, the peaks at 2929 em™" assigned to the stretching
vibration of the aliphatic C-H bonds. The signals that are
absorbed in 1641-1732 cm ™" are related to carbonyl group (C=
O) from the tautomerization of polyvinyl alcohol. The stretching
vibrational peak at 1098 cm ™" is related to the C-O.

The spectrum of CS/PVA/SA hydrogels (Fig. 4d), shows the
broad peak at 3418 cm ™" related to O-H bond, indicating the
existence of strong intermolecular and intramolecular hydrogen
bonding illustrated in (Fig. 5). The spectrum shows some peaks
at 2938, 1729, 1600, 1454 and a strong peak between 1127 and
1246 cm ™' correlated to stretching vibration of the aliphatic
C-H bonds, stretching vibration of C=O, stretching C=0
bonds of sodium carboxylate, and stretching vibrational of C-O,

intermolecular hydrogen bonding _

\J
Chitosan

respectively. The FT-IR spectra of the (a) curcumin, (b) Ag,O/
SiO, NPs, (c) CS/PVA/SA hydrogels (without Ag,0/SiO, NPs and
curcumin), (d) CS/PVA/SA hydrogels (0 wt% of Ag,0/SiO,) and,
(e) CS/PVA/SA hydrogels (20 wt% of Ag,0/SiO,) were analyzed
and the outcomes were displayed in Fig. 6. In the spectrum of
curcumin (Fig. 6a), the wide peaks about 3414 cm ™" owing to
the stretching vibrations of O-H bonding.

The signal that appeared at 2925 cm ™' is corresponding to
the aliphatic C-H bonds. The peak that place about 1631 cm ™"
due to bending vibration of C=0 bonding. The peaks of 1601
and 1445 cm ™" are related to the aromatic ring. Additionally,
the peak of 1030 cm ™ related to C-O stretching vibrational.

In the FT-IR spectra of Ag,0/SiO, NPs (Fig. 6b), the signal in
3399 cm ™' is due to the Si-OH bond.'* Correspondingly, the
peak at 1636 cm ™! is related to the bending vibration of H,O
molecules, and the peak appeared around of 1057 cm™ ' is
related to the stretching vibration of Si-O bonding. The sharper
peak at 1384 cm ™' and the broader one at 454 cm ™ is due to the
Ag-O bond vibration.'”®

Sodium Alginate

Polyvinyl alcohol

Curcumin

Ag,0/SiO; NPs

Fig. 5 Schematic illustration of the hydrogen bonding of CS/PVA/SA hydrogels (with Ag,O/SiO, NPs and curcumin).
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The FT-IR spectra of CS/PVA/SA hydrogels (0 wt% of Ag,O/
Si0,) (Fig. 6d), the signal appeared around 1579 and 1431 cm ™"
due to aromatic ring corresponding to the curcumin. Also,
a peak of 1260 cm ' correlated to phenols C-O bonding. This
peak is demonstrated curcumin in CS/PVA/SA hydrogels (0 wt%
of Ag,0/Si0,).

3.2. Investigation of structure and phase determination of
polymer/metal nanoparticles by XRD

The crystalline structure of the Ag,0/SiO, nanoparticles, CS/
PVA/SA, and CS/PVA/SA-curcumin-Ag,0/SiO, was studied by
XRD characterization in (Fig. 7).

Fig. 7a displays a wide peak between 20 and 30° 2-theta
which is characteristic of the amorphous structure of SiO,."*
The peaks at 26.13, 27.99, 32.37, 42.51, and 46.35 indicated the
formation of a crystalline structure of the Ag,0/SiO, nano-
particles.’ The average size for the designed Ag,0/SiO, nano-
particles was measured using the Debye-Scherrer formula. The

average size of the Ag,0/SiO, nanoparticles thus taken from this
equation was determined to be 82 nm in excellent agreement
with that seen in the (FE-SEM) examinations (Fig. 8a). The ob-
tained a wide and sharp peak at 19.77 related to CS/PVA/SA in

(Fig. 7b-g).

3.3. Investigation of morphology and structure of composite
scaffolds using SEM

As shown in Fig. 8(a—e), SEM images well show the percentage
increase of Ag,0/SiO, nanoparticles in nanocomposites. In
Fig. 8(b-e), Ag,0/SiO, nanoparticles are attached to the polymer
as reinforcements. Fig. 8a-e shows the surface of the samples,
these surfaces (b-€) have a porous morphology.

This clearly shows that this structure is proper for use as
a wound dressing. Because with the increase of Ag,0/SiO,, the
antibacterial properties increase. It is also clear that the sample
has increased in porosity and porosity size by 20 wt% (with
a higher weight percentage of Ag,0/SiO,) than in the 0 wt%

T -
2 CS/PVA/SA k 5 '
* SiO:2 - - I
- A, | a - CS/ PVA/ SA- curcumin- Ag20/SiOz (20 wt.%)
. AmO 1( W e/ A .
4{9 h&“\’ L \y )\ A *
A Ag St Pt NI A A b s e
(e) ™M CS/ PVA/ SA- curcumin- Ag20/SiOz (10 wt.%)
= ]
= ] e
S 2N S I W . St -,
S NG s ot S PVA SA- curcumin- Ag:0/S10: (5 wt.%)
] A
1(c) i Wn‘.,\_
Toreriammae ™ Yoo,
- sttt et st e s e OS] PV A/ SA- curcumin
] b ,w" R "
] (, . )’ ) CS/ PVA/SA
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Fig.7 XRD pattern of (a) Ag,O/SiO, nanoparticle, (b) CS/PVA/SA, (c) CS/PVA/SA-curcumin, (d) CS/PVA/SA-curcumin-Ag,O/SiO, (5 wt%), (e) CS/
PVA/SA-curcumin-Ag,0O/SiO, (10 wt%), (f) CS/PVA/SA-curcumin-Ag,O/SiO, (15 wt%), (g) CS/PVA/SA-curcumin-Ag,O/SiO, (20 wt%).
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Fig. 8 SEM of the fabricated CS/PVA/SA hydrogels functionalized with mesoporous Ag,O/SiO, and curcumin bio-nanocomposite scaffolds
containing (a) 0 wt% (b) 5 wt%, (c) 10 wt%, (d) 15 wt%, and (e) 20 wt% of Ag,O/SiO, nanoparticles within the scale of 2 microns.

sample. As can be seen in figures (b-e), the structure of the
biocomposites consists of irregularly interconnected nano-
particles in a composite structure that plays an essential role in
wound healing. Fig. 8 demonstrates the polymeric matrix cor-
responding to a different weight percentage (0 wt%, 5 wt%,
10 wt%, 15 wt%, and 20 wt% of Ag,0/Si0,). It can be observed
and concluded that the free surfaces of samples have a porous
morphology.

The SEM images of mesoporous Ag,0/SiO, nanoparticles
were displayed in Fig. 9a. The average size of the Ag,0/SiO,
nanoparticles is 80 nm. The nanoparticle size from the SEM was
so close to the estimated size from XRD techniques. These

<

SEM HV: 5.0 kV : 12.52 mm
SEM MAG: 75.0 kx Det: SE

View fleld: 2.77 pm  Date(midly): 02/28/21 RMRC FESEM

L L 7645‘:1&« e w -
.  m \‘ A hA « N

MIRA3 TESCAN
SEM MAG: 75.0 kx
View fleld: 2.77 ym | Date(m/dly): 02/28/21

images confirm the formation of the three-dimensional struc-
ture of Ag,0/SiO, nanoparticles. Fig. 9b shows the channels
created on the surface of the hydrogel, which is the result of the
release of solvents in the drying process of the hydrogel. The
average diameter of the channels is estimated between 175-
354 nm. The presence of channels increases the contact surface
of the nanoparticles, thus increasing the wound dressing
efficiency.

3.4. EDS spectroscopy of CS/PVA/SA hydrogels

EDS spectroscopy is an analytical method utilized to examine
the structure of a sample. EDS is an add-on in SEM devices to

.

L3'= 354.38 nm
LT = 183.95 nm
-~ —~ &

\ =
WD: 12.79 mm
Det: SE

s
SEM HV: 5.0 kV L MIRA3 TESCAN
500 nm

RMRC FESEM

Fig. 9 FE-SEM image of (a) mesoporous Ag,O/SiO, nanoparticle (b) CS/PVA/SA hydrogels channels.
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detect the percentage of elements in solid samples. This anal-
ysis can detect the type of element and its weight or atomic
percentage using the unique X-ray energy emitted from the
sample. In the EDS analysis, it will be possible to identify the
constituent elements of the sample in a semi-quantitative
manner. The descriptive capabilities of this method are gener-
ally based on the general principle that each element has
a unique atomic structure that enables a unique set of peaks in
its X-ray spectrum.

As shown in (Fig. 10a-e), the main elements in fabricating
this wound dressing are nitrogen, carbon, oxygen, silver, and
silicon. Also, other elements observed in the EDS spectrum are
related to chitosan and sodium alginate. According to Fig. 10,
with increasing the number of nanoparticles in the hydrogels by
(0 Wt%, 5 wt%, 10 wt%, 15 wt%, and 20 wt%), respectively, the
amount of 0%, 0.29%, 0.41%, 0.44%, and finally 1.33% of silver
is observed.

3.5. Investigation of surface roughness by AFM

In surface studies of nanocomposite samples to investigate the
relationship between hardness and roughness of the samples,
the results of structural and microscopic examination of the
samples showed that the addition of Ag,0/SiO, increased the
porosity and surface roughness of the samples. Nanoporous
compounds are one of the most important groups of
nanostructures.'®®

Advantages such as high active surface area, high reactivity,
and insulating features allow the application of these
compounds in the field of wound dressings in tissue engi-
neering. The interaction of cavities with host molecules can be
investigated based on supermolecular chemistry. By examine

View Article Online

RSC Advances

the physicochemical environment of cavities, unique properties
can be provided in the interaction with guest molecules and the
structure can be optimized for further applications. In Fig. 11,
the images were taken from samples of (0, 5, 10, 15, and 20 wt%
of Ag,0/Si0,) with a length and width of between 5 to 10
microns, then their diagrams of each surface were drawn. The
AFM image results show that the increasing of Ag,0/SiO,
increases the porosity of the surface of nanocomposite samples.

3.6. Mechanical test results

According to Fig. 12a, it can be seen that with improving and
increasing the weight fraction of Ag,0/SiO, nanoparticles in the
structure of bio-nano composite, the hardness of the samples is
increased due to the specificity of silver. Accordingly, the
hardness for specimen with 0 wt% is about 0.8 N mm ™, while
for the specimen with 20 wt% of Ag,0/SiO,, it is approximately
3.7 N mm 2, which increases more than four times. Also, it has
been shown that by increasing the weight percentage of Ag,0/
SiO, nanoparticles to the base polymer, the intermolecular
forces among the nanoparticles increase. In terms of the
nanostructure, the mechanism of binding of Ag,0/SiO, and
curcumin to the polymer is due to the relatively hard mechan-
ical properties of Ag,0/SiO,. Due to the spherical shape of Ag
nanoparticles, they have a high Young's modulus and ultimate
stress. Subsequently, the bioceramic part of the fabricated
material results in an enhancement in mechanical properties of
the bio-nano composite, it can be concluded that the addition
of Ag,0/SiO, and curcumin nanoparticles has a threshold limit
for the high percentage of the additive particles in the polymer.
As can be observed in Fig. 12a, the hardness and elastic
modulus diagrams describe an increased pattern through

E oL 4so0JCRE
as00 @) E (b)
<0007
oo s
2500} 3000
25007
2000 E
hio E
O Kex 2000 Rt o
oo Lo E =
1500 fo ke
1000 E
s 1000
Ciker ca E
=] |} e a2 003 - e
ke K2 ) |
rev 3 re
v 7 v v T T T s Y T T v T Trodes
cRa cRe
(O] E @
25003
000 E
20003
4000 2500
5566 20003
e E
O e {bia
L = 1500 Ko
2000 =1
1000
1000 E
S Ad pCaKe s00] Ol A pCacer
R AR E rgce SKP agle Kis
NS S-KaiKoowm care . E o R e Carn e
v T v Tt Prever v T v v et
Jor=
2s00} (e)
20007
2500
2000
E =
e I >
E N
10003
so0 Sike. Sl ag pCake
E Moo sﬁ'«mg-.q P
R sk =T T T ke
Laas T ¥ T E3sa

Fig. 10 EDS spectrum of CS/PVA/SA hydrogels with different compositi
and (e) 20 wt%.
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Fig.11 AFM analysis of the fabricated CS/PVA/SA hydrogels functionalized with mesoporous Ag,O/SiO, and curcumin nanoparticles containing
(@) 0 wt%, (b) 5 wt%, (c) 10 wt%, (d) 15 wt%, and (e) 20 wt% of Ag,O/SiO, NPs within the scale of 5 to 10 microns.

increasing the weight fraction of Ag,0/SiO, nanoparticles. For
Young's modulus value, for the sample with 0 wt%, it is esti-
mated to be about 75 MPa and for the sample containing
20 wt% Ag,0/Si0,, it is estimated to be about 33 MPa. The
degradation behavior of CS/PVA/SA hydrogels functionalized
with Ag,0/Si0, and curcumin was investigated, so five scaffolds
with different weight fractions of Ag,0/SiO, were immersed in
PBS and SBF. To determine the optimal length of time for the
swelling ratio, samples of the same size and weight with
different percentages of Ag,0/SiO, were examined. Different
samples of hydrogels were immersed in the solution and then at
certain periods their swelling ratio was obtained, after three
weeks no increase in swelling ratio was observed, thus the
maximum swelling percentage occurred in three weeks.
Finally, the scaffolds with 0 wt%, 5 wt%, 10 wt%, 15 wt%,
and 20 wt% of Ag,0/SiO, nanoparticles are immersed in the
above solutions for three weeks, and then the weight of each
specimen is measured using a digital scale in both dry and wet
conditions. As depicted in Fig. 12b, the bio-nano composite

32784 | RSC Adv, 2021, N, 32775-32791

samples submerged in PBS are heavier than those immersed in
the SBF. As shown in Fig. 12b, the swelling ratio of mesoporous
bio-nano composite samples submerged in PBS is equal to 525
and 888 for 0 wt% and 20 wt% of Ag,0/SiO, respectively, Also,
for the bio-nano composite samples submerged in SBF, the
swelling ratio is about 547.05 and 1639.13 for the sample with
0 wt% and 20 wt% of Ag,0/SiO, nanoparticles respectively.

All details of the swelling ratio for all weight fractions
nanocomposites are presented in Table 2. As can be seen from
the results, the increase in the percentage of nanoparticles
increases the swelling ratio as well. Due to the use of silica in the
synthesis of nanoparticles, the porous structure of silica has
increased the adsorption of the solution. The porous structure
of silica has pores at the nanoscale, at first, the adsorption rate
is very high and after time the adsorption rate of the solution
decreases, so the maximum duration of swelling was observed
for three weeks. First, the adsorption of the solution is done by
larger cavities at high speed, then as the cavities become
smaller, the electrostatic repulsions between the wall of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Investigation of (a) elastic modulus-hardness (b) swelling ratio

in SBF and PBS (c) tensile strength-fracture toughness of bio nano-
composites with (0 wt%, 5 wt%, 10 wt%, 15 wt%, 20 wt% of Ag,O/SiO,).

cavities and the solution increase, and the adsorption speed
decreases, and more time are required to fill all of the small
cavities.

As we mentioned in the previous section to calculate the
mechanical properties, a tensile strength test with (SANTAM
machine) manufactured in Iran was used. For this purpose,
each cube sample with a length and width of 10 mm and
a thickness of 1 mm is prepared and loaded at a rate of 0.2
mm min~". As shown in Fig. 12¢ the tensile strength for the
sample with 0 wt% and 20 wt% of Ag,0/SiO, is 0.25 and
1.05 MPa which shows an increase of more than four times.
This increase can be due to the high strength of silver. Also, the
fracture toughness of samples was investigated, the fracture

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 pH and weight of samples in the wet, dry state and obtaining
swelling ratio

Wet sample Dry sample
Specimen pH weight (g) weight (g) Swelling Ratio
0 wt%-SBF 9 11.0 017.0 547.05
5 wt%-SBF 9 28.0 0.02 1300
10 wt%-SBF 9 0.33 0.022 1400
15 wt%-SBF 9 37.0 0.022 1581.81
20 wt%-SBF 9 0.40 0.023 1639.13
0 wt%-PBS 6 05.0 008.0 525
5 wt%-PBS 6 0.06 0.007 757.14
10 wt%-PBS 6 0.07 0.008 775
15 wt%-PBS 6 0.077 0.008 862.5
20 wt%-PBS 6 0.089 0.009 888.88
250 T T T T T
— 0 wt.%
= 200 + .
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Fig. 13 Engineering stress—strain curve of the nanocomposite with
0~20 wt% (Ag,O/SiO,).

toughness of samples with 0 wt% and 20 wt% of Ag,0/SiO, is
0.25 and 0.50 MPa m"? which shows an increase of two times.
Fig. 13 shows the engineering stress-strain curve of the nano-
composite with 0-20 wt% of Ag,0/SiO, nanoparticles. As can be
seen from the stress-strain curve, the tensile strength of the
sample of 20 wt% (Ag,0/Si0,) is higher than other samples due
to the inherent nature of silver.

3.7. Antibacterial test results

A bacterium is a simple single-celled organism that lacks
membrane-bound intracellular organs such as the nucleus,
Golgi apparatus, endoplasmic reticulum, and mitochondria.**®
Thus, the metabolic and biosynthetic activities of bacteria take
place within the cell membrane or cytoplasm.'® Because the
cells of parasites, fungi, humans, and animals are organized
and have a membrane-bound nucleus, these organisms act as
eukaryotes (true nuclei), and bacteria without the true nuclei are
classified as prokaryotes.''* Classifies bacteria based on species,
size, shape, and metabolism (aerobic, anaerobic)."**

Important bacteria in medicine are mostly rod-shaped,
round, and spiral.’* One type of bacterial classification is

RSC Adv, 2021, N1, 32775-32791 | 32785
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Fig. 14 Results of antibacterial activity of nanostructures against (a) Acinetobacter baumannii (b) Proteus mirabilis (c) Staphylococcus

epidermidis.

Table 3 The size of the growth inhibition and reduction halo

1-1 1-2 1-3 1-4 1-5
Test microorganism (0 wt%) (5 wt%) (10 wt%) (15 wt%) (20 wt%)
Acinetobacter baumannii (ATCC BAA-747) — 6 4 7 9
Proteus mirabilis (ATCC 43071) — 2.5/6 1.4/5 1.6/6 2.7/7
Staphylococcus epidermidis (CIP 81.55) — 9 8 9 10

based on the characteristics of Gram staining. When the stained
bacterium is blue or purple under a light microscope, it is
a Gram-positive bacterium, and if it is red or pink, it is a Gram-
negative bacterium. Clinically, Gram-positive bacteria are
abundant on the skin and mucous membranes.* The most
common in medicine are Staphylococcus, Streptococcus, and
Pneumococcus. Gram-positive bacteria are more sensitive to
lubricants than Gram-negative bacteria such as lysozyme and
penicillin G because they lack an outer membrane that protects
the cell wall from access by these agents.** The most important
Gram-negative bacteria are medically bacilli or diplococci and
often reside in the gastrointestinal tract.''®> Gram-negative

32786 | RSC Adv, 2021, 11, 32775-32791

bacteria are generally more sensitive to the lubricating proper-
ties of antibodies and complement than Gram-positive bacteria.
This is due to the presence of an outer membrane, which is the

Table4 Antibiogram results of antibiotic controls on the tested strains

Rifampin Gentamicin
Antibiotics DD MIC DD MIC
Proteus mirabilis (ATCC 43071) 9 15.63 20 31.25
Staphylococcus epidermidis (CIP 81.55) 27 1.95 45 1.95
Acinetobacterbaumannii (ATCC BAA-747) 8 7.81 17 3.90

© 2021 The Author(s). Published by the Royal Society of Chemistry
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target of membranes that invade the membrane after the
complement has collapsed.'® Acinetobacter baumannii is an
opportunistic bacterial pathogen primarily correlated with
hospital-acquired infections. Staphylococcus epidermidis is
a general symbiont bacterium that can become infectious once
inside the human host. They are among the most usual causes
of nosocomial infection in the United States and can lead to
dangerous complications.
negative, facultatively anaerobic, rod-shaped bacterium. It
shows swarming motility and enzyme activity."*®* P. mirabilis
causes 90% of all Proteus infections in humans. It is widely
distributed in soil and water. Proteus mirabilis can migrate
across the surface of solid media or devices using a variety of
cooperative group motility known as swarming. Proteus mir-
abilis is most frequently associated with infections of the
urinary tract, especially in complicated or catheter-associated
urinary tract infections."® Fig. 14 shows the results of antibac-
terial activity testing of various nanostructures synthesized in
this study (0 wt%, 5 wt%, 10 wt%, 15 wt%, 20 wt% of Ag,0/Si0,)
by disk method on three types of bacteria including Acineto-
bacter baumannii, Staphylococcus epidermidis, and Proteus mir-
abilis in a colony volume of 100 pl. Fig. 14(a-c) show disk test
plates for five nanocomposites fabricated in different weight
percentages of Ag,0/Si0,, in which the growth inhibition zone
is visible. Table 3 shows the size of the growth inhibition halos.
Fig. 14a-c show disk test plates for five nanocomposites fabri-
cated in different weight percentages of Ag,0/SiO,, in which the
growth inhibition zone is visible. It should be noted that the
table numbers are based on the one-way halo of no growth, i.e.,
the distance of the sample to the beginning of bacterial growth.
The numbers for the bacterium Proteus mirabilis are two.

The first number is the growth inhibition aura and the
second number is the growth reduction aura. Antibiogram
results of antibiotic controls on the tested strains are shown in
Table 4.

It should be noted that the concentration used in the first
stage is the antibiotics rifampin (5 pg per disc) and genta-
micin (10 pg per disc), and MIC in terms of micrograms per
milliliter (ug ml™").

117

Proteus mirabilis is a Gram-

3.8. Hydrogels

3.8.1. Gel content. For the quantitative assessment of the
cross-linking degree, the gel content material of the fabricated
hydrogels was evaluated. According to Fig. 15a, the gel content
is 73%, 79%, 82%, 87% and 90% for 0, 5, 10, 15 and 20 wt% of
Ag,0/Si0, nanoparticle hydrogels, respectively. Increasing the
percentage of nanoparticles improves the gel content and thus
enhances the degree of cross-linking. This increase in the
degree of cross-linking can be due to the hydroxy groups present
on the SiO, surface, which have strengthened the gel content by
establishing a hydrogen bond between the polymer structures.
Also, Ag nanoparticles on the surface of SiO, have the ability to
Chelation with polymer components. As well as the results of
the mechanical properties in Fig. 12 have also shown that with
increasing the percentage of nanoparticles, the mechanical

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Investigation of (a) gel content, (b) porosity, (c) hydrogel water
vapor transmission rate (WVTR).

properties of the hydrogel have increased, which is due to the
increased degree of cross-linking.

3.8.2. Porosity. The porous structure of hydrogels will
facilitate take away massive amounts of wound exudates. Also,
the presence of porous nanoparticles in the wound dressing
structures increases the porosity and thus increases the effi-
ciency of the wound dressings. Increasing the contact surface of
nanoparticles as a result of their porous structure can stop the
growth of bacteria in the exudates absorbed by the hydrogel and
the porosity was almost the same in the range of 73-92%
Fig. 15b. This porosity also causes the release of curcumin
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Fig. 16 Drug release behavior of CS/PVA/SA hydrogels with different composition fractions of Ag,O/SiO, NPs.

continuously. This continuous release has positive effects on
wound healing. Besides, the porosity created helps distribute
nutrients and creates an excellent sticky environment for cells
to grow.

3.8.3. Hydrogel water vapor transmission rate (WVTR). The
water vapor transmission rate (WVTR) could be a specific
issue that indicates the potential of hydrogels or polymer
networks within the transfer of body fluids or wound secre-
tions. It is important to maintain optimum water vapor
transfer rate, higher WVTR causes quicker drying and more
dehydration of the wound surface that causes slow healing in
addition to a problem in dressing adhesion to the wound,
while low WVTR causes the possibility of microorganism
contamination. It is seen from Fig. 15c that the WVTR of the
prepared hydrogels will increase with the increasing quantity
of Ag,0/Si0O, in the hydrogel mixture. The hydrogels within
the present study showed a WVTR of 2041 g per m” per day
and this range is on the point of the suitable vary needed to
maintain proper fluid balance in the wound bed. WVTR
Wound dressing ought to stop dehydration and accumula-
tion of discharge.

3.8.4. Drug release behavior of CS/PVA/SA hydrogels. The
drug release of the CS/PVA/SA hydrogels with different compo-
sition fractions of Ag,0/SiO, NPs was investigated and the
results were shown in Fig. 16.

According to Fig. 16, in hydrogels without nanoparticles, the
release of curcumin was very fast and reached its maximum in
16 hours, and after that, we did not see a significant release of
curcumin. Also, with the increase of the percentage of hydrogel
nanoparticles, the release of the curcumin was slow, contin-
uous, and balanced. Due to the porosity of the nanoparticles
and the bonds formed between the curcumin and the nano-
particles, with the increase of the percentage of hydrogel
nanoparticles, the release of the curcumin was slow, contin-
uous, and balanced. On the other hand, with increasing the
percentage of nanoparticles due to the presence of these bonds,
the percentage of drug release has decreased and some curcu-
min molecules are trapped in the porosity of nanoparticles and
hydrogels and are not completely release from the hydrogel
structure. However, increasing the percentage of nanoparticles
to 20 wt% has increased wound healing efficiency.

32788 | RSC Adv, 2021, N, 32775-32791

4. Conclusions

The use of silver nanoparticles stabilized on a silica substrate
has created a porous, three-dimensional structure that has
increased the surface area of nanoparticles in contact with the
environment, resulting in increased antibacterial properties.
Besides, X-ray analysis showed a well porous and three-
dimensional state of Ag,0/SiO, nanoparticles formed. Silver
nanoparticles are very active and due to their high surface
activity have a high tendency to migrate and agglomerate, which
tends to migrate and agglomerate reduces their activity. By
stabilizing silver nanoparticles on a silica substrate, migration
and agglomeration of nanoparticles are prevented. Also,
increasing the percentage of the nanoparticles increased the
antibacterial performance of the samples. This increase in the
percentage of nanoparticles did not reduce the antibacterial
performance of the samples, one of the reasons being the
stabilization of silver nanoparticles on the silica and preventing
agglomeration and migration of silver nanoparticles. Since
flexibility is one of the most important factors in wound
dressings, the presence of groups with the ability to establish
hydrogen bonding in the nanoparticle structure creates a bond
between nanoparticles and polymer constituents and thus
improves the mechanical properties of wound dressings.

The mechanical results obtained with the tensile test showed
that with the increasing of Ag,0/SiO,, the mechanical proper-
ties, as well as the healing properties of the wound dressing,
have increased significantly. Therefore, we can conclude the
nanocomposite with 20 wt% Ag,0/SiO, is the best sample in
terms of strength.

Due to the importance of biocompatibility of wound
dressing materials, the combined use of green and biocom-
patible polymers has been of particular importance in this
study. The biocompatibility of wound dressing ingredients has
helped the wound to heal faster. Also, the porous structure of
the prepared hydrogel has made the wound dressing effective.
The porous structure of nanoparticles and hydrogels caused the
continuous and regular release of curcumin during the wound
healing time. According to the results obtained from the drug
release analysis, increasing the percentage of nanoparticles to
20% caused a trap of some curcumin, but on the other hand,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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with increasing the percentage of nanoparticles, the release of
curcumin was continuous, slow and balanced, which is an
important factor in wound dressing effectiveness.

The presence of curcumin in the wound dressing due to its
anti-inflammatory properties helps to heal the wound as soon
as possible.
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