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Abstract

Background: Nano-scaffolds loaded with bioactive compounds such as ZnO nanoparticles (ZnO-NPs), as tissue-engineered artificial
skin grafts, can be a suitable substitute for extracellular matrix and greatly contribute to accelerating chronic wound treatment by
decreasing the chance of bacterial infection.

Methods: Silk fibroin nanofiber was fabricated by using electrospinning and three-dimensional porous hybrids (3DPH) nano-
scaffold with composite of sodium alginate/ZnO-NPs solution and silk fibroin electrospun nanofibers by adopting freeze-drying
method. Successful configuration of nanofibers and porous nano-scaffolds were confirmed using field emission scanning electron
microscopy (FE-SEM). Antimicrobial activity, cell attachment, and cytotoxicity evaluation of scaffolds were performed by employing
disk diffusion method, L929 cell culture, and MTT assay, respectively.

Results: Antibacterial analysis of 3DPH nano-scaffolds revealed their appropriate antibacterial activity against the Staphylococcus
aureus and the Escherichia coli bacteria. Furthermore, the results from cytotoxicity and cell adhesion analyses indicated the appro-
priate cell attachment, viability, and proliferation on the silk fibroin nanofibers and 3DPH nano-scaffold, which are fundamental for
wound healing and skin dermo-epidermal grafts.

Conclusions: In sum, silk fibroin nanofiber as an epidermal graft and 3DPH nano-scaffold loaded with ZnO-NPs as a dermal graft
were fabricated. Moreover, 1.5% (w|v) concentrations of ZnO-NPs were selected and incorporated into the 3DPH nano-scaffold. Con-
sidering the promising results of biological analyses, the nanofibrous and 3DPH nano-scaffolds composite may have been suitable

for skin dermo-epidermal grafts and skin regeneration.
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1. Background

As the largest organ system in the body, the skin plays a
crucial role in multiple important physiological functions.
Compromising the skin’s integrity by injury or illness can
lead to physiologic imbalances, chronic wounds, and, oc-
casionally, even death (1). Depending on the healing du-
ration, the wound may be classified as acute or chronic.
Chronic wounds, unlike acute wounds, cannot heal at an
expected timeframe because they do not progress beyond
the inflammatory phase, preventing the proliferation of
vascular endothelial cells and fibroblasts as well as the de-
position of collagen matrix (2). Chronic wounds are usu-
ally treated with autografts, allografts, xenografts, and top-
ical antibacterial and anti-inflammatory agents. Neverthe-

less, the above therapies are not sufficient for extensive or
deep wounds (3). Autografts are most advantageous be-
cause they do not exhibit immune responses, but they can-
not cover the entire wounded site when it exceeds 60%
of the patient’s total body area. Additionally, the appli-
cation of allogeneic skin grafts carries a high risk of re-
jection and treatment failure (3, 4). Modern treatments
include skin tissue engineering, which produces bioengi-
neered biomaterial-based artificial skin grafts aimed at
overcoming the shortage of donor skin graft supplies as
well as the rejection of skin allografts and xenografts (5).
Moreover, bioengineered artificial skin substitutes are be-
coming more popular for treating chronic wounds and for
topical delivery of mesenchymal stem cells to reduce in-
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flammation and speed healing (5, 6). Artificial skin grafts
with pre-seeded cells or cells incorporated within the ma-
trix are known as cellular artificial skin grafts, while those
with or without cells are known as acellular artificial skin
grafts (6). The main roles of bioengineered skin grafts are
to prevent infections, keep the wound from dehydration,
supply oxygen, and promote healing (6, 7). Depending
on their anatomical structure, similar to autologous skin
transplants, artificial skin substitutes may be categorized
as epidermal, dermal, or dermo-epidermal (8, 9). A scaffold
is an essential component of skin tissue engineering and
artificial skin grafts since it has a pivotal role in mechani-
cal support, delivery of nutrients and oxygen, as well as the
release of growth factors and drugs. It can also modulate
cell behaviors such as attachment, motility, proliferation,
and differentiation. Therefore, scaffolds could mimic the
biological, chemical, and mechanical properties of the ex-
tracellular matrix (ECM) of the target tissue. Several types
of scaffolds can be utilized for artificial skin grafts, includ-
ing fibrous, porous, and hydrogel scaffolds (10, 11).

2. Objectives

The current study aimed to design two nano-scaffolds,
fibrous and porous, as skin dermo-epidermal grafts with
silk fibroin (SF), sodium alginate (SA), and ZnO nanopar-
ticles (ZnO-NPs) (Figure 1). Silk fibroin nanofiber is fabri-
cated by electrospinning as an epidermal graft and three-
dimensional porous hybrids (3DPH) nano-scaffold loaded
with ZnO-NPs by adopting the freeze-drying method as a
dermal graft.

3. Methods

3.1. Materials

Silkworm (Bombyx mori) cocoons (i.e, a generous
gift from Iran Silkworm Research Center, Guilan, Iran),
sodium alginate (C¢HgNaO,, High MW, Merck, Germany),
ZnO-NPs (Nanozino company, Iran), Dulbecco’s modi-
fied Eagle’s medium (DMEM), fetal bovine serum (FBS),
phosphate buffered saline (PBS), penicillin-streptomycin
(P/S) (Bio-Idea, Iran), lithium bromide (LiBr, VWR Pro-
lab, Belgium), polyethylene oxide (PEO) (Merck, Germany),
sodium carbonate (Na,CO;, Merck, Germany), 98% formic
acid (HCOOH, Merck, Germany), and calcium chloride
(CaCl,, Merck, Germany) were used in this study.

3.2. ZnO Nanoparticles

In this study, oval and quasi-spherical shaped nanopar-
ticles with an average diameter of 35 + 10 nm were used ir-
regularly. In addition, the crystalline structure of ZnO-NPs

was hexagonal and high purity without any other phase
impurities. The zeta potential of ZnO-NPs in DDW was
equal to-16.8 mV, implying a stable colloidal solution.

3.3. Silk Fibroin Extraction

Silk fibroin solution was prepared with a concentra-
tion of 8-10% (w/v) according to the protocol of Vepari and
Kaplan (12). The 3 - 4 B. mori cocoons were boiled in 1liter of
0.02 M aqueous sodium carbonate (Na,Cos ) solution for 45
minutes and rinsed with water in order to remove sericin.
The degummed silk was dried overnight and dissolved in
9.3 M LiBr solution (in a ratio of 8 -10% silk weight) for four
hours on a heater stirrer at 55°C. After filtration of SF so-
lution, it was dialyzed against distilled water for 48 h. Fi-
nally, the extracted silk fibroin was lyophilized by electro-
spinning using the freeze-drying method.

3.4. Fabrication of Nanofibers by Electrospinning

Silk fibroin fibrous scaffolds were fabricated adopting
electrospinning. To fabricate the SF nanofibers, 8% (w/v) SF
solution was dissolved in formic acid (98%). To complete
the electrospinning process, the voltage electric field, flow
rate, and collector distance were applied at 18 kV, 1 ml/h,
and 13 cm, respectively.

3.5. Fabrication of Three-dimensional Porous Hybrid Nano-
scaffolds

The main solution, SA/ZnO-NPs suspension, was pre-
pared using 0.5% (w/v) of SA and different concentrations
of ZnO-NPs (0.5,1,1.5,and 2% (w/v)) in deionized water. The
suspension was homogenized by stirrer vigorously for 15
min and ultrasonic vibration for 15 min. Then, 1 mg/mL so-
lution of cutabout 3-4 mm? electrospun SF nanofibers was
prepared in deionized water, performing vortex for 15 min
and ultrasonic vibration for 15 min. The final solution was
prepared using blend of main and SF nanofibers solutions
with 1: 3 ratio and mixing them by thoroughly stirring for
1 hour to obtain a homogenous mixture. The 3DPH nano-
scaffolds were fabricated by implementing freeze-drying
(EYELA, FD1) under-40°C temperature of condenser and ap-
plying 8.5 - 9 Pa pressure for 24h. The porous film was im-
mersedin1% (w|v)CaCl, for2 hin order toinduce crosslink.

3.6. Electron Microscopic Analysis

The surface morphology of nano-scaffolds was exam-
ined using field emission scanning electron microscopy
(FE-SEM; TESCAN-MIRA3, Czech Republic) with voltage and
amperage of 15-50 kV and 2 -10 uA, respectively.
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Figure 1. The graphical abstract and overview of objectives

3.7. Biological Activity Assessment of Nano-scaffolds

The antibacterial activity of 3DPH nano-scaffolds
loaded with 0.5, 1, 1.5, and 2% (w/v) ZnO-NPs was evalu-
ated against the Staphylococcus aureus and Escherichia
coli bacteria by disk diffusion assay according to the
European Committee on Antimicrobial Susceptibility
Testing (EUCAST) guidelines. The bacteria strains were
taken from the Persian Type Culture Collection (PTCC).
Staphylococcus aureus (PTCC No.: 1826) as a standard gram-
positive bacterium and E. coli (PTCC No.: 1222) as a standard
gram-negative bacterium were cultured in 10 mL LB broth
medium in the shaker incubator at 150 rpm at 37°C for 18 -
24 h. Then 150 pL of 0.5 McFarland bacterial suspensions
was cultured on LB plates. Then, disks of the samples (0.5
cm in diameter and sterilized under UV light for 1 h) were
prepared, placed on the plates, and incubated at 37°C for
24 - 72 h. Finally, the inhibition zone of the nanofibers
against each bacterium was measured.

The biological properties of SF nanofibers and 3DPH
nano-scaffolds, such as cell attachment, proliferation and
cell viability, were evaluated using a mouse fibroblastic cell
line (L929) (National Cells Bank, Pasteur Institute of Iran).
L929 cells were cultured in DMEM containing 10% FBS
supplemented with penicillin (100 units/mL) and strepto-
mycin (100 pg/mL) at 37°C, and humidified with 5% CO,.
Before the cell culture, the sample nanofibers were steril-
ized under UV light for an hour, placed in a 24-well culture
plate, seeded with 10* cells on them, and incubated in a hu-
midified atmosphere of 5% CO, at 37°C for 48 h. The nano-
scaffolds samples were rinsed with PBS solution to remove
the dissociative cells. The attached cells to scaffolds were
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fixed using 2.5% (v/v) glutaraldehyde solution for3 hat 4°C.
Then, the scaffolds were thoroughly washed with PBS so-
lution, sequentially dehydrated in a graded ethanol series
(30, 50, 70, 95, and 100% (v/v)) for 10 min, and dried. The
FE-SEM was used for depicting the cell attachment on the
nano-scaffolds.

Cell viability was evaluated at1, 3, and 5 days of culture
using MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetra-
zolium bromide) assay. The test was performed five times
per sample (n =5). Finally, the cell viability percentage was
calculated using the following equation:

OD of the sample

Cell viabilit -
ell viability (%) OD of the control group

x 100
1)

3.8. Statistical Analysis

The data were expressed as a mean + standard devi-
ation. Statistical analysis was performed using one-way
analysis of variance (SPSS program, version 22). A P-value
< 0.01was considered as statistically significant.

4. Results

The surface morphology and size of synthesized nano-
scffolds were measured using FE-SEM. According to our mi-
croscopic examination, the silk fibroin nanofibers had ran-
dom orientation as well as straight, relatively smooth, and
uniform fabrication with the average diameter of 137+ 40
nm (Figure 2C).
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Figure 2. A, Fabrication of nanofibrous scaffold by electrospinning method; B, The electrospun silk fibroin nanofiber mat; and C, Field emission scanning electron microscopy

image of SF nanofibers

Three-dimensional (3D) and porous structure of 3DPH
nano-scaffold manufactured by sodium alginate, ZnO-NPs
and SF nanofibers is shown in Figure 3.

Antibacterial activity of 3DPH nano-scaffolds contain-
ing different concentrations of ZnO-NPs against S. aureus
andE. coli bacteria was investigated by performing the disk
diffusion assay. As shown in Figure 4 and Table 1, enhanc-
ing ZnO concentration encapsulated in nano-scaffolds in-
creased the mean diameter of inhibition zone against both
bacterial strains.

The cytotoxicity level of 3DPH nano-scaffolds compris-
ing different ZnO-NPs concentrations through the viabil-
ity level of mouse fibroblast cells (L929 cell line) was as-
sessed using MTT test. The 3DPH nano-scaffolds free of ZnO-
NPs (SF-SA/PEO) were considered as a control sample. As
Figure 5 illustrates, the scaffolds did not induce cytotoxi-
city over three days of study. However, it was found that
the cell viability and proliferation decreased by increas-
ing the ZnO-NPs concentration compared with the control
samples. According to our results, the cell viability was
slightly affected by ZnO-NPs and increased from low con-
centrations to 1.5% (w|v) of zinc oxide so that almost 70%
of the cells were alive over three days. However, the cell
viability was significantly declined (P < 0.01) to 50% after
three days of exposure to 2% ZnO-NPs-loaded 3DPH nano-
scaffolds due to the release of more ZnO (Figure 5).

Moreover, L929 cell line (Figure 6A) was cultured on
the SF nanofibers and 3DPH nano-scaffold containing 1.5%
(w[v) ZnO-NPs to survey the cell interaction with the
nanofiber surface. As FE-SEM images show, the cells were
connected, and most of the nano-scaffolds’ surface was
covered by them (Figure 6B and C).

Finally, it was concluded that silk fibroin nanofibers
were suitable for epidermal grafts, and 3DPH nano-scaffold

loaded with ZnO-NPs were ideal for dermal grafts. Tak-
ing into account the promising results of biological anal-
yses, it was determined that nanofibrous and 3DPH nano-
scaffolds composite may have been suitable for skin
dermo-epidermal grafts and skin regeneration.

5. Discussion

Chronic wounds (e.g., deep burns, pressure ulcers, ve-
nous ulcers, and metabolic disorders) significantly im-
pact the patient’s health, whose treatment is extremely
important. There are several factors that contribute to
the slow healing of chronic wounds, including the de-
struction of the ECM, a lack of stem cells, and a high risk
of bacterial infections (13, 14). In this study, silk fibroin
nanofiber was fabricated by using electrospinning (as an
epidermal graft) and 3DPH nano-scaffold with composite
of sodium alginate/ZnO-NPs solution as well as silk fibroin
electrospun nanofibers by freeze-drying method (as a der-
mal graft). Due to their morphology, high porosity, and
high surface area-to-volume ratio, nanofibrous scaffolds
have wide applications in the fields of skin tissue engi-
neering, artificial skin grafts, and wound dressing (15, 16).
However, loading and releasing sensitive bioactive com-
pounds such as antibiotics, DNA, proteins, nanoparticles,
and other drugs into nanofibrous scaffolds is usually chal-
lenging (17). Hence, the drug’s physicochemical proper-
ties, polymer choice, drug-polymer compatibility, drug-
solvent compatibility,and formulation should be carefully
considered for designing scaffolds. The complex interplay
among various parameters significantly impacts the load-
ing and sustainable drug release. Nano-scaffolds loaded
with bioactive compounds such as ZnO-NPs can be em-
ployed as synthetic skin substitutes or tissue-engineered

] Skin Stem Cell. 2022; 9(4):e133976.
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Figure 3. A, Fabrication of porous scaffolds by freeze-drying method; B, Film of three-dimensional porous hybrids nano-scaffold; and C, Field emission scanning electron
microscopy image of 3DPH nano-scaffold

Figure 4. Antibacterial activity against A, Staphylococcus aureus; and B, Escherichia coli bacteria by three-dimensional porous hybrids nano-scaffolds containing 0, 0.5,1,1.5,and
2% (w/v) ZnO nanoparticles after 48 hours. Disks with and without antibiotic were considered positive (C*) and negative (C') controls, respectively.

Table 1. Inhibition Zone of Three-dimensional Porous Hybrids (3DPH) Nano-scaffolds Loaded with Different Concentrations of ZnO Nanoparticles After 48 Hours *

Three-dimensional Porous Hybrids Nano-scaffolds with Different ZnO Nanoparticles Concentration (%) Mean Inhibition Zone (mm)
Staphylococcus aureus Escherichia coli

o (0] 0

0.5 4% 0.7 4t 0.9

1 8+ 12 6+ 0.8

1.5 n+13 71

2 15+ 0.9 9+ 11

? Values are mean + standard error (n =3).
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Figure 5. L929 cell viability percentage on the three-dimensional porous hybrids nano-scaffolds incorporated with 0 (control), 0.5, 1, 1.5, and 2% (w/v) ZnO nanoparticles,
assessed by the MTT assay after 2 and 3 days. * shows a statistically significant difference (P < 0.01).

Figure 6. A, Morphology of L929 fibroblasts; B, Field emission scanning electron microscopy image of L929 fibroblasts cultured on silk fibroin nanofibers; and L929 C, Cell

attachment to the three-dimensional porous hybrids scaffold after 72 h

artificial skin grafts (18, 19). Antibacterial properties of
nano-scaffolds play a major role in accelerating wound
treatment by decreasing the chance of bacterial coloniza-
tion and infection (20, 21). Consequently, S. aureus is more
sensitive to ZnO-NPs than E. coli, which was in agreement
with theresults from previous studies (22-24). The scaffolds
used for wound healing should be non-toxic for the cells
because cell migration, angiogenesis, and connective tis-
sue regeneration can occur in the presence of biocompati-
ble (non-toxic) wound dressings (25). However, higher con-
centration of zinc oxide may not be appropriate for cell at-
tachment and viability, which was in line with the results
from previous studies. According to these studies, high
dosages of ZnO-NPs may have promoted oxidative stress
and cell apoptosis (26, 27). Additionally, ZnO-NPs can be ef-

fective in treating chronic wounds by stimulating the pro-
liferation and growth of fibroblastic cells, promoting col-
lagen synthesis as the main substrate of ECM, and angio-
genesis (28, 29). Our findings demonstrated that the 1.5%
(w/[v) ZnO-incorporated 3DPH nano-scaffold had a prompt-
ing effect on the L929 cell’s proliferation and attachment
withoutany cell toxicity, which was consistent with MTT as-
sayresults. According to our study results, moreover, it was
suggested that the positive effect of zinc with appropriate
concentration on cell proliferation, adhesion, ECM regu-
lation, and metabolic processing may have stabilized the
cell membranes and accelerated the wound healing (30).
Similar results were reported for SF nanofibers and 3DPH
nano-scaffold, making them a promising tool for wound
healing and tissue engineering (31). There are a number

] Skin Stem Cell. 2022; 9(4):e133976.
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of research studies exploring the application of nanotech-
nology for synthesizing skin grafts. However, it should be
noted that these studies are typically conducted in a labo-
ratory setting and have not widely employed clinical prac-
tice. One study published in 2011 investigated the applica-
tion of a nanofiber scaffold made from polyethylene glycol
(PEG) and collagen for synthesizing skin grafts in a clinical
setting (32). The study found that using nanofiber scaffold,
compared to traditional skin grafts, accelerated the wound
healing process and improved the skin regeneration. An-
other study examined a nanostructured hydrogel made
from PEG and hyaluronic acid (HA) for synthesizing skin
graftsin a clinical setting, and found that using nanostruc-
tured hydrogel improved skin regeneration and reduced
scarring compared to traditional skin grafts (33).

5.1. Conclusions

In sum, silk fibroin nanofiber as an epidermal graftand
3DPH nano-scaffold loaded with ZnO-NPs as a dermal graft
were fabricated. Examination of SEM images revealed the
successful formation of fibrous and porous scaffold struc-
tures. The 1.5% (w/v) concentrations of ZnO-NPs were se-
lected to incorporate into the 3DPH nano-scaffold. Antibac-
terial tests showed that the 3DPH nano-scaffold had the po-
tential to inhibit the growth of gram-negative (E. coli) and
gram-positive (S. aureus) bacteria. Taking into account the
promising results of cytotoxicity and cell adhesion anal-
yses, the nanofibrous and 3DPH nano-scaffolds compos-
ite may have been a suitable candidate for skin dermo-
epidermal grafts and skin regeneration.

Recommendations for future studies: Biocompatible
and biodegradable natural polymers (silk fibroin and algi-
nate) were used for the synthesis of scaffolds, which pro-
vided an excellent method to load and efficiently release
the drugs (i.e., growth factors, antibiotics, and other bioac-
tive compounds) effective in wound healing. In addition,
they were cost-effective for mass production. However, it
was suggested that further studies (e.g., mechanical tests
of scaffolds and in vivo studies) should be carried out in
this regard. Finally, the following were recommended for
future studies:

(1) Development of 3D nano-scaffolds with loading of
growth factors (EGF, FGF, VEGF, etc.) and other bioactive
compounds effective in wound healing;

(2) Evaluation and optimization of nano-scaffold prop-
erties in vitro, including mechanical testing (i.e., tensile
strength, Young’s modulus, and elongation-to-break) and
physicochemical tests (i.e., porosity, permeability, water
uptake ability, water vapor transmission rate (WVTR));

(3) In vivo investigating the effect of nano-scaffolds
(as skin tissue engineering and artificial skin grafts) on
chronic wounds in laboratory animals.

] Skin Stem Cell. 2022; 9(4):e133976.
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