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Abstract: Wound healing has long been recognised as a major clinical challenge for which stablishing more effective wound
therapies is necessary. The generation of metallic nanocomposites using biological compounds is emerging as a new promising
strategy for this purpose. In this study, four metallic nanoparticles (NPs) with propolis extract (Ext) and one without propolis
including ZnO/Ext, ZnO/Ag/Ext, ZnO/CuO/Ext, ZnO/Ag/CuO/Ext and ZnO/W were prepared by microwave method and
assessed for their wound healing activity on excision experimental model of wounds in rats. The developed nanocomposites
have been characterised by physico-chemical methods such as X-ray diffraction, scanning electron microscopy, diffuse
reflectance UV–vis spectroscopy, Fourier transform infrared spectroscopy, thermogravimetric analysis and Brunauer–Emmett–
Teller analyses. The wounded animals treated with the NPs/Ext in five groups for 18 days. Every 6 days, for measuring wound
closure rate, three samples of each group were examined for histopathological analysis. The prepared tissue sections were
investigated by haematoxylin and Eosin stainings for the formation of epidermis, dermis and muscular and Masson's trichrome
staining for the formation of collagen fibres. These findings toughly support the probability of using this new ZnO/Ag/Ext
materials dressing for a wound care performance with significant effect compared to other NPs.

1Introduction
The skin has three major functions: protection, regulation and
sensory perception. It acts as a barrier between the body and the
external environment, protecting the body's organs and tissues
against toxic chemicals, mechanical and microbial damage. When
this barrier is breached as a result of physical trauma, chemical
penetration or radiation, this protective function is lost, enabling
the diffusion of microorganisms and pathogens into the underlying
tissues leading to wound infections and other dermatological
complications [1]. The majority of infections are dominated by
pathogenic bacteria such as Escherichia coli and Staphylococcus
aureus [2].

As soon as the skin is wounded, a sequence of complex
physiological events, namely wound healing, are initiated to repair
the damage and assure wound closure. Well-regulated immune
responses to tissue injury taking place in a few overlapping stages
aimed at reconstructing and repairing defected tissues and cells in
vivo [3]. However, wound care treatment is an important area to be
focused on since infections may result in exudate formation,
dysregulated collagen deposition and wound healing postponing.
Also, excess dehydration may disrupt the wet environment of the
wound surface, leading to a delayed wound healing process [4].
Thus, understanding the general mechanism of wound healing
activity in response to various types of dermal wound repair is of
fundamental importance for developing efficient therapeutic
strategies capable of stimulating the wound healing [5].

Nowadays, scientists have concentrated on the expansion of
nanotechnology-based drug delivery systems, which offer
promising prospects for delivering the desired quantity of the drugs
into target sites, in addition to cell penetration efficiency. In this
respect, metallic nanoparticles (NPs) have received a great deal of
interest among researchers as they offer a number of attractive
characteristics, such as lower toxicity, high surface-to-volume ratio

and super-durability [6, 7]. Recent developments have
demonstrated that zinc oxide NPs (ZnONPs) are promising
candidates due to their potential to produce reactive oxygen species
(ROSs), which show a major role in biological systems. The
presence of ROSs may prohibit bacterial breeding and promote the
wound healing process by improved cell adhesion and migration
through stimulating growth factor-mediated pathway [8]. In
addition, the bactericidal activity of silver NPs (AgNPs) on gram-
positive and gram-negative bacteria (Staphylococcus aureus and
Escherichia coli) has been extensively documented by many
scientists and appears to be another effective therapy against
multidrug-resisting bacteria [9]. Besides antimicrobial activity,
silver-based NPs have anti-inflammatory characteristics that may
be useful in maintaining proper moisture balance in the infected
wounds [10]. There has been reported that Cu-containing NPs can
also promote angiogenesis and contribute to accelerating wound
healing, thereby stimulating the production of VEGF (vascular
endothelial growth factor) and increasing the integrin activation
level. Furthermore, copper NPs (CuNPs) may assist in early wound
repair through enhancing collagen and fibrinogen formation,
upregulating cell proliferation and migration, as well as inducing
the generation of extracellular matrix polysaccharides and proteins,
which are important for facilitating wound closure and remodelling
processes [11].

The last two decades have witnessed a remarkable growth in
research activities and applications of natural products such as
propolis for healing purposes owing to their abundance in nature,
diverse range of biological effects, relatively low cost and minimal
side effects [12]. Propolis or bee glue is a resinous mixture
produced by honeybees from materials that collected from different
botanical sources (such as buds and sap) and mixed with salivary
secretions. Because of its waxy character, worker bees employ it as
a general-purpose sealer to coat the hive interior and fill internal
cracks and crevices in the honeycombs [13]. Furthermore,
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antimicrobial, antioxidant, antiseptic and anti-inflammatory
properties of the propolis protect the hive against invaders and
external contamination, preventing the bee colony from diseases. It
also has been reported that chemical compounds of propolis may
contribute to stimulating immune cells to synthesise cytokines that
regulate smooth muscle function and tissue remodelling [14, 15].

Although the nutritional attributes and medicinal value of
propolis have been well investigated in the literature, as far as we
know, no study has been conducted to explore its benefits when
combined with zinc oxide NPs for medicinal purposes. Towards
this direction, the current research aimed at synthesising different
metallic nanocomposites using propolis extract namely ZnO/W,
ZnO/Ext, ZnO/Ag/Ext, ZnO/CuO/Ext and ZnO/Ag/CuO/Ext have
been synthesised by microwave method and studied their potential
of wound-healing activity on a rat. Characterising of NPs have
done by X-ray diffraction (XRD), scanning electron microscopy
(SEM), diffuse reflectance UV–visible spectroscopy (UV–vis
DRS), Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA) and Brunauer–Emmett–Teller
(BET) analyses. Processing of wound healing monitored by
measuring the wound decreasing size and histopathological
methods.

2Experimental
2.1 Materials

The reagents involved in the present investigation were all of the
analytical grades and applied without additional purification.
Copper (II) acetate [Cu(CH3COO)2⋅H2O], zinc nitrate hexahydrate
[Zn(NO3)2⋅6H2O], sodium hydroxide, silver nitrate [Ag(NO3)] and
ethanol were obtained from Merck (Darmstadt, Germany). Propolis
was purchased from a domestic market (Ardabil, Iran).

2.2 Methods

2.2.1 Preparation of propolis ethanolic extract: 100 g of dried
ground propolis was dissolved in 1 l of 99% ethanol by the
magnetic mixer in the absence of bright for 72 h at 25°C. The
resulting mixture was then filtered with filter paper. Afterwards,
the solution was evaporated in a vacuum condition by rotary
evaporator (45°C) and kept in the refrigerator until use [16].

2.2.2 Preparation of ZnO NPs and other
nanocomposites: Briefly, 7.3 g of zinc nitrate was macerated in
100 ml of deionised water to produce ZnO/W and (6.58 g zinc
nitrate), (6.58 g zinc nitrate and 0.315 g silver nitrate), (6.58 g zinc
nitrate and 0.5 g copper (II) acetate) and (5.85 g zinc nitrate, 0.315 
g silver nitrate and 0.5 g copper (II) acetate) were immersed in 90 
ml of deionised water and then added to 10 ml of propolis extract
to synthesis ZnO/Ext, ZnO/Ag/Ext, ZnO/CuO/Ext and
ZnO/Ag/CuO/Ext nanocomposites, respectively. Subsequently, 5 
M NaOH solution was added dropwise under vigorous stirring until
the pH was adjusted to ∼10. The solutions were placed in the
moderate microwave for 10 min. Then the precipitates were

collected by centrifuging for 5 min at 3000 rpm and rinsed with
water and ethanol to eliminate excess reagents and centrifuged
again. Finally, the precipitates were kept in a stove at 65°C for 24 h
to dry.

2.2.3 Characterisation: A Philips Xpert X-ray diffractometer was
used to investigate the XRD patterns with a scan speed of 0.04°/s
over the 2θrange of 20°–80° using Cu Kα (λ = 0.15406 nm). The
particle distribution and morphology were monitored using the
LEO 1430VP scanning electron microscope, at 15 kV accelerating
voltage. The UV–vis DRS were obtained with a Scinco 4100
spectrophotometer. TGA of the samples was carried out with a
Linseis STAPT 1000 analyser by raising the temperature in the air
from room temperature to 600°C at a heating proportion of 10°C/
min. The FTIR spectra were taken with a Perkin–Elmer Spectrum
RX I spectrometer. The textural characteristics of the samples were
studied by conducting N2 adsorption at − 196°C using a
Micromeritics Tristar II Plus analyser. The pH of solutions was
measured using a Metrohm digital pH meter model 744.

2.2.4 In vivo study: Overall, 42 male Wistar rats, 8 weeks old and
170–190 g in weight were provided by the Experimental Animal
Center at the University of Tehran. Rats were housed and fed
according to standard conditions. All the experiments involving
animals were carried out in compliance with the National Institutes
of Health guidelines for the use and care of experimental animals
(NIH Publications No. 8023, revised 1978). The rats were divided
into six groups based on the applied samples and treatment
approaches (Table 1). On the experiment day, the rats were
anaesthetised with intraperitoneal ketamine-xylazine (3: 1, 2 ml/1 
kg) and dorsal hairs were removed and the underlying skin wiped
with 70% ethanol; full-thickness skin wounds (2 cm × 2 cm) were
generated on the dorsum of each rat by a surgical scalpel.

2.2.5 Preparation of gauze coatings nanomaterials: Sterile
gauzes were cut to 2.5 × 2.5 cm in size and immersed in a solution
containing nanomaterials (20 g/100 ml) and a mixture of water:  
ethanol (10:1). Then, it was kept in an ultrasonic bath for 40 min at
30°C. At the end of the reaction, the colour of the dressing gauzes
changed and immediately was placed on the wound (Fig. 1). 

2.2.6 Histopathological studies and photographs: To evaluate
the wound-healing process efficiency, monitoring all the changes
during the treatment process is of vital importance. Accordingly,
the wound area was traced and measured to quantify the percentage
of wound closure using the following (1), [17] on days 6, 12 and 18
after wounding

Percentageclosure % = Az − At /Az × 100 (1)

where Atis the wound area on corresponding days and Az is the
wound area on day 0.

Table 1 List of classified rats based on their biomaterial treatment
Group no. Type of treatment given
1 control
2 ZnO/W
3 ZnO/Ext
4 ZnO/Ag/Ext
5 ZnO/CuO/Ext
6 ZnO/Ag/CuO/Ext
 

Fig. 1 Photo of bandages after deposition of nanocomposites and control
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2.2.7 Statistical analysis: Quantitative data of wound closure
percentage were collected and expressed as average±standard error
where applicable. Statistical analysis was carried out using one-
way ANOVA and post hoc Tukey (SPSS) so that p-values <0.05
were regarded as significant.

3Results and discussion
3.1 Characterisation

The crystallography of the ZnO/w, ZnO/Ext, ZnO/Ag/Ext,
ZnO/CuO/Ext and ZnO/Ag/CuO/Ext samples was determined by
XRD (Fig. 2). The diffraction peaks with high intensities exist at
angles corresponding to (002), (004), (100), (101), (102), (103),
(110), (112), (200), (201) and (202) planes revealed well
crystallinity of the prepared samples. The hexagonal wurtzite
structure was confirmed (JCPDS Card No. 36-3411) by the peaks
in the XRD spectrum [18]. In addition, low CuO peaks and
hexagonal ZnO crystal phase peaks were observed in CuO-
containing nanocomposites, due to their low weight. Diffraction
peaks of copper oxide are qualified for the cubical crystal phase
(JCPDS Card No. 78-0428) [19]. Along with the presence of zinc
oxide and copper oxide peaks in the ZnO/Ag/CuO/Ext sample,
there are two low-grade Ag-based couriers. The mean crystallite
size of the synthesised samples was determined using Scherrer's
equation as follows:

D = Kλ/βcos θ (2)

where D is the average crystallite size (in nm), K is the Scherer's
constant (K = 0.9), β is the corrected full-width-at half maximum
(FWHM in radians) of the corresponding plane, θ is the diffraction
angle (θ = 12.7°) and λ is the wavelength of X-ray radiation (λ = 
0.15418 nm). The mean crystallite sizes of the ZnO/w, ZnO/Ext,
ZnO/CuO/Ext, ZnO/Ag/Ext and ZnO/Ag/CuO/Ext samples
calculated from the (101) plane were 19, 11.4, 21.8, 18.2 and 22.3 
nm, respectively. As seen, the crystallite size of ZnO/Ag/CuO/Ext
composite increased as compared to that of ZnO/w. The increase
may be attributed to the simultaneous presence of ZnO, CuO and

Ag in its structure. The crystallite size of ZnO/Ext and ZnO/Ag/Ext
decreased compared to that of ZnO/w due to the presence of
biomolecules and metabolites such as flavonoids and phenolic
compounds, which are distributed in different parts of the propolis.
For the observation of the surface morphology of ZnO/w, ZnO/Ext,
ZnO/Ag/Ext, ZnO/CuO/Ext and ZnO/Ag/CuO/Ext samples, SEM
images were captured (Fig. 3). As shown in this figure, every four
nanocomposites with ZnO, have almost spherical shapes. Bio-
synthesised NPs using propolis extracts (ZnO/Ext) and silver-
synthesised samples (ZnO/Ag/Ext) are smaller than ZnO/w. These
findings are by the outcomes of XRD patterns. This size reduction
can be related to the presence of organic active compounds in the
extract that attached to the surface at the time of preparation of NPs
[20].

FT-IR spectra of the ZnO/w, ZnO/Ext, ZnO/Ag/Ext,
ZnO/CuO/Ext and ZnO/Ag/CuO/Ext specimens in the range of
400–4000 cm−1 are presented in Fig. 4. All the samples exhibit
peaks at around 420 cm−1 specified to the stretching vibration Zn–
O [21]. The nanocomposites ZnO/CuO/Ext and ZnO/Ag/CuO/Ext
showed distinct peaks at 630 cm−1 corresponding to CuO [22].
Also, peaks of 890, 1020 and 1630 cm−1 can be connected with the
stretching vibration of the C = O and C–O bonds of the
biomolecules found in the propolis extract [23]. In addition, the
characteristic peaks for the C–H vibrations of the CH2 and CH3
aliphatic was seen around 2930 cm−1 [24]. The FTIR spectrum of
the propolis extract shows a wide peak at 3360 cm−1 i.e. related to
the O–H group of phenolic compounds [25]. Finally, the FTIR
spectra of all samples showed a wide absorption peak within range,
3400 cm−1, which represents the group O–H stretching vibration
[26].

Afterwards, to monitor the weight loss and thermal stability of
the binded propolis extract, TGA of the samples was carried out
(Fig. 5). The sample ZnO/W exhibited a losing weight of 4.6%
upon inflaming to 600°C. The observed losing weight is because of
the destruction and loss of adsorbed water on the stated sample. In
cases of ZnO/Ext, ZnO/Ag/Ext, ZnO/CuO/Ext and
ZnO/Ag/CuO/Ext samples, the losing weight due to raising the
temperature up to 200°C is due to loss of water molecules; similar
to ZnO/W and also OH group. However, further increases in
temperature, a greater weight loss of the samples was seen,
particularly in the range of 250–300°C. This temperature is typical
for the decomposition of a number of organic compounds. The
weight loss is related to the burning of organic biomolecules
attached around the samples. The weight proportion of the
biomolecules in the ZnO/Ext, ZnO/CuO/Ext, ZnO/Ag/Ext and
ZnO/Ag/CuO/Ext samples have been determined 12.7, 16.8, 10
and 18.7%, correspondingly. Similar observations were recorded
for TGA studies of the ZnO nanostructures prepared in the
presence of various plant extracts [24].

To evaluate the electronic absorbency characteristics of the
produced specimens, UV–vis DRS spectra were provided in the

Fig. 2 XRD patterns of the ZnO/W, ZnO/Ext, ZnO/CuO/Ext, ZnO/Ag/Ext
and ZnO/Ag/CuO/Ext samples

 

Fig. 3 SEM images of
(a) ZnO/W, (b) ZnO/Ext, (c) ZnO/Ag/Ext, (d) ZnO/CuO/Ext, (e) ZnO/Ag/CuO/Ext
sample

 

Fig. 4 FTIR spectra for the ZnO/W, ZnO/Ext, ZnO/CuO/Ext, ZnO/Ag/Ext
and ZnO/Ag/CuO/Ext samples
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range of 220–820 nm (Fig. 6). By the literature, the ZnO NPs
synthesised in water did not absorb in the range of visible light
(400–700 nm) and only exhibited an absorption peak at 360 nm in
the UV region [10]. In addition, the ZnO/CuO/Ext sample exhibits
a change of 20 nm in absorbance to the UV region. This change
may be related to the result of the quantum bound effect. However,
the other NPs synthesised in the presence of propolis extract

presented a wide absorption band in visible range associated with a
sharp absorption in UV wavelengths. The observed visible-light
absorption can be attributed to the biomolecules of the extract
attached to the NPs surface. The obtained results from the DRS
data were in agreement with the FTIR spectra and TGA, indicating
the presence of propolis extract biomolecules over the synthesised
ZnO, ZnO/CuO, ZnO/Ag and ZnO/Ag/CuO NPs. The propolis
extract is rich in bioactive components, including caffeic esters,
polyphenols, flavonoids, coumaric acid, lignan and diterpene [27].
It is postulated that the phenolic compounds containing hydroxyl
groups could readily chelate with Zn2+ ions producing complexes
by a p-track conjugation effect. These complexes act as capping
agents to control the growth of NPs during the synthesis process
and thus tuning their size and produce more stable nanocrystals,
particularly after the microwave step [21, 28].

Tauc's equation was employed to estimate the energy bandgaps
(Eg) of the synthesised samples

ahv = B hv − Eg
n/2 (3)

where v, a and B represent the light frequency, absorption
coefficient and proportionality constant, respectively [29]. The
magnitude of n is dependent on the transition category in the
semiconductor. The values of Eg were determined by extrapolation
of the linear portion on the energy axis from the (ahv)2 versus hv
graphs. As shown in Fig. 7, the bandgaps of ZnO/Ext, ZnO/CuO/
Ext, ZnO/Ag/Ext and ZnO/CuO/Ag/Ext nanocomposites are less
than ZnO/w nanocomposites. 

The measured BET surface areas and textural characteristics of
the ZnO/w, ZnO/Ext, ZnO/Ag/Ext, ZnO/CuO/Ext and
ZnO/CuO/Ag/Ext samples were determined by the N2
physisorption at − 196°C and the results are presented in Fig. 8. As
evident in this figure, the isotherms of all samples are of type IV,
indicating their mesoporous structure [30]. The calculated specific
surface areas were 16.7, 19.4, 15.7, 13.3 and 21.9 m2 g−1 for the
ZnO/w, ZnO/Ext, ZnO/CuO/Ext, ZnO/Ag/Ext and
ZnO/Ag/CuO/Ext samples, respectively. Reducing the specific
surface area of nanocomposites ZnO/CuO/Ext and ZnO/Ag/Ext as
compared to the ZnO/W and ZnO/Ext may be related to the
blocking of active sites of the CuO- and Ag-containing particles
because of the presence of certain biomolecules in biological
extract or surface structure.

3.2 Rate of wound closure

The wound healing is defined as a process of repairing injured
tissue to obtain restoration of integrity; whereas the wound
contraction involves narrowing or closing of the wound.
Accordingly to estimate the rate of closure, the wound area was
measured at different time intervals. A better healing pattern of
wound closure was seen in ZnO/Ag/Ext treated wounds at day 18th
after wounding in comparison to the other groups (p < 0.05). Fig. 9
shows the wound closure rate of treated groups on different days. 
At first, there was a major decrease in wound size in ZnO/Ext,
ZnO/CuO/Ext and ZnO/Ag/CuO/Ext treated rats on the 6th day,
but the closure rate was faster in ZnO/Ext, ZnO/Ag/Ext and
ZnO/Ag/CuO/Ext on subsequent days to day 12 when compared
with control rats. Gauze dressing containing ZnO/CuO/Ext
promoted a decrease in the wound's surface area on day 6 after
application. However, based on the obtained results, there was a
significant wound closure in ZnO/Ag/Ext on final days, which is
probably because of zinc/silver's healing effect in the unit of time.

3.3 Histopathological examination

Re-epithelialisation is a significant stage in the healing system of
skin wounds in which keratinocytes proliferate and migrate to
cover the wound area and restore epidermal integrity [23]. The
histopathological analyses of the skin samples demonstrated tissue
re-epithelisation and cell proliferation. From the histopathological
examination, as shown in Fig. 10, dermal layer formation and
epidermis regeneration were initiated on 12th day in the treated

Fig. 5 TGA curves for the ZnO/W, ZnO/Ext, ZnO/CuO/Ext, ZnO/Ag/Ext
and ZnO/Ag/CuO/Ext samples

 

Fig. 6 UV–vis DRS spectra of the ZnO/W, ZnO/Ext, ZnO/CuO/Ext,
ZnO/Ag/Ext and ZnO/Ag/CuO/Ext samples

 

Fig. 7 Band gaps energy curves for the ZnO/W, ZnO/Ext, ZnO/CuO/Ext,
ZnO/Ag/Ext and ZnO/Ag/CuO/Ext samples
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samples with ZnO and ZnO/Ext. However, epidermis regeneration
was completely finished on 18th day in the ZnO/Ag/Ext. On day
12, the presence of hair follicles and sebaceous glands in
ZnO/Ag/Ext and hair follicles and nerves in ZnO/Ext and only
nerves in ZnO were detected. However, finally, on 18th day, they
clearly were improved in ZnO/Ag/Ext treated lesions as compared
to the control sample. Hair follicles, which have a major role in
epithelial regeneration and wound healing, can also be considered
as a reservoir for the penetration of NPs inside the skin [23]. The
secretion of serum proteins and cells pronounced the formation of
more exuberant crusts and resulted in more efficient healing of the
wounds treated with ZnO, ZnO/Ext, ZnO/CuO/Ext and particularly
ZnO/Ag/Ext [31]. Moreover, the deposition of collagen in wounds
was investigated by Masson's trichrome staining. As evident in

Fig. 11, the wound area of control rats contains loose and
disorganised collagen fibrils on the wound surface even at 18 days
of post-wounding. Whereas the groups treated with ZnO, ZnO/Ext,
ZnO/Ag/Ext, ZnO/CuO/Ext and ZnO/Ag/CuO/Ext demonstrated a
number of dense, and ordered collagen fibrils on selected areas of
each wound at 12 days of post-wounding and particularly at 18
days of post-wounding. Among the control and other groups,
treatment with ZnO/Ag/Ext showed the highest disposition of
collagen in the wound site on 18th day of post-treatment. In
addition, penetration of skeletal muscle through to the dermal layer
was observed in the wound slides of ZnO, ZnO/Ag/Ext and
ZnO/CuO/Ext groups on 18th day.

It has been documented that zinc as a structural part of many
proteins and enzymes that participate in cellular division,
proliferation, secretion and contraction, may beneficially influence
the wound healing process [32]. In this regard, studies on Dawley
rats demonstrated that wounds treated with the β-chitin
hydrogel/ZnO NPs bandage are associated with a decreased rate of
bacterial colonies compared with that of the control, leading to a
more rapid re-epithelialisation, remarkable collagen deposition and
faster healing [33]. Similarly, Zhai et al. [34] observed that ZnO-
loaded chitosan bandage could positively influence wound healing.
Furthermore, the use of silver-based NPs has been well examined
to reduce wound inflammation and accelerate wound healing
through the regulation of cytokine [10]. Kantipudi et al. [27]
conducted a study on the preparation of Ag–ZnO NPs and
evaluated their potential as wound healing materials. They reported
that in comparison with Ag NPs and standard drug, Ag–ZnO
composite exhibited better performance in the wound healing
process. In other work, in vivo experiments in mice demonstrated a
more efficient re-epithelialisation, condensed collagen deposition
and an accelerated wound healing ability of chitosan-Ag/ZnO
dressings compared to the use of pure ZnO and chitosan dressing
ointment gauze [9]. As mentioned earlier, due to anti-inflammatory
and cell proliferation properties, propolis has been frequently used
to stimulate the healing process [22, 35]. These properties are
associated with the existence of a variety of biologically active
compounds with therapeutic potential such as phenolic acids,
flavonoids and benzoic acids, which may readily account for the
perceived prophylactic effect of propolis in wound healing [15, 35,
36]. In this context, McLennan et al. [37] observed that the use of
propolis could effectively accelerate the wound healing activity and
result in re-epithelialisation of wounds in diabetic rodents. Besides,
propolis provided additional benefits in reducing the infiltration of
neutrophil and regulating the wound site macrophage influx. In
another study, Khorasgani et al. [38] compared the healing rates of
wounds treated with propolis against silver sulfadiazine. Based on
macroscopical, microscopical and qualitative examinations, they

Fig. 8 Nitrogen adsorption–desorption isotherms of the ZnO/W, ZnO/Ext,
ZnO/CuO/Ext, ZnO/Ag/Ext and ZnO/Ag/CuO/Ext samples

 

Fig. 9 Percentage of wound closure in control and treated groups
*The significance difference with control (p < 0/05). **The significance difference
from all groups (p < 0/05)

 

Fig. 10 Haematoxylin and eosin staining of the wound tissues on different
days of post-treatment

 

Fig. 11 Masson's trichrome staining of wound tissues on different days of
post-treatment
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concluded that propolis offers a greater healing potential than other
treatment method.

Therefore, in the current research, the observed wound-healing
ability of ZnO/Ag/Ext gauze dressing could possibly have ascribed
to the presence of ZnO and Ag, as well as synergistic effects of
propolis extract, taking into account the regeneration and the
presence of hair follicles, sebaceous glands and nerves was better
in ZnO/Ext compared to those in ZnO/W on both the 12th and 18th
days. Results showed that ZnO/Ext led to a remarkable reduction in
the wound area and an increase in re-epithelialisation compared to
ZnO/W gauze dressing and control sample. This action is likely
due to the presence of propolis in ZnO/Ext and its medicinal
properties. In addition, the potent biocidal properties of copper
compounds, along with their critical role in skin regeneration and
angiogenesis regulation, have led to the frequent use of copper-
based complexes to promote the wound healing process [39, 40].
Similarly, Thanusha et al. [41] successfully synthesised hydrogel-
containing CuO and ZnO NPs effective wound dressing scaffold
and demonstrated its efficacy to facilitate wound healing in Wistar
rats.

Overall, the healing of a wound is a multi-phase process with
indistinct boundaries. Each and every element/component in the
studied samples have had an impact on the healing phases, which
resulted in a significant improvement in wound condition. As
indicated in the results, all the samples showed significant healing
effects compared to the control within 6 days of treatment, while
the differences in efficiencies were insignificant with one another.
Similar results were obtained from the samples on day12 of
healing. However, on day 18, the differences between the studied
samples were not only significant compared to control but also
compared to each other. As discussed above, the differences in the
healing effects could be based on the differences in their action at
different stages of healing. For example, epithelium restoration
around the wound area can be enhanced by ZnO. The Zn2+ ions
released from ZnO act as a cofactor and contribute to the function
of Zn-dependent matrixins [42]. Moreover, Cu takes part in various
stages such as keratinocytes, remodelling of the extracellular
matrix, collagen synthesis and activation of transforming growth
factor-β1 at initial stages of healing [43]. On the other hand, Ag, as
a known anti-bacterial agent, also has a role in the downregulation
of matrixins, when they are present at higher degrees to inhibit
their negative feedback on the wound healing process [44]. Also,
Ag lessens the inflammation through cytokine modulation and
facilitates recovery [45]. Notably, the synergistic action of the
antioxidants present in propolis should also be taken into account.
Therefore, considering the several reactions involved in the wound-
healing and the various roles that the employed elements/
compounds play in different phases, the effectiveness of each
sample has varied at day 18. Eventually, the ZnO/Ag/Ext sample
had shown the highest activity for enhanced recovery of wounds.

4Conclusion
Our findings specified that ZnO/Ag/Ext NPs hastens wound
healing and upsurges wound closure ratio. A number of elements
could be complicated in the improvement of the wound healing
process. The company of the antioxidant, anti-inflammatory and
antimicrobials properties probably among the factors that
contributed to the potential wound healing effect of ZnO/Ag/Ext
NPs. Additional revisions are essential to create the principal
bioactive and inorganic compound accountable for the wound
healing performance and the optimum conditions for the
fabrication and application of ZnO/Ag/Ext NPs.
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