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Abstract: A comparative analysis of the structure and biological properties of silk fibroin construc-
tions was performed. Three groups of constructions were obtained: films obtained by casting an
aqueous solution of silk fibroin and electrospun microfibrous scaffolds based on silk fibroin, with
the addition of 30% gelatin per total protein weight. The internal structures of the films and single
fibers of the microfibrous scaffolds consisted of densely packed globule structures; the surface area to
volume ratios and volume porosities of the microfibrous scaffolds were calculated. All constructions
were non-toxic for cells and provide high levels of adhesion and proliferation. The high regenerative
potential of the constructions was demonstrated in a rat full-thickness skin wound healing model.
The constructions accelerated healing by an average of 15 days and can be considered to be promising

constructions for various tasks of tissue engineering and regenerative medicine.

Keywords: silk fibroin films; biocompatible polymers; electrospinning; scanning probe nanotomog-
raphy; full-thickness skin wound

1. Introduction

The development of biocompatible materials is one of the priorities of tissue engi-
neering. Constructions fabricated with biomaterials interact with cells, which specify the
purpose of the construction and ensure its physiological activity [1-3].

Scaffold material should correspond to the necessary rate of biodegradation and
mechanical properties, imitate the native extracellular matrix structure as closely as possible
and perform its functions without causing a toxic effect [4,5].

Currently, natural materials with biocompatibility and biodegradability without the
formation of toxic degradation products are preferred [6-8]. Components of the native ex-
tracellular matrix, such as collagen, fibronectin, elastin, hyaluronic acid, etc., and polymers
with a natural origin (alginates, chitosan, etc.) are widely used, as well as composites based
on these materials [9,10]. One of these materials is gelatin, which is used as a composite
additive to improve biocompatibility through its solubility and ability to utilize many
novel methods, such as electrospinning [11].

However, utilization of the abovementioned materials has problems associated with
the difficulties involved in structuring, insufficient mechanical strength and elasticity, low
solubility, etc. In this regard, the study of the biological properties of silk fibroin from
cocoons of the silkworm Bombyx mori and the development of scaffolds based on it are of
particular interest [12]. Silk fibroin has a unique combination of properties and can be used
in many tissue engineering areas, both alone and in composites [13,14].
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The primary fibroin structure has the main repeating motif GAGAGS and accounts for
55% of amino acid residues. The remaining part has an amorphous structure and consists
mainly of hydrophilic amino acid residues. The secondary structure presents antiparallel
-layers that are connected by hydrogen bonds. Amorphous regions form o-helices, which
proportionally increase with protein hydration. The tertiary structure includes a heavy
chain with a molecular weight of 390 kDa and a light chain of 26 kDa in a 1:1 ratio that
is connected by disulfide bonds, as well as P25 glycoprotein of 30 kDa [15], which are
assembled in a 6:6:1 ratio that corresponds to the form of the complex.

The main advantage of silk, as compared to other biocompatible materials, is its me-
chanical properties [16]. It ensures fibroin application as a frame-reinforcing component in
various constructions [17,18] and as a composite additive in the polymers with insufficient
mechanical strength [19-21].

A promising method for scaffold manufacturing is electrospinning, which is used to
obtain porous fibrous mats with a fiber diameter from 50 nm to several micrometers. The
fibrous structure significantly increases the cell proliferative activity and accelerates cell
migration due to high porosity and a high surface area to volume ratio (SA:V). Electrospun
scaffolds can be biomimetic in order to expand the scope of such constructions [22]. Many
types of constructions that are based on silk fibroin are produced using the electrospinning
method [23,24]. It allows for the fabrication of fibroin scaffolds with a constant orientation
of fibers along one axis, for example, in neuron cultivation [25].

In the course of this research, the comparative analysis of silk fibroin-based films
and microfibrous scaffold structures, biological properties and regenerative potential was
performed, and novel data on the surface and internal structure was obtained.

2. Materials and Methods
2.1. Preparation of Silk Fibroin

Silk fibroin was obtained from B. mori silkworm cocoons [26,27], which were pro-
vided by the head of the State Scientific Institution of the Republican Scientific Research
Station of Sericulture of the Russian Academy of Agricultural Sciences (Stavropol Krai,
Zheleznovodsk, Russia) Bogoslovsky V.V. In the first stage, the cocoons were purified from
sericin, 1 g of silk was boiled in a 500 mL of 2.52 M sodium bicarbonate aqueous solution in
a water bath for 40 min and washed with 3.6 L of water. Then, the silk was boiled in 500 mL
of water in a water bath for 30 min and washed with 3.6 L of distilled water. The last
procedure was repeated 3 times. The purified silk fibroin was dried at room temperature.

2.2. Fabrication of Silk Fibroin Films

An aqueous solution of fibroin was prepared by boiling a solution of calcium chloride,
ethanol and double-distilled water in a molar ratio of 1:2:8 and 130 mg/mL of silk fibroin
for 5 h in a water bath [26,27]. Then, the solution was centrifuged for 7 min at 12,100 x g.
The supernatant was dialyzed against double-distilled water and centrifuged for 7 min
at 12,100x g. The fibroin solution concentration was measured spectrophotometrically at
a 280 nm wavelength. The films were obtained using the casting method [26]. To obtain
a film with a diameter of 1 cm?, 100 pL of the silk fibroin solution with a concentration
of 20 mg/mL was deposited on the surface of the polished Teflon and dried for 2 days at
room temperature. The films were incubated in 96% ethanol for 15 min and were separated
using a scalpel.

2.3. Fabrication of Silk Fibroin-Based Microfibrous Scaffolds

An aqueous solution of silk fibroin was dried in a Petri dish at room temperature.
Dried silk fibroin and gelatin (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in HFIP
at a rate of 50 mg/mL. The solutions were centrifuged for 10 min at 12,100 x g. To obtain
composite scaffolds, the silk fibroin and gelatin solutions (supernatants after centrifugation)
were mixed at the required ratio to the total protein concentration of 50 mg/mL.
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Microfibrous scaffolds were obtained using the electrospinning method. The polymer
solution was deposited on the surface of the fixed collector (steel plate) under an electric
field with a voltage of 6.8-7 kV through a 22 G (inner diameter—0.4 mm) needle (for
a silk fibroin solution), or through a 23 G (inner diameter—0.3 mm) needle (for a silk
fibroin/gelatin solution). The solution feed rate was 0.1 mL/h and the needle collector
distance was 7 cm. The scaffolds were dried at room temperature for 2 days and were
then separated. For the cell adhesion and proliferation experiments, the deposition of the
solution with similar parameters was performed on cover glasses attached to the collector.

2.4. The Analysis of the Surface Structure Using Scanning Electron Microscopy (SEM)

The samples of the constructions were fixed with a 2.5% of phosphate-buffered glu-
taraldehyde solution (pH 7.4) for 2 h at 4 °C in the dark; then, they were washed with
phosphate-buffered saline. The samples were dehydrated using ethanol (10%, 20%, 50%,
70%, and 96% water solutions, 1 h in each concentration) and were incubated in acetone
for 30 min.

The prepared samples were exposed to the critical point drying (31 °C, 72.8 kg/cm?)
using the Quorum K850 instrument (Quorum Technologies, Lewes, UK). Sections of sam-
ples were prepared by scalpel and positioned inclined on the SEM platform for analysis.
The dried samples were coated with a 10 nm gold layer in an argon atmosphere at an ion
current of 20 mA and a pressure of 1 mbar using the Q150R ES rotary pumped coating
system (Quorum Technologies, Lewes, UK). The samples were analyzed using the Tescan
Vega3 SBU scanning electron microscope (Tescan, Brno, Czech Republic), with an operating
voltage of 15 kV. Imaging was performed using VegaTC software (Tescan, Brno, Czech
Republic).

2.5. The Analysis of the Film Surface Structure Using Atomic Force Microscopy

The samples were studied using a Solver P47-PRO atomic force microscope (NT-MDT
Co., Zelenograd, Russia). Five samples of silk fibroin films were analyzed. Scanning was
performed in a semi-contact mode with a scanning frequency of 0.3-0.4 Hz and an ampli-
tude of 20-40 nm using NSC15/ AL BS cantilever with a resonant frequency of 265-410 kHz
and the force constant of 20-80 N/m (Mikromasch, Tallinn, Estonia). The scanned area was
11.324 x 11.324 um?. The assembly of surface profiles and three-dimensional images and
surface roughness estimations were performed using Nova 1.0.26.1433 software (NT-MDT
Co., Zelenograd, Russia).

2.6. The Analysis of the Structure of Constructions by Scanning Probe Nanotomography (SPNT)

The samples were fixed with a 2.5% phosphate-buffered glutaraldehyde solution
(pH 7.4) for 2 h at 4 °C in the dark and were washed with phosphate-buffered saline.
Samples were dehydrated using ethanol (30%, 50%, 70%, 80%, and 96% water solutions,
10 min in each concentration). The samples were incubated in propylene oxide for 10 min
twice and transferred into a 1:1 mixture of epoxy medium and propylene oxide, and then
in a mixture ratio of 2:1. After that, the samples were incubated in an epoxy medium for
30 min at room temperature. Then, the embedding of the samples into the epoxy medium
was performed and the samples were incubated at a temperature of 45 °C for 24 h, and
then for another 48 h at a temperature of 60 °C.

A study of the samples’ structures was performed using the combined Ntegra Tomo
system (NT-MDT Co., Zelenograd, Russia), which comprises a scanning probe micro-
scope integrated with the ultramicrotome Leica EM UC6NT (Leica Microsystems GmbH,
Vienna, Austria). Serial sections of the sample with 150 nm thicknesses were performed
using Diatome UltraAFM 45 diamond knife (Diatome Ltd., Nidau, Switzerland) of the
ultramicrotome with further measurement of the surface topography of each section by
the atomic force microscope [28]. Measurements were performed in a semi-contact mode
with a scanning frequency of 1 Hz. Silicon cantilevers NSG10 with a resonant frequency of
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240 kHz (NT-MDT Co., Zelenograd, Russia) were used for measurements; the tip curvature
radius was no more than 10 nm.

The images were obtained and processed, and the surface profiles were constructed
using Nova 1.0.26.1433 software (NT-MDT Co., Zelenograd, Russia). To assemble three-
dimensional reconstructions, the images were aligned at the scanning plane. Three-
dimensional structures were analyzed by ImagePro AMS 6.0 software (MediaCybernetics
Inc., Rockville, MD, USA), which includes the option of three-dimensional reconstruction.

2.7. Experiments with Cells

The 3T3 mice fibroblasts were used in the experiments. The cells were cultured in
DMEM with a low concentration of glucose containing 10% fetal bovine serum, 0.324 mg/mL
glutamine and 10 mg/mL gentamicin at 37 °C, 5% CO,. The cell monolayer was disag-
gregated using a Versen solution with the addition of 1.4 mg/mL trypsin; the cells were
apportioned in a 1:3 ratio.

The analysis of the cytotoxicity of all the samples was performed using the MTT
test [29]. The fibroblasts were cultured in a 96-well plate at 37 °C, 5% CO, for 3 days to
obtain the cell monolayer in the plates. Then, the culture medium was changed, and the
samples of sterile constructions (0.3 x 0.3 cm?) were placed into the wells. The plates were
incubated at 37 °C, 5% CO;. The MTT test was performed on the 3rd, 5th and 7th day of
the experiment. A volume of 60 uL of 5 mg/mL MTT solution per well was added. The
plates were incubated at 37 °C, 5% CO; for 4 h. The samples were removed, and the plates
were centrifuged for 5 min at 885x g. The formazan precipitate was dissolved in 300 pL of
dimethyl sulfoxide and the optical density was measured at 540 nm.

To investigate cell adhesion and proliferative activity, the films were cut by hole
puncher with 5 mm diameter of hole and were positioned in the wells of 96-well culture
plates. Microfibrous scaffolds on cover glasses were positioned in Petri dishes with a
diameter of 3.5 cm. The constructions were sterilized using 70% ethanol for 30 min and
then irradiated with ultraviolet for 30 min. After that, the constructions were washed with
sterile phosphate-buffered saline 3 times and incubated in the medium for 30 min.

The cell suspension in the medium was transferred to plates and Petri dishes at a rate
of 1000 cells per well in 300 L and 20,000 cell per Petri dish in 4 mL and incubated at
37 °C, 5% COs,.

Cell adhesion (1 day) and proliferative activity (5, 7 days) were evaluated by Carl
Zeiss Axio Vert.Al microscope (Zeiss, Jena, Germany). The samples were washed twice
with a phosphate-buffered saline and stained with a DAPI fluorescent dye. An amount of
3 ug aqueous DAPI solution was added at a rate of 2 mL per Petri dish or 150 uL per well
and incubated at 37 °C, 5% CO, for 5 min. Then, the samples were washed twice with a
phosphate-buffered saline. Cell images were obtained and processed using ZEN 2.3 (blue
edition) software (Zeiss, Jena, Germany).

2.8. Full-Thickness Skin Wound Healing of a Wistar Rat

Male Wistar rats weighing 200-300 g were used in the experiment. The rats were
isolated from each other in single cages with free access to water and food. All animal
experiments were performed in accordance with European Convention for the Protection
of Vertebrate Animals Used for Experimental and other Scientific Purposes (ETS); Directive
2010/63/EU and approved by the Local Ethical Committee of V.I. Shumakov Federal
Research Center of Transplantology and Artificial Organs.

All operations with animals were performed under inhalation ether anesthesia, which
was provided with desiccator at a rate of 50 mg/kg body weight. The animals were in
spontaneous respiration with a frequency of 75 £ 10 respiratory cycles per minute, which
corresponds to the surgical stage of anesthesia.

The animals were divided into 4 groups (Table 1). In group 4 (control group), all the
same surgical procedures were performed with animals, and the wound was covered with
a sterile gauze dressing.
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Table 1. Description of the experimental groups. The number of animals in each group was 5.

Group Number Wound Dressing Description

Silk fibroin aqueous solution with the protein concentration of

! 20 mg/mL, casting method (SF-F)
5 Silk fibroin HFIP-solution with the protein concentration of
50 mg/mL, electrospinning method (SF-MS)
Silk fibroin and gelatin HFIP-solution with the total protein
3 concentration of 50 mg/mL which contains 70% of fibroin by total
protein weight and 30% of gelatin by total protein weight,
electrospinning method (SFG-MS)
4 (control)

Modeling of the full-thickness skin wound was performed as follows [30]. Hairs of rat
back were removed, and the skin was treated with a 0.05% chlorhexidine solution. Next,
the wound with a diameter of 15 & 1 mm was made and treated with a 0.05% chlorhexidine
solution. The depth of damage corresponded to the thickness of the rat skin, including
epidermis, dermis and hypodermis.

Films were sterilized with 70% ethanol for 12 h; microfibrous scaffolds were sterilized
for 1 h with an ultraviolet. In group 1, the film was placed on the wound surface in a wet
form in order to prevent the formation of film microdefects and was not sutured due to its
adhesion to the wound area. In groups 2 and 3, a microfibrous scaffold was placed in a dry
form and was not sutured.

Then, the dressing wound was treated with a 0.05% chlorhexidine solution and coated
with sterile gauze dressing, which was removed on the 3rd day of the experiment.

The widest diameter of the wound (d) was measured, and the wound healing area (A)
was calculated on the Oth, 3rd, 7th, 14th, 21st, 23rd, 28th and 40th days of the experiment,
according to the formula:

diy —d
) (0371421,23,2840) 100,

d o)

A—wound healing area; d g —initial wound diameter (day 0); d(q37,14,21,23,28 40)—
wound diameter on the control day of the experiment.
Then, the curves of the dynamics of the wound closure process were plotted.

2.9. Histological Evaluation

Samples of rat skin that were 20 = 3 mm in size were fixed using a mixture of
formalin, ethanol and acetic acid in a volume ratio of 4:1:0.3 and were embedded into
paraffin. Paraffin blocks were sliced; sections with thicknesses of 10 um were obtained by
rotary microtome Microm HM 325 (Thermo Scientific, Waltham, MA, USA), stained with
hematoxylin-eosin, embedded in Canada balsam and analyzed by Carl Zeiss Axio Vert.Al
microscope (Zeiss, Jena, Germany). Images were obtained by Axiocam 305 color digital
camera (Zeiss, Jena, Germany) and processed by ZEN 2.3 (blue edition) software (Zeiss,
Jena, Germany).

2.10. Statistical Processing of Results

Data was processed using an analysis of variance (ANOVA). The statistical significance
of the results was evaluated using the Mann-Whitney U test. The level of statistical
significance o was equal to 0.05.

3. Results

In the course of this research, three groups of samples were fabricated by two different
methods (Table 1).
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3.1. Investigation of Construction Structure

The surfaces of the films had a micro- and nano-relief (Figure 1A,B). There were no
pores in the revealed structure of the films. The roughness of the obtained films was
36.5 & 10.6 nm (Figure 2).

SEM HV: 150KV WO: 9,44 mm
View flold: 47.1 ym Det: SE

SEM HV; 150KV
View fleld: 9.5 ym
SEM MAG: 10.0 kx _ Dato(midly): 121117

VEGASTESCAN]  sem v 15.0kv WO: 693 mm
View floid: 111 pm Det: SE
SEM MAG: 5.38 kx _ Dato(m/dly): 642413

'Y >
VEGAS TESCAN  SEMHV: 150KV WO: 6,08 mm
View fleld: 35.7 ym Oat: SE
SEM MAG: 16.7 kx _ Date(m/dy): 1011117

Figure 1. SEM-surface images of constructions: (A) SF-F; (B) section of SF-F; (C) SE-MS; and

(D) SFG-MS.

um

Figure 2. Film structure: (A1) surface image; (A2) surface profile along the specified line; and (A3)

three-dimensional image of the surface.
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Electrospun scaffolds were characterized by a microfibrous structure (Figure 1C,D).
Fibers were randomly arranged in several layers that form a porous mat. The approximate
thickness of the fiber was in the range of 300-700 nm.

The analysis of the internal structure of the constructions was performed using SPNT.
The observed volume structures can be characterized as consisting of densely packed
globule structures 10-30 nm in size (Figure 3A).

Figure 3. Internal structure of the constructions: (A) section surface of SF-F; (B) section surface of
SF-MS; (C) section surface of SFG-MS; (D) single fiber section of SE-MS; (E) 3D reconstruction of
SF-MS; and (F) 3D-reconstruction of SFG-MS. The scale bar on (A-D) is 1 pm. The scanning area on
(EF) images is 13.7 x 12.7 x 2.25 um?, the number of sections is 15, and the thickness of the section
is 150 nm.

Surface images of sections of microfibrous scaffolds were obtained (Figure 3B,C).
The obtained three-dimensional reconstructions (Figure 3E,F) of microfibrous scaffolds
were used to calculate the volume porosity and the SA:V of the scaffold (Table 2). Pore
dimensions may be estimated in the range 3-5 pm. There were no statistically significant
differences between the structural parameters of the scaffolds.

Table 2. The structural parameters of microfibrous scaffolds. Values of the standard deviations for 6
independent measurements are presented.

Scaffold Description (Group Number) Volume Porosity % SA:V, um—1
SF-MS (group 2) 81.3 £ 12.6 372+97
SFG-MS (group 3) 86.4 + 10.5 33.8+74

Single polymer fibers of the scaffolds were characterized by an inhomogeneous in-
ternal structure (Figure 3D) and consisted of globules with sizes from 10 to 30 nm. This is
consistent with the research on the internal structure of the films. It can be assumed that, in
both cases, silk fibroin globules in the structure were detected.

3.2. Experiments with Cells

The MTT assay has shown that the proliferative activity of cells did not decrease
after the addition of construction samples in the incubation medium (Figure 4). This
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indicates the absence of a negative effect of constructions on the viability of cells. Thus, the
constructions are suitable for further experiments.

0.9 I
0.8 ]

= Control sample
0.7 (cultural plate)
0.6 u SF-F
0.5 SF-MS
0.4

SFG-MS
0.3
0.2 I J:
0.1
0.0
3 5 7

Day of experiment

0D540 formazan solution in DMSO

Figure 4. MTT assay on days 3, 5, and 7. The standard deviation values for 5 measurements are
indicated.

Cell adhesion occurred in all samples with no differences in the cell adhesion process
(Figure 5). The morphology of the cells was similar, and the cells formed filopodia and
adhered tightly to the substrate, while the adhesion of the cells was uneven. There were no
significant differences between the levels of cell adhesion in different samples.

*
120.0 i'*
100.0
80.0
60.0

%*

TT
40.0 e
20.0 l
i
0.0 —— e i i e ﬁ ==
Day 1 Day 3 Day 7
B Glass ® Culture plate ®mSF-F ®mSF-MS mSFG-MS

Quantity of cells (% of monolayer)

Figure 5. Adhesion (1 day) and proliferative activity (3 and 7 days) of mice 3T3 fibroblasts. The
standard deviation values for 5 measurements are indicated. * indicates statistically significant
differences between the experimental samples of constructions; ** marks statistically significant
differences between the samples of constructions and the control samples.

The analysis of the proliferative activity of cells on the third day revealed increases
in the levels of cell proliferative activity on microfibrous scaffolds (Figure 5, *). Cells
penetrated into the deeper layers of the scaffolds during proliferation.

On the seventh day, the proliferative activity of the cell on constructions was signifi-
cantly higher than on the control samples (Figure 5, **). The highest level of cell proliferative
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activity was observed on SFG-MS, in which cells formed a dense monolayer (Figure 5, *).
The cell proliferative activity on SF-F and SF-MS did not differ significantly.

3.3. The Investigation of the Healing Process of the Full-Thickness Skin Wound of Wistar Rats

On the Oth, 3rd, 7th, 14th, 21st, 23rd, 28th and 40th days of the experiment, images of
wounds were obtained (Figure 6). The images on the 40th day are not shown, due to the
wound being healed in all the groups by this time, with the exception of the control group.

Day 0 Day 3 Day 7 Day 14  Day 21 Day 23 Day 28

Group 2

Group 3

Group 4
(control
group)

Figure 6. Images of wounds on the Oth, 3rd, 7th, 14th, 21st, 23rd and 28th days. Group 1: SF-F,
group 2: SF-MS, and group 3: SFG-MS.

To quantify the wound healing process, wound diameters were measured on the Oth,
3rd, 7th, 14th, 21st, 23rd, 28th and 40th days of the experiment (Table 3), and healing curves
were plotted (Figure 7).

Table 3. Dynamics of the healing process. The standard deviation values for 5 measurements are
indicated. * indicates statistically significant differences between experimental and control groups.

N(:lr;‘l‘};r 0Day  3Day 7 Day 14 Day 21 Day 23 Day 28Day 40 Day
1 0 241  19+406* 61+15* 84+15* 98+1*% 100 *
2 0  14+15* 41+12* 75+06* 95+06*  100*
3 0 2417  44+1* 70+15* 93+£06*  100*
4 0 0 12541 50+15 68+15 75415 875+17 100

Constructions accelerated the healing process by an average of 17 days, as compared
with the control group. No statistically significant differences were found between films
and scaffolds in the healing rate.

Qualitative analysis of the healing process was performed histologically. Samples of the
skin were taken on the day of complete restoration of the skin in the wound area (A = 100%). In
all analyzed sections, the presence of three layers of skin was revealed: the epidermis, dermis
and hypodermis (Figure 8), which indicated successful wound healing. The morphology of
the sections of the skin samples from experimental groups did not differ from the morphology
of the sections of native rat skin. The epidermis mainly consists of keratinocytes, which form
tight contacts. Rat skin samples from experimental groups 1-3 were characterized by the
intensive proliferation of fibroblasts in the dermis, which indicates the restoration of this layer.
There were no areas of inflammation in sections and no fragments of constructions, which is
also an important indicator characterizing the successful healing process of the skin.
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100% . )

90% / ,/
80% // / e
70% // / /
60% / / /
451:: / / / -=-Group 1 (SF-F)

0 / / / ~-Group 2 (SF-MS)

. // / / ~~Group 3 (SFG-MS)

20%

/ / / / ——Group 4 (control group)
10% /
0% v

Wound healing area, %

Day of experiment

Figure 7. Healing curves of the full-thickness skin wounds.

. A —native skin

B —group 4, day 40 (control
group)

C —group 1, day 23 (SF-F)

D —group 2, day 23 (SF-MS)
E —group 3, day 23 (SFG-MS)

Figure 8. Histological evaluation in the area of complete wound healing (A = 100%),
magnification X100, and scale bar: 100 pm. (A) native skin; (B) group 4, day 40 (control
group); (C) group 1, day 23 (SF-F); (D) group 2, day 23 (SF-MS); (E) group 3, day 23 (SFG-MS).
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4. Discussion

Two types of constructions were developed for this research: films, which were ob-
tained using the casting method, and microfibrous scaffolds, which were obtained using
electrospinning method. Films were transparent and had thicknesses of 2040 pm; microfi-
brous scaffolds were characterized by a milky-white color and a thickness of 10-30 pm.

Previously, the authors of this article conducted comparative studies of films, which
were fabricated from polymer solutions with various solvents. The authors showed that
films based on an aqueous solution do not have a toxic effect on cells, maintain cell adhesion
and proliferation at a high level, and have a high regenerative potential [26,29].

Two groups of microfibrous scaffolds based on B. mori silkworm fibroin were obtained:
constructions that contained only silk fibroin, and that contained gelatin as a composite
additive. Gelatin is widely used in various research areas as a product of collagen denatu-
ration [31-35]. However, a number of researchers have noted that the use of collagen can
adversely affect the mechanical properties of constructions and that collagen dissolution
can be associated with a number of technical difficulties (the limited solubility of collagen,
the need to expose the polymer to active chemicals, etc.) [36,37]. Denaturation of collagen
with subsequent hydrolysis leads to the formation of gelatin with different amino acid
sequences depending on denaturation conditions [38]. In this study, type A gelatin with a
positive charge at neutral pH was used to increase biocompatibility [39].

HFIP was selected as a solvent due to its high volatility for quick drying of the fibers. It
is a key property for obtaining the scaffold with the correct structure since solvent pervasion
on the cathode can cause the dissolution and disruption of the fibrous structure [31].

The determinant parameters for obtaining scaffolds using the electrospinning method
are the concentration of the solution and its feed rate, the diameter of the needle, the
distance between the needle and the cathode, and the voltage and its alteration allows us
to standardize the structure of all microfibrous scaffolds.

In accordance with the main goal of this research, the properties of constructions,
which provide the possibility of their utilization in regenerative medicine, were investigated.

The structure analysis of all the constructions was investigated using SEM and
SPNT [40]. SEM revealed micro- and nano-reliefs in the form of roughnesses on the
surface of the films [27]. The surface structure of the construction influences cell adhe-
sion [25] since the presence of roughness on the substrate surface increases the surface
area, which is available for cell adhesion. At the same time, there is an optimal level of the
substrate roughness for each cell culture [41].

The internal structure of films was characterized using the novel method of SPNT,
which has a higher resolution than SEM. This was uniform and consisted of tightly packed
protein globules, which can be formed as a result of protein aggregation during the drying
of the polymer solution. The analysis did not reveal nano- or micro-pores in the structure,
which can have a significant effect on the regenerative potential of the film.

The non-porous film can maintain the necessary concentration of nutrients in the
regeneration area and provide a barrier between injured tissues and surrounding tissues.
The accumulation of nutrients in the damaged tissue area can stimulate the migration of
healthy tissue cells and direct their proliferation, which accelerates regeneration [42]. This
expands the prospects of using silk fibroin-based films as a drug delivery system, as well
as for the regulation of the releasing rate of the active substances.

SEM allowed us to confirm the fibrous structures of scaffolds and to measure the
thickness of the fibers, which was in the range of 300-700 nm. However, this method
does not allow us to obtain detailed information about the structure and only allows us to
compare the structure of scaffolds at the qualitative level. The unique novel data on the
volume porosity of the scaffolds and the SA:V of such constructions were obtained using
SPNT, which are important parameters for describing the structure of scaffolds [4]. These
parameters, in various scaffolds, do not have statistically significant differences, which
allows us to consider the structure of the scaffolds as similar and to exclude its effect on the
differences of biological properties.
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The porosity of the scaffolds affects not only the migration of cells in the structure,
but also determines the swelling property of the scaffolds for macromolecules, which are
necessary for the synthesis of extracellular matrix components using cells. In addition,
the porosity of the scaffolds ensures the removal of toxic metabolic products, or their
redistribution, which can ensure the restoration of extensive tissue damage [43-45].

The high resolution of SPNT ensures the analysis of the individual fiber structure [28].
SPNT revealed the heterogeneous internal structure of fibers, which can have a significant
effect on cell proliferation in the structure of scaffolds and is similar to the internal structure
of the films due to the similarity of polymer drying processes.

Further studies were aimed at investigating the constructions” biocompatibility. None
of the sample groups had a toxic effect on cells, which determined the suitability of the
constructions’ samples for further research.

Adhesion and proliferation were evaluated on mice 3T3 fibroblasts, which have
integrin receptors of various types, namely the ligand of RGD-sequences, which are present
in gelatin. It was found that all of the obtained constructions are biocompatible, while the
proliferative activity of the cells in the constructions increased during the experiment and
its level was comparable to or higher than the level of the proliferative activity of cells in
the control samples. This result can be explained by the optimal level of film roughness
and biocompatible properties of silk fibroin [46].

The proliferative activity of cells on the 3rd day of the experiment in microfibrous
scaffolds was significantly higher than in films. Various groups of researchers have shown
that cell proliferation in the composition of fibrous structures is faster, since such a structure
provides cell migration and creates a microenvironment close to the fibrous structure of
the native extracellular matrix of the tissues [47]. The absence of the effect of increased
cell adhesion and proliferative activity on microfibrous scaffolds containing gelatin in the
composition can be associated with the inaccessibility of RGD-sequences in the structure
of gelatin molecules from cell receptors due to silk fibroin [27]. On the 7th day of the
experiment, the highest proliferative activity of the cells was observed on microfibrous
scaffolds containing gelatin. Areas with a dense monolayer of cells were formed on
these samples. Such an increase in proliferative activity can be associated with the stage
degradation of silk fibroin and the emergence of the RGD-sequence. This corresponds
to the fact that silk fibroin is widely researched as a depot for the controllable release of
bioactive molecules, such as growth factors (EGF, GDNF), because of the stage degradation
process [48,49].

The investigated properties of films and microfibrous scaffolds allowed us to consider
them as promising wound dressings [30,50,51].

Differences in properties of constructions determined the course of the implantation
process. Films were hygroscopic and were fixed easily on the wound surface without
suturing; films were also able to retain moisture and did not require constant moisture
during the implantation process. These properties facilitated the process of implantation,
prevented the destruction of the film during implantation, and decreased the infliction and
additional damages.

Microfibrous scaffolds have high permeability and hygroscopicity due to their porosity,
which facilitated implantation, allowed us not to sew the scaffold and significantly reduced
the operation time. Several scaffolds can be positioned at once in the wound area in order
to create a multilayer structure. Additionally, the hemostatic effect of microfibrous scaffolds
with gelatin was noted.

The analysis of the wound healing process dynamics revealed an acceleration caused
by the microfibrous scaffolds, as compared to films from days 3 to 21 of the experiment. This
can be associated with a microfibrous structure, which causes gradual wound healing. In
the first stages of the healing process, the microfibrous structure allowed cells to migrate to
the injured area more efficiently and to proliferate into the volume of the construction. The
analysis of the results in the subsequent days of the experiment did not reveal differences
in the healing rate between the constructions of similar compositions, which were obtained
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using different methods. The adhesion and proliferation of fibroblasts occurred faster and
corresponded to the increase in roughness of the substrate [52]. This may be a possible
reason for the more expressed effect of accelerated wound healing by films. Currently,
methods of surface structure control are being developed to improve the biocompatibility
for keratinocytes and fibroblasts [53]. The acceleration of the healing rate using films
at a later healing stage can be attributed to the absence of porosity, which promotes the
accumulation of bioactive substances in the area of injury. For example, the addition
of gold nanoparticles into the volume of electrospun silk fibroin scaffold did not have
a notable effect on skin healing [54] thus, it can be considered to have electrospinning
method advantages.

The addition of gelatin into the composition of microfibrous scaffolds did not have
the acceleration effect on the wound healing, but a feature of the wound healing dynamics
was revealed, which is expressed by a prompt increase in the wound-healing rate at
3-7 days. Fibroblasts began to synthesize components of the extracellular matrix of the
skin, including collagen, from the 3rd to the 15th day of the wound healing process [42].
The biodegradation of gelatin, as part of the construction, provides amino acids for cell
metabolism, including collagen synthesis, which can stimulate the healing process.

Histological evaluation confirmed the high regenerative potential of the obtained
constructions. In the wound areas, there was no inflammation or construction fragments,
and there was a successful restoration of all layers of the skin. These results corresponded
to the data that was obtained previously by other groups. It was shown that silk fibroin
constructions were safe under acute dermal toxicity, acute dermal irritation and skin
sensitization [55]. Additionally, extensive in vivo investigations and detailed histological
evaluations of the silk fibroin scaffolds effect on the healing process showed suppression
of inflammation, stimulation of re-epithelialization and reduction of the wound healing
period and scar formation [56].

Thus, the obtained constructions can be considered as possible promising construc-
tions for various tasks of tissue engineering and regenerative medicine.

5. Conclusions

In the course of the research, constructions with various micro- and nano-structures
were obtained: films based on silk fibroin and microfibrous scaffolds based on silk fibroin
and gelatin. The methods were developed to standardize the structural parameters of
the constructions. The surface of the obtained films has a relief in the form of micro- and
nano-roughness, and their internal structure is characterized by the presence of silk fibroin
globules and the absence of pores. Microfibrous scaffolds contain randomly distributed
fibers, and are characterized by high-volume porosity and SA:V. The internal structure
of individual fibers in microfibrous scaffolds is similar to the internal structure of the
films. Constructions are non-cytotoxic and maintain cell adhesion and proliferation at
a high level. Films and microfibrous scaffolds are suitable for surgical manipulations in
the model of the full-thickness skin wound healing. In this in vivo experimental model,
constructions accelerated the healing of the skin by an average of 15 days (1.6 times), as
compared to the control group; the morphology of the newly formed skin did not differ
from the morphology of the native skin, which indicates a high regenerative potential of the
constructions. Thus, films and microfibrous scaffolds are promising for further utilization
in tissue engineering and regenerative medicine.

Author Contributions: L.S., M.B. and A.E., writing and editing; L.S. and M.B., methodology and
investigation; A.E. and O.A., visualization; A.L. and L.A., project administration and supervision. All
authors have read and agreed to the published version of the manuscript.

Funding: This study has been partially supported by the RUDN University Strategic Academic
Leadership Program in part of preparation of the scaffolds and in vitro cell culturing and partially
supported by the Grant of the President of the Russian Federation for Supporting Leading Scientific
Schools of the Russian Federation, project no. NSh-2598.2020.7 in part of structural characterization
of the scaffolds and in vivo experiments.



Pharmaceutics 2021, 13, 1561 14 of 16

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Local Ethical Committee of V.I. Shumakov Federal
Research Center of Transplantology and Artificial Organ (protocol #24/1, 7 August 2015).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Aramwit, P; Motta, A.; Kundu, S.C. Tissue Engineering: From Basic Sciences to Clinical Perspectives. BioMed Res. Int. 2017, 2017,
1-2. [CrossRef]

2. Shahriarpanah, S.; Nourmohammadi, J.; Amoabediny, G. Fabrication and characterization of carboxylated starch-chitosan
bioactive scaffold for bone regeneration. Int. J. Biol. Macromol. 2016, 93, 1069-1078. [CrossRef]

3. Venkatesan, ]J.; Singh, SK.; Anil, S.; Kim, S.-K.; Shim, M.S. Preparation, Characterization and Biological Applications of
Biosynthesized Silver Nanoparticles with Chitosan-Fucoidan Coating. Molecules 2018, 23, 1429. [CrossRef]

4. Efimov, A.; Moisenovich, M.M.; Kuznetsov, A.G.; Safonova, L.A.; Bobrova, M.M.; Agapov, LI. Investigation of micro- and nanos-
tructure of biocompatible scaffolds from regenerated fibroin of Bombix mori by scanning probe nanotomography. Nanotechnol.
Russ. 2014, 9, 688-692. [CrossRef]

5. Bobrova, M.; Safonova, L.; Agapova, O.; Krasheninnikov, M.; Shagidulin, M.; Agapov, LI. Liver Tissue Decellularization as a
Promising Porous Scaffold Processing Technology for Tissue Engineering and Regenerative Medicine. Sovrem. Tehnol. V Med.
2015, 7, 6-13. [CrossRef]

6.  Derakhti, S.; Safiabadi-Tali, S.H.; Amoabediny, G.; Sheikhpour, M. Attachment and detachment strategies in microcarrier-based
cell culture technology: A comprehensive review. Mater. Sci. Eng. C 2019, 103, 109782. [CrossRef] [PubMed]

7. Motta, A.; Migliaresi, C.; Faccioni, F; Torricelli, P.; Fini, M.; Giardino, R. Fibroin hydrogels for biomedical applications: Preparation,
characterization and in vitro cell culture studies. J. Biomater. Sci. Polym. Ed. 2004, 15, 851-864. [CrossRef] [PubMed]

8. Venkatesan, ].; Bhatnagar, I.; Manivasagan, P.; Kang, K.-H.; Kim, S.-K. Alginate composites for bone tissue engineering: A review.
Int. J. Biol. Macromol. 2015, 72, 269-281. [CrossRef]

9.  Venkatesan, J.; Vinodhini, P.; Sudha, PN.; Kim, S.-K. Chitin and Chitosan Composites for Bone Tissue Regeneration. Adv. Food
Nutr. Res. 2014, 73, 59-81. [CrossRef] [PubMed]

10. Pina, S.; Ribeiro, V.P.; Marques, C.E; Maia, ER,; Silva, T.H.; Reis, R.L.; Oliveira, ].M. Scaffolding Strategies for Tissue Engineering
and Regenerative Medicine Applications. Materials 2019, 12, 1824. [CrossRef]

11. Ehrmann, A. Non-Toxic Crosslinking of Electrospun Gelatin Nanofibers for Tissue Engineering and Biomedicine—A Review.
Polymers 2021, 13, 1973. [CrossRef]

12. Nguyen, T.P; Nguyen, Q.V.,; Nguyen, V.-H.; Le, T.-H.; Huynh, V.Q.N.; Vo, D.-V.N,; Trinh, Q.T.; Kim, S.Y,; Van Le, Q. Silk
Fibroin-Based Biomaterials for Biomedical Applications: A Review. Polymers 2019, 11, 1933. [CrossRef]

13.  Agapoyv, LL; Moisenovich, M.M.; Vasilyeva, T.V.; Pustovalova, O.L.; Kon'Kov, A.S.; Arkhipova, A.Y.; Sokolova, O.; Bogush, V.;
Sevastianov, V.I.; Debabov, V.G.; et al. Biodegradable matrices from regenerated silk of Bombix mori. Dokl. Biochem. Biophys. 2010,
433,201-204. [CrossRef] [PubMed]

14. Motta, A; Segnana, P.; Verin, L.; La Monica, S.; Fumarola, C.; Bucci, G.; Gussago, F.; Cantoni, A.M.; Ampollini, L.; Migliaresi, C.
Physico-chemical characterization and biological evaluation of two fibroin materials. ]. Tissue Eng. Regen. Med. 2012, 8, 874-885.
[CrossRef] [PubMed]

15. He, Y.-X.; Zhang, N.-N.; Li, W.-E; Jia, N.; Chen, B.-Y.; Zhou, K.; Zhang, ].; Chen, Y.; Zhou, C.-Z. N-Terminal Domain of Bombyx
mori Fibroin Mediates the Assembly of Silk in Response to pH Decrease. J. Mol. Biol. 2012, 418, 197-207. [CrossRef] [PubMed]

16. Stoppato, M.; Stevens, H.Y.; Carletti, E.; Migliaresi, C.; Motta, A.; Guldberg, R.E. Effects of silk fibroin fiber incorporation on
mechanical properties, endothelial cell colonization and vascularization of PDLLA scaffolds. Biomaterials 2013, 34, 4573-4581.
[CrossRef] [PubMed]

17. Mobini, S.; Hoyer, B.; Solati-Hashjin, M.; Lode, A.; Nosoudi, N.; Samadikuchaksaraei, A.; Gelinsky, M. Fabrication and
characterization of regenerated silk scaffolds reinforced with natural silk fibers for bone tissue engineering. J. Biomed. Mater. Res.
Part A 2013, 101, 2392-2404. [CrossRef] [PubMed]

18. Park, S.; Edwards, S.; Hou, S.; Boudreau, R.; Yee, R.; Jeong, K.J. A multi-interpenetrating network (IPN) hydrogel with gelatin
and silk fibroin. Biomater. Sci. 2019, 7, 1276-1280. [CrossRef]

19. Panas-Perez, E.; Gatt, C.J.; Dunn, M.G. Development of a silk and collagen fiber scaffold for anterior cruciate ligament reconstruc-
tion. J. Mater. Sci. Mater. Electron. 2013, 24, 257-265. [CrossRef]

20. Ghezzi, C.E.; Marelli, B.; Muja, N.; Hirota, N.; Martin, J.G.; Barralet, ].E.; Alessandrino, A.; Freddi, G.; Nazhat, S.N. Mesenchymal

stem cell-seeded multilayered dense collagen-silk fibroin hybrid for tissue engineering applications. Biotechnol. ]. 2011, 6,
1198-1207. [CrossRef]


http://doi.org/10.1155/2017/8659036
http://doi.org/10.1016/j.ijbiomac.2016.09.045
http://doi.org/10.3390/molecules23061429
http://doi.org/10.1134/S1995078014060081
http://doi.org/10.17691/stm2015.7.4.01
http://doi.org/10.1016/j.msec.2019.109782
http://www.ncbi.nlm.nih.gov/pubmed/31349523
http://doi.org/10.1163/1568562041271075
http://www.ncbi.nlm.nih.gov/pubmed/15318796
http://doi.org/10.1016/j.ijbiomac.2014.07.008
http://doi.org/10.1016/B978-0-12-800268-1.00005-6
http://www.ncbi.nlm.nih.gov/pubmed/25300543
http://doi.org/10.3390/ma12111824
http://doi.org/10.3390/polym13121973
http://doi.org/10.3390/polym11121933
http://doi.org/10.1134/S1607672910040149
http://www.ncbi.nlm.nih.gov/pubmed/20714856
http://doi.org/10.1002/term.1592
http://www.ncbi.nlm.nih.gov/pubmed/22972624
http://doi.org/10.1016/j.jmb.2012.02.040
http://www.ncbi.nlm.nih.gov/pubmed/22387468
http://doi.org/10.1016/j.biomaterials.2013.02.009
http://www.ncbi.nlm.nih.gov/pubmed/23522374
http://doi.org/10.1002/jbm.a.34537
http://www.ncbi.nlm.nih.gov/pubmed/23436754
http://doi.org/10.1039/C8BM01532E
http://doi.org/10.1007/s10856-012-4781-5
http://doi.org/10.1002/biot.201100127

Pharmaceutics 2021, 13, 1561 15 of 16

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Vasconcelos, A.; Gomes, A.; Cavaco-Paulo, A. Novel silk fibroin/elastin wound dressings. Acta Biomater. 2012, 8, 3049-3060.
[CrossRef] [PubMed]

Maghdouri-White, Y.; Bowlin, G.L.; Lemmon, C.; Dréau, D. Bioengineered silk scaffolds in 3D tissue modeling with focus on
mammary tissues. Mater. Sci. Eng. C 2016, 59, 1168-1180. [CrossRef] [PubMed]

Soffer, L.; Wang, X.; Zhang, X.; Kluge, J.; Dorfmann, L.; Kaplan, D.L.; Leisk, G. Silk-based electrospun tubular scaffolds for
tissue-engineered vascular grafts. J. Biomater. Sci. Polym. Ed. 2008, 19, 653-664. [CrossRef] [PubMed]

Kasoju, N.; Bora, U. Silk fibroin based biomimetic artificial extracellular matrix for hepatic tissue engineering applications. Biomed.
Mater. 2012, 7, 045004. [CrossRef] [PubMed]

Zhang, Q.; Yan, S.; Li, M.; Wang, J. Growth of primary hippocampal neurons on multichannel silk fibroin scaffold. Fibers Polym.
2014, 15, 41-46. [CrossRef]

Ajisawa, A. Dissolution of silk fibroin with calciumchloride/ethanol aqueous solution. J. Seric. Sci. Jpn. 1998, 67, 91-94. [CrossRef]
Safonova, L.; Bobrova, M.; Agapova, O.; Kotliarova, M.; Arkhipova, A.; Moisenovich, M.; Agapov, 1. Biological Properties of
Regenerated Silk Fibroin Films. Sovrem. Tehnol. V Med. 2015, 7, 6-13. [CrossRef]

Efimov, A.E.; Agapova, O.I; Safonova, L.A.; Bobrova, M.M.; Parfenov, V.; Koudan, E.V; Pereira, ED.A.S.; Bulanova, E.A.; Mironov,
V.A.; Agapov, L1 3D scanning probe nanotomography of tissue spheroid fibroblasts interacting with electrospun polyurethane
scaffold. Express Polym. Lett. 2019, 13, 632—-641. [CrossRef]

Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Methods 1983, 65, 55-63. [CrossRef]

Safonova, L.A.; Bobrova, M.M.; Agapova, O.; Arkhipova, A.Y.; Goncharenko, A.V.; Agapov, LI Fibroin silk based films for rat’s
full-thickness skin wound regeneration. Russ. J. Transpl. Artif. Organs 2016, 18, 74-84. [CrossRef]

Sokolova, A.; Bobrova, M.; Safonova, L.; Agapova, O.; Moisenovich, M.; Agapov, I. The Relation of Biological Properties of the
Silk Fibroin/Gelatin Scaffolds with the Composition and Fabrication Technology. Sovrem. Tehnol. V Med. 2016, 8, 6-15. [CrossRef]
Meng, Z.; Wang, Y.; Ma, C.; Zheng, W.; Li, L.; Zheng, Y. Electrospinning of PLGA /gelatin randomly-oriented and aligned
nanofibers as potential scaffold in tissue engineering. Mater. Sci. Eng. C 2010, 30, 1204-1210. [CrossRef]

Binan, L.; Tendey, C.; De Crescenzo, G.; El Ayoubi, R.; Ajji, A.; Jolicoeur, M. Differentiation of neuronal stem cells into motor
neurons using electrospun poly-l-lactic acid / gelatin scaffold. Biomaterials 2014, 35, 664—674. [CrossRef] [PubMed]

Torricelli, P.; Gioffre, M.; Fiorani, A.; Panzavolta, S.; Gualandi, C.; Fini, M.; Focarete, M.L.; Bigi, A. Co-electrospun gelatin-poly(l-
lactic acid) scaffolds: Modulation of mechanical properties and chondrocyte response as a function of composition. Mater. Sci.
Eng. C 2014, 36, 130-138. [CrossRef] [PubMed]

Gomes, S.; Rodrigues, G.; Martins, G.; Roberto, M.; Mafra, M.; Henriques, C.; Silva, J. In vitro and in vivo evaluation of electrospun
nanofibers of PCL, chitosan and gelatin: A comparative study. Mater. Sci. Eng. C 2015, 46, 348-358. [CrossRef]

Xia, Z.; Yu, X,; Jiang, X.; Brody, H.D.; Rowe, D.W.; Wei, M. Fabrication and characterization of biomimetic collagen—apatite
scaffolds with tunable structures for bone tissue engineering. Acta Biomater. 2013, 9, 7308-7319. [CrossRef] [PubMed]

Su, K.; Wang, C. Recent advances in the use of gelatin in biomedical research. Biotechnol. Lett. 2015, 37, 2139-2145. [CrossRef]
[PubMed]

Zhang, E; Xu, S.; Wang, Z. Pre-treatment optimization and properties of gelatin from freshwater fish scales. Food Bioprod. Process.
2011, 89, 185-193. [CrossRef]

Young, S.; Wong, M.; Tabata, Y.; Mikos, A.G. Gelatin as a delivery vehicle for the controlled release of bioactive molecules. ].
Control. Release 2005, 109, 256-274. [CrossRef]

Efimov, A.E.; Agapova, O.1; Safonova, L.A.; Bobrova, M.M.; Volkov, A.D.; Khamkhash, L.; Agapov, LI. Cryo scanning probe
nanotomography study of the structure of alginate microcarriers. RSC Adv. 2017, 7, 8808-8815. [CrossRef]

Surguchenko, V.A.; Ponomareva, A.S.; Efimov, A.E.; Nemets, E.A.; Agapov, LL; Sevastianov, V.I. Characteristics of adhesion
and proliferation of mouse nih/3t3 fibroblasts on the poly(3-hydroxybutyrate-co-3-hydroxyvalerate) films with different surface
roughness values. Russ. |. Transpl. Artif. Organs 2012, 14, 72-77. [CrossRef]

Velnar, T.; Bailey, T.; Smrkolj, V. The Wound Healing Process: An Overview of the Cellular and Molecular Mechanisms. J. Int.
Med. Res. 2009, 37, 1528-1542. [CrossRef] [PubMed]

Echave, M.C.; Herndez-Moya, R.; Iturriaga, L.; Pedraz, ].L.; Lakshminarayanan, R.; Dolatshahi-Pirouz, A.; Taebnia, N.; Orive, G.
Recent advances in gelatin-based therapeutics. Expert Opin. Biol. Ther. 2019, 19, 773-779. [CrossRef] [PubMed]

Efimov, A.E.; Agapova, O.1; Safonova, L.A.; Bobrova, M.M.; Agapov, L1. Three-dimensional analysis of micro- and nanostructure
of biomaterials and cells by method of scanning probe nanotomography. Russ. J. Transpl. Artif. Organs 2018, 19, 78-87. [CrossRef]
Efimov, A.E.; Moisenovich, M.M.; Bogush, V.; Agapov, LI. 3D nanostructural analysis of silk fibroin and recombinant spidroin 1
scaffolds by scanning probe nanotomography. RSC Adv. 2014, 4, 60943-60947. [CrossRef]

Servoli, E.; Maniglio, D.; Motta, A.; Predazzer, R.; Migliaresi, C. Surface Properties of Silk Fibroin Films and Their Interaction
with Fibroblasts. Macromol. Biosci. 2005, 5, 1175-1183. [CrossRef] [PubMed]

Bobrova, M.M.; Safonova, L.A.; Agapova, O.L; Efimov, A.E.; Agapov, LI The analysis of the proliferative activity of cells on
microparticles obtained from decellularized liver and kidney tissue. Russ. |. Transpl. Artif. Organs 2019, 20, 69-75. [CrossRef]
Schneider, A.; Wang, X.; Kaplan, D.; Garlick, ].; Egles, C. Biofunctionalized electrospun silk mats as a topical bioactive dressing
for accelerated wound healing. Acta Biomater. 2009, 5, 2570-2578. [CrossRef]


http://doi.org/10.1016/j.actbio.2012.04.035
http://www.ncbi.nlm.nih.gov/pubmed/22546517
http://doi.org/10.1016/j.msec.2015.10.007
http://www.ncbi.nlm.nih.gov/pubmed/26652473
http://doi.org/10.1163/156856208784089607
http://www.ncbi.nlm.nih.gov/pubmed/18419943
http://doi.org/10.1088/1748-6041/7/4/045004
http://www.ncbi.nlm.nih.gov/pubmed/22556184
http://doi.org/10.1007/s12221-014-0041-2
http://doi.org/10.11416/kontyushigen1930.67.91
http://doi.org/10.17691/stm2015.7.3.01
http://doi.org/10.3144/expresspolymlett.2019.53
http://doi.org/10.1016/0022-1759(83)90303-4
http://doi.org/10.15825/1995-1191-2016-3-74-84
http://doi.org/10.17691/stm2016.8.3.01
http://doi.org/10.1016/j.msec.2010.06.018
http://doi.org/10.1016/j.biomaterials.2013.09.097
http://www.ncbi.nlm.nih.gov/pubmed/24161168
http://doi.org/10.1016/j.msec.2013.11.050
http://www.ncbi.nlm.nih.gov/pubmed/24433895
http://doi.org/10.1016/j.msec.2014.10.051
http://doi.org/10.1016/j.actbio.2013.03.038
http://www.ncbi.nlm.nih.gov/pubmed/23567944
http://doi.org/10.1007/s10529-015-1907-0
http://www.ncbi.nlm.nih.gov/pubmed/26160110
http://doi.org/10.1016/j.fbp.2010.05.003
http://doi.org/10.1016/j.jconrel.2005.09.023
http://doi.org/10.1039/C6RA26516B
http://doi.org/10.15825/1995-1191-2012-1-72-77
http://doi.org/10.1177/147323000903700531
http://www.ncbi.nlm.nih.gov/pubmed/19930861
http://doi.org/10.1080/14712598.2019.1610383
http://www.ncbi.nlm.nih.gov/pubmed/31009588
http://doi.org/10.15825/1995-1191-2017-4-78-87
http://doi.org/10.1039/C4RA08341E
http://doi.org/10.1002/mabi.200500137
http://www.ncbi.nlm.nih.gov/pubmed/16315185
http://doi.org/10.15825/1995-1191-2018-4-69-75
http://doi.org/10.1016/j.actbio.2008.12.013

Pharmaceutics 2021, 13, 1561 16 of 16

49.

50.

51.

52.

53.

54.

55.

56.

Gavrilova, N.; Borzenok, S.; Revishchin, A.; Tishchenko, O.; Ostrovkiy, D.; Bobrova, M.; Safonova, L.; Efimov, A.; Agapova, O.;
Agammedov, M.; et al. The effect of biodegradable silk fibroin-based scaffolds containing glial cell line-derived neurotrophic
factor (GDNF) on the corneal regeneration process. Int. |. Biol. Macromol. 2021, 185, 264-276. [CrossRef]

Luangbudnark, W.; Viyoch, |.; Laupattarakasem, W.; Surakunprapha, P.; Laupattarakasem, P. Properties and Biocompatibility of
Chitosan and Silk Fibroin Blend Films for Application in Skin Tissue Engineering. Sci. World J. 2012, 2012, 1-10. [CrossRef]
Pavankumar, K.N.; Jayakumar, K.; Chandrashekhara, N.; Narayanswamy, H.D.; Manjunatha, K.P.; Nirmala, G.C. The wound
healing study of silk protein based biofilms in rats. J. Cell Tissue Res. 2013, 13, 3989-3996.

Ni, S.; Sun, L.; Ercan, B.; Liu, L.; Ziemer, K.; Webster, T.J. A mechanism for the enhanced attachment and proliferation of fibroblasts
on anodized 316L stainless steel with nano-pit arrays. J. Biomed. Mater. Res. Part B Appl. Biomater. 2014, 102, 1297-1303. [CrossRef]
Karahaliloglu, Z.; Ercan, B.; Denkbas, E.B.; Webster, T.]. Nanofeatured silk fibroin membranes for dermal wound healing
applications. J. Biomed. Mater. Res. Part A 2015, 103, 135-144. [CrossRef] [PubMed]

Wang, Y.; Seidel, M. Rapid fabrication of laminated 3D hydrodynamic focusing microreactors and its application for synthesis of
gold nanoparticles. Lab. Chip 2021. [CrossRef]

Padol, A ; Jayakumar, K.; Shridhar, N.; Swamy, N.; Swamy, N.; Mohan, K. Safety evaluation of silk protein film (A novel wound
healing agent) in terms of acute dermal toxicity, acute dermal irritation and skin sensitization. Toxicol. Int. 2011, 18, 17-21.
[CrossRef] [PubMed]

Ju, HW,; Lee, O.].; Lee, ]. M.; Moon, B.M.; Park, H.J.; Park, Y.R.; Lee, M.C.; Kim, S.H.; Chao, ].R.; Ki, C.S.; et al. Wound healing
effect of electrospun silk fibroin nanomatrix in burn-model. Int. J. Biol. Macromol. 2016, 85, 29-39. [CrossRef]


http://doi.org/10.1016/j.ijbiomac.2021.06.040
http://doi.org/10.1100/2012/697201
http://doi.org/10.1002/jbm.b.33127
http://doi.org/10.1002/jbm.a.35161
http://www.ncbi.nlm.nih.gov/pubmed/24616219
http://doi.org/10.1039/x0xx00000x
http://doi.org/10.4103/0971-6580.75847
http://www.ncbi.nlm.nih.gov/pubmed/21430915
http://doi.org/10.1016/j.ijbiomac.2015.12.055

	Introduction 
	Materials and Methods 
	Preparation of Silk Fibroin 
	Fabrication of Silk Fibroin Films 
	Fabrication of Silk Fibroin-Based Microfibrous Scaffolds 
	The Analysis of the Surface Structure Using Scanning Electron Microscopy (SEM) 
	The Analysis of the Film Surface Structure Using Atomic Force Microscopy 
	The Analysis of the Structure of Constructions by Scanning Probe Nanotomography (SPNT) 
	Experiments with Cells 
	Full-Thickness Skin Wound Healing of a Wistar Rat 
	Histological Evaluation 
	Statistical Processing of Results 

	Results 
	Investigation of Construction Structure 
	Experiments with Cells 
	The Investigation of the Healing Process of the Full-Thickness Skin Wound of Wistar Rats 

	Discussion 
	Conclusions 
	References

