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Abstract—The process of tissue regeneration following damage takes place with direct participation of the immune system.
The use of biomaterials as scaffolds to facilitate healing of skin wounds is a new and interesting area of regenerative medi-
cine and biomedical research. In many ways, the regenerative potential of biological material is related to its ability to mod-
ulate the inflammatory response. At the same time, all foreign materials, once implanted into a living tissue, to varying
degree cause an immune reaction. The modern approach to the development of bioengineered structures for applications in
regenerative medicine should be directed toward using the properties of the inflammatory response that improve healing,
but do not lead to negative chronic manifestations. In this work, we studied the effect of microcarriers comprised of either
fibroin or fibroin supplemented with gelatin on the dynamics of the healing, as well as inflammation, during regeneration of
deep skin wounds in mice. We found that subcutaneous administration of microcarriers to the wound area resulted in uni-
form contraction of the wounds in mice in our experimental model, and microcarrier particles induced the infiltration of
immune cells. This was associated with increased expression of proinflammatory cytokines TNF, IL-6, IL-1p, and
chemokines CXCL1 and CXCL2, which contributed to full functional recovery of the injured area and the absence of fibro-

sis as compared to the control group.
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Tissue damage is followed by the launch of a cascade
of local and systemic immune reactions providing effec-
tive protection and repair. Inflammation plays an integral
role in the regeneration of skin after injury. Once the
integrity of the epidermal barrier is violated, proinflam-
matory cytokines, the key mediators of inflammation IL-
1, TNEF, and IL-6 are released [1]. These cytokines medi-
ate the basic protective inflammatory response against
pathogens, increase permeability of blood vessels, and

Abbreviations: CXCLI1(2), CXC-chemokine ligand 1(2); E
fibroin; FG, fibroin-gelatin; FG-MC, fibroin microcarriers
supplemented with gelatin; F-MC, fibroin microcarriers; IL-
1B, interleukin 1B; IL-6, interleukin 6; PBS, phosphate
buffered saline; TNFE, tumor necrosis factor.
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attract and activate effector cells. The role of the immune
system in tissue repair involves elimination of damaged or
dead cells and pathogens, formation of inflammatory
microenvironment, providing signals for migration, pro-
liferation, and differentiation of tissue progenitor cells,
and induction of angiogenesis [2]. Various effector mole-
cules such as cytokines and chemokines, VEGFE, and
TGF-B1, as well as other growth factors, regulate these
processes [3]. A key role in the proliferative and repair
phases of wound healing is carried out by wound-healing
macrophages. Depletion of these cells slows wound heal-
ing, delays fibroblast proliferation, disrupts angiogenesis,
and enhances fibrosis [4]. Fibroblasts that are associated
with wound healing actively synthesize different types of
collagen and generate granulation tissue, which serves as
a temporary framework and provides mechanical and reg-
ulatory functions [5]. Granulation tissue is then exten-
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sively remodeled into mature dermis, although not always
resulting in full functional recovery of the injured tissue.
In some cases, the damaged area is filled with fibrous tis-
sue that is unable to fully perform the required functions.
There is now progress in the treatment of skin wounds,
including complicated ones. One of the innovative areas
is related to bioengineered materials used not only to
accelerate, but also to improve the quality of the healing
of the injured skin [6, 7].

Fibroin — the main component of silk of the silk-
worm Bombyx mori — has a number of unique properties
and is widely used in biomedicine [8-12]. Fibroin is a
nontoxic biocompatible natural polymer; its degradation
in vivo is accompanied by the formation of nontoxic
derivatives, which in some cases are even beneficial for
the regeneration [13, 14]. Many biomaterials based on
fibroin were shown to be effective in the regeneration of
lesions of skin [15], bone [9], cartilage [16], heart [17],
vessels [18], and liver [19] and also can serve as carriers
for medical compounds with controlled release [20]. For
the treatment of skin lesions, fibroin is used mainly in the
form of films or three-dimensional sponges, and it pro-
motes the healing process [15, 21]. At the same time, the
results of another study show that fibroin increases not
only the speed of healing, but also the quality of regener-
ation resulting in more effective functional recovery of the
damaged tissue [22]. A promising new approach in bio-
engineering of fibroin-based materials is generation of
microcarriers, small biopolymer particles of sizes up to
several hundred micrometers, which can be used for
delivery of substrate-dependent cells involved in regener-
ation and biologically active substances. Such delivery
can be achieved by the injection of microparticles without
the need for a surgical procedure.

Application of the fibroin polymer as a biomedical
material requires a better understanding of its
immunomodulating activity, as this will allow further
improvement of the fibroin derivatives, which will use
helpful potential of the immune response for enhancing
the regenerative properties. Fibroin has long been regard-
ed as a bioinert material [23]. However, this was based on
the studies that used fibroin macroscaffolds in the form of
a dense crystalline structure formed by antiparallel -
sheets of repetitive amino acid sequence of fibroin mole-
cules. Such fibroin-based structures are characterized by
high density and durability and are associated with slow
degradation when implanted in vivo. Small fibroin prod-
ucts, on the other hand, can induce a mild inflammatory
response because due to their size they are subject to more
intense attack by macrophages, which then subsequently
become activated and produce proinflammatory
cytokines. Uff et al. [24] first demonstrated that soluble
factors, released after the sonication of surgical fibroin
suture, can cause activation of macrophages, enhance
their phagocytosis ability and production of proinflam-
matory cytokines. The study of Panilaitis et al. [23]
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showed that porous fibroin particles of irregular shape
with size of 10-200 um induce significant production of
TNF by macrophages in vitro. Cui et al. [25] demonstrat-
ed that fibroin particles with size 10-45 and 45-125 um
induce strong TNF production and weaker production of
IL-1B and IL-6 in RAW 264.7 macrophage cell line after
24 h of culture. Experiments have shown that the produc-
tion of proinflammatory cytokines TNF, IL-1f, and IL-6
by peripheral blood monocytes only occurred when cul-
tured on fibroin 3D-matrix, but not on 2D-films, and is
associated with the induction of p38 MAP kinase pathway
followed by activation of the transcription factor NF-xB
[26]. Thus, some evidence of the immunomodulatory
activity of the fibroin particles redefines the common
opinion of the inertness of this material. It is possible that
some effects that contribute to the regeneration of dam-
aged skin are associated with the development of mild
inflammation caused by introduction of fibroin microcar-
riers.

The aim of this study was to evaluate the effect of
inflammation induced by fibroin microcarriers on the
process of tissue regeneration in the experimental model
of deep skin wound in mice.

MATERIALS AND METHODS

Microparticles. Fibroin matrices (F) and composite
fibroin matrices supplemented with 30% gelatin (FG)
were prepared as previously described [27]. Microcarriers
(MC) were obtained by cryodestruction of the matrices to
generate fibroin (F-MC) and fibroin—gelatin (FG-MC)
microparticles, respectively. The microcarriers were frac-
tionated by passing through a laboratory strainer with
pores ranging from 100 to 250 um (LLC Kraft, Russia).

Mice. Female C57BI/6N mice at the age of 8-10
weeks were used in the experiments. The animals were
bred and maintained under specific pathogen-free condi-
tions at the Pushchino Animal Facility, Branch of
Shemyakin and Ovchinnikov Institute of Bioorganic
Chemistry, Russian Academy of Sciences.

Generation of deep skin wounds. The mice were sub-
jected to anesthesia by i.p. injection of 100 pl of Zoletil®
100 (Virbac, France) and Rometar (Bioveta, Czech
Republic) in sterile phosphate-buffered saline (PBS) at
concentrations of 10 and 20% (v/v), respectively. After
the injection of anesthetic and muscle relaxant, surgery
was initiated after observation of complete absence of
reflexes in the limbs. Shaved back skin was subjected to
brief treatment with depilatory cream to remove residual
hair; the skin surface was then cleaned with water and tis-
sue following by decontamination with 70% ethanol.
Deep skin wounds were generated in aseptic conditions
using a 4 mm sterile disposable biopsy stylet (EPITH-
EASY; Medax, Italy). The microcarriers were adminis-
tered by three subcutaneous injections of 60 pl suspen-
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Primers sequences used for RT-PCR
Primer sequence (5'-3")
Target gene
forward reverse
Actb CTCCTGAGCGCAAGTACTCTGTG TAAAACGCAGCTCAGTAACAGTCC
Cxcll ACTGCACCCAAACCGAAGTC TGGGGACACCTTTTAGCATCTT
Cxcl2 CCAAC CACCAGGCTACAGG GCGTCACACTCAAGCTCTG
11b TTTGACAGTGATGAGAATGACC TGAGTGATACTGCCTGCC
Fgf7 TGCTTCCACCTCGTCTGTCT CGGTCCTGATTTCCATGATGTTGTA
16 GTTCTCTGGGAAATCGTGGA TGTACTCCAGGTAGCTATGG
Tnf GGGTGTTCATCCATTCTCTAC TGAGATCTTATCCAGCCTCAT

sions to the area surrounding the wound, and the control
group was injected with PBS solution. The experimental
and control groups contained four mice each with two
deep skin wounds per mouse.

Gene expression analysis. For RNA isolation, skin
samples were subjected to instant freezing in liquid nitro-
gen, followed by mechanical homogenization with a pre-
cooled pestle in a mortar in order to generate a homoge-
neous substance. Total RNA was isolated using TRI
Reagent® (Sigma Aldrich, USA) according to the manu-
facturer’s recommendations. Total RNA was quantitated
with a NanoDrop® ND-1000 spectrophotometer
(NanoDrop Technologies, Inc., USA). Next, 1 ug of
RNA was treated with DNase I (Thermo Scientific,
USA) and used as a template for reverse transcription.
First strand cDNA synthesis was performed using a kit for
reverse transcription (Thermo Scientific) with oligo(dT)
as a primer (Thermo Scientific). The resulting cDNA was
diluted 10-fold with DNase- and RNase-free water
(Invitrogen, USA). Gene expression was assessed by the
quantitative real time PCR (qPCR) using a 7500 Real-
Time PCR System (Applied Biosystems, USA) with the
following amplification protocol: 95°C — 5 min; 45 cycles
of 95°C — 155, 61°C — 20's, 72°C — 30 s. After 45 cycles
of DNA synthesis, a DNA melting curve was generated in
the range of 61-95°C in order to confirm the purity of
amplification products. For qPCR 2 ul of cDNA, reac-
tion mixture qgPCRmix-HS SYBR + LowROX (Evrogen,
Russia) and primers at a concentration of 0.4 uM each in
the final volume of 20 pl were used per each reaction
according to the manufacturer’s recommendations. The
primer sequences are provided in the table.

Gene expression was assessed by relative quantitative
analysis (method 2724, Pfaffl [28]). Actb served as the
reference gene. Data were normalized to the level of the
expression of genes in naive mouse skin set to be equal to
1. Statistical processing of gene expression data was per-
formed using Student’s 7-test in MS Excel.

Morphometric analysis. Photographs of the wounds
were taken in macro mode on days 0, 2, 5, and 14 to assess
the healing rate. The change of the wound area was eval-
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uated using ImageJ (National Institutes of Health, USA).
To this end, wound area was selected on the image and the
pixel area was calculated. The area of the wound was
assessed as relative to the initial point for the four animals
in each group by the formula: (wound area on day »/ini-
tial wound area) x 100.

Histology. Samples of skin measuring 1 x 1 cm were
spread out and fixed in Buen solution (saturated aqueous
picric acid, formalin, and glacial acetic acid in ratio of
15:5: 1) for 24 h. Each sample was cut into two pieces
along the middle, dehydrated in alcohols of increasing
concentration, and embedded in Histomix® (BioVitrum,
Russia). Sections of 7 um were prepared, which were then
deparaffinized, rehydrated, and stained with Mallory
stain. Stained samples were embedded in balsam and
examined using an Axiovert 200M inverted microscope
(Carl Zeiss, Germany) and AxioCam MRC 5 camera
(Carl Zeiss). The area of muscle and adipose tissue and
the thickness of loose connective tissue in the wound were
also evaluated using the ImagelJ application. Tissue area,
connective tissue thickness, and the number of hair folli-
cles were assessed on five histological sections for each
group.

RESULTS

Microcarriers change the dynamics of skin wound
contraction. Two types of fibroin microcarriers were used
in the experiments, F-MC and FG-MC. Composite FG-
MC were supplemented with 30% gelatin, which is opti-
mal for supporting adhesion, proliferation, and migration
of cells involved in the regeneration of skin wounds [29].
The microcarriers were three-dimensional porous
sponges allowing cell access and nutrient penetration
(Fig. 1). The size of the microparticles (100-250 um) was
suitable for subcutaneous injection.

After the generation of deep skin wounds, fibroin
microcarriers F-MC and FG-MC were injected subcuta-
neously on the perimeter of the wound area. The dynam-
ics of wound contraction was assessed by measuring the
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Fig. 1. Effect of microcarriers on the speed of deep skin wound contraction and scar formation within 14 days after wounding. a) Scanning
electron microscopy of microcarriers. Scale bar is 100 pm. b) Healing of deep skin wounds after subcutaneous injection of microcarriers based
on fibroin (F) or fibroin modified by addition of gelatin (FG). The control group was injected with PBS. The numbers correspond to the per-
centage of wound area relative to the initial point in the three experimental groups, each consisting of four animals with two deep skin wounds.
Statistically significant differences between the experimental and control groups are marked with asterisk (* p < 0.05; ** p < 0.01; n = 8). Wound
healing areas and scar formation on day 14 in control and two experimental groups are marked with black arrows. The scale bar is 2 mm.

wound area. Macrophotographs of the wounds were
obtained on days 0, 2, 5, and 14 following the surgery
(Fig. 1). Administration of microcarriers decreased the
contraction rate of the wounds on day 2 as compared to
the control group, which was characterized by rapid skin
contraction (Fig. 1; day 2). Thus, on day 2 following the
injury the areas of the wound in two experimental groups
were significantly greater than in the control group.
Further regenerative process was similar (Fig. 1; day 5),
and complete healing of the wounds in all three groups
was observed on day 10 after the initiation of the experi-
ment. Visual analysis of the wounds on day 14 showed that
more effective healing occurred in the groups receiving
microcarriers compared to the control group with evident
scar formation, whereas animals in the two experimental
groups did not show significant scar formation (Fig. 1;
day 14).

Microcarriers facilitate regeneration of deep skin
wounds. Comparative histological analysis of the tissue
formed at the site of the injury was carried out to assess
the effect of the microcarriers on healing and regenera-
tion of the damaged skin (Fig. 2). In the control group of
mice, subcutaneous adipose tissue and muscle layer were

completely missing at the site of the wounding one month
after the injury (Fig. 2). The connective tissue in the der-
mis was highly dense, while recovery of the sebaceous
glands and hair follicles was not observed. At the sites
where hypodermis and subcutaneous muscle should be
formed, fibrosis was observed, characterized by out-
growth of loose connective tissue. The thickness of this
tissue in the control group was 360 + 100 um. Injection of
F-MC and FG-MC contributed to the decrease in the
thickness of the loose connective tissue to 199 + 84 and
67 + 16 um, respectively. In the newly formed hypoder-
mis in the two experimental groups, there was a restora-
tion of adipose tissue, the total area of which on histolog-
ical sections in the area of injury was 0.084 £ 0.014 mm?
for the F-MC and 0.12 £ 0.03 mm? for FG-MC.
Administration of F-MC to the injury site resulted in
muscle tissue formation with a total area of newly formed
tissue of 0.050 £ 0.006 mm?. In the group with FG-MC,
this area was 0.80 + 0.05 mm? (Fig. 2). Moreover, blood
vessels and nerves outgrowth was observed in the regener-
ating muscle tissue and subcutaneous hypodermis. In the
control group, isolated hair follicles were detected in the
recovered dermis, while in the two experimental groups,
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F-MC and FG-MC, their number was significantly
increased to 34 £ 5 and 37 £ 6, respectively, over the
entire surface area of the wound section. These data indi-
cate that administration of fibroin microcarriers facilitat-
ed more effective restoration of normal tissue at the site of
the deep skin wounds, whereas supplementing of fibroin
with gelatin enhanced the regenerative potential.

Microcarriers induce local inflammation. It has pre-
viously been established that fibroin microparticles
induce local inflammation in several experimental mod-
els [23-26]. The morphometric analysis of the damage
two days after the introduction of the microcarriers
showed the presence of edema in the tissues surrounding
the wound, as well as the characteristic inflammatory
swelling on the periphery of the wound, which was
retained until day 5. Edema in the control group was sig-
nificantly less pronounced on day 2 (Fig. 1) and was com-
pletely absent on day 5.

Histological examination revealed the presence of
cellular infiltrate consisting of neutrophils, macrophages,
and mononuclear cells on day 3 after the injury and FG-
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MC microparticle injection (Fig. 3a). Infiltrate contain-
ing immune cells was also detected at the site of F-MC
administration (data not shown). Ten days after the
injury, there were signs of degradation of FG-MC charac-
terized by significant reduction in the number of these
particles and the area of the fragments detected on histo-
logical sections (Fig. 3b). Some remnants of microparti-
cle clusters were surrounded by a thin layer of connective
tissue. The infiltrate consisted mainly of neutrophils; in
addition, giant multinucleated cells were also observed
(Fig. 3b). In the group that received injections of F-MC,
there were no residual microcarriers or sign of inflamma-
tion detected in the wound area, indicating their acceler-
ated biodegradation as compared to FG-MC. Signs of
inflammation were also absent in the control group on
day 10 (data not shown). Thus, in the group receiving
injections of FG-MC, immune cell infiltration foci were
preserved longer than in the other groups.

Microcarriers affect expression of inflammatory and
regenerative factors in skin. To further study the effect of
microcarriers on inflammation in the healing skin,
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Fig. 2. Histological analysis of tissue formed at the site of injury one month after wounding and subcutaneous injection of fibroin and fibroin-
gelatin microcarriers. PBS was injected as a control. Black arrows indicate muscles, white arrows — adipose tissue, and hair follicles are
marked with asterisks. Scale bar is 500 pm. Bars represent the area of newly formed adipose tissue and muscle, the thickness of loose con-
nective tissue, and the number of hair follicles in the site of injury. Measurements were carried out in five histological sections using Imagel

software (* p < 0.05; ** p < 0.01; *** p <0.001).
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Fig. 3. Microcarrier clusters and their infiltration by immune cells at days 3 and 10 after injury. On day 3, (a) various immune cells including
mononuclear cells, macrophages, and neutrophils can be identified around microcarrier fragments. On day 10, (b) changes in the cellular
composition of the infiltrate can be observed, including increase in number of neutrophils and appearance of giant multinucleated cells. 1)
Mononuclear cells; 2) macrophages; 3) neutrophils; 4) giant cells. Fragments of microparticles are marked with asterisk. Scale bar is 50 pm.

expression of genes of proinflammatory cytokines TNEF,
1L-6, and IL-1f, chemokines CXCL1 and CXCL2, and
regeneration factor FGF7 was investigated (Fig. 4). As
anticipated, the dynamics of gene expression of proin-
flammatory cytokines and chemokines was at maximum
during the first days following the injury, with a gradual
decline in expression as healing progressed in all three
groups. Remarkably, the introduction of fibroin micro-
carriers, especially those supplemented with gelatin, led
to a prolongation of high-level expression of inflammato-
ry factors in the skin at the later regeneration stage
(Fig. 4; day 10). The most significant effect of microcar-
riers was detected for Tnfand 1/6 genes. Expression of 7/6
was significantly increased at days 3 and 10 after F-MC
and FG-MC administration in comparison to the control
group. After one month, 7/6 expression in the wound area
of mice injected with F-MC and FG-MC dropped to the
level of controls. Expression of 7hf was increased signifi-
cantly in the presence of both types of microcarriers on
days 3 and 10 after the injury, while in the case of FG-MC
even on day 30 of the experiment the level of expression
was significantly higher compared to the control group.
Introduction of FG-MC resulted in the increase in gene
expression of Cxcll, Cxcl2, and Il1b on day 10 after the
wounding, which was not observed when fibroin
microparticles without gelatin were introduced. A month
later, the expression of Cxcl1, Cxcl2, and I11b at the site of
the injury in mice injected with FG-MC dropped to the

level of the control group. Thus, fibroin particles, espe-
cially those supplemented with gelatin, contributed to the
induction of proinflammatory cytokines and chemokines
during skin healing. In addition, in the skin samples
expression of the Fgf7 gene encoding one of the fibroblast
growth factors involved in regeneration of skin wounds
was analyzed. As expected, gene expression was minimal
at day 1 and was gradually increased during the healing
process, but no significant differences were detected
between the experimental and control groups.

DISCUSSION

We have demonstrated that the introduction of
fibroin microcarriers contributes to a better recovery of
damaged skin following injury in vivo. Morphometric
analysis of the dynamics of wound contraction revealed a
significant decrease in scar formation in groups injected
with microcarriers 14 days after the induction of deep skin
wounds (Fig. 1). In the control group of mice receiving
subcutaneous injection of phosphate buffered saline, we
observed formation of fibrous tissue at the injury site one
month after wounding, while skin appendages, such as
hypodermis and muscular layer, were absent, indicating
inefficient regenerative processes (Fig. 2). In contrast, in
the two experimental groups of mice one month after the
damage and the administration of fibroin microcarriers

BIOCHEMISTRY (Moscow) Vol. 81 No. 11 2016
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we observed full restoration of the dermis, including skin
appendages and the epidermis (Fig. 2). In the dermis, we
observed formation of thick, tightly packed, ordered col-
lagen fibers. It should be noted that the introduction of
FG-MC promoted regeneration of damaged areas to a
greater extent than that of F-MC, since it was associated
with a more intense recovery of subhypodermic muscle
layer and adipose tissue (Fig. 2), sprouting of blood ves-
sels and nerves in the regenerating hypodermis and better
developed muscular layer (data not shown).

It is known that inflammation is an integral step in
wound healing, including skin wounds. Inflammatory
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processes have roles in protection against pathogens that
can enter the body through the damaged tissue barrier,
removing disrupted and dead cells, tissue remodeling,
and production of regenerative factors [30]. Thus, the
controlled induction of inflammatory processes should
have a beneficial effect on wound healing. It has been
shown that the introduction of fibroin particles to deep
skin wounds promotes prolongation of the inflammatory
process. Morphometric analysis of the wounds showed
that inflammatory edema was significantly less pro-
nounced in the control group than in the groups with the
introduction of microparticles (Fig. 1). Since deep skin

Cxci2
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Fig. 4. Gene expression of cytokines in the skin during regeneration. Analysis of gene expression of Cxcll, Cxcl2, Tnf, 116, 1l1b, and Fgf7 was
carried out at days 1, 3, 10, and 30 after the administration of the deep skin wounds (» = 6). Gene expression levels are presented as mean with
standard deviation. All values were normalized to the expression levels of the genes in naive skin, which were set to be equal to 1; * p < 0.05;

*p<0.01; ** p <0.001.
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wounds were applied in aseptic conditions, the swelling
around the wound in the control group was mainly due to
the release of “danger signals” (danger associated molec-
ular patterns, DAMPs) from the cells destroyed during
the administration of the wounds and “pathogenic sig-
nals” (pathogen associated molecular patterns, PAMPs)
from the skin microbiota. Reduction in the swelling two
days after wounding, and its absence after five days in the
control group of mice, apparently happen due to the suc-
cessful removal of the components of the disrupted cells
and microorganisms mainly by neutrophils infiltrating
the damaged area in the first hours after the injury.
Absence of proinflammatory PAMPs and DAMPs leads
to a reduction of the inflammatory response and conse-
quently to a decreased edema at the wound site. In con-
trast, skin inflammation in the animals from the experi-
mental groups is apparently further induced by the fibroin
microcarriers that remained in the wound area for a long
time after administration, thereby prolonging the inflam-
matory phase of the regeneration.

Presumably, the evident proinflammatory effect of
fibroin microcarriers can be associated with increased
adhesion and interaction between immune cells and the
microcarriers [25, 31, 32]. Histological analysis of the
specimens on day 3 after wounding revealed that the
microcarriers are surrounded by numerous neutrophils
and to a less degree — by macrophages (Fig. 3a). On the
day 10 of the experiment, engulfment of the microcarriers
by macrophages with consequent generation of giant cells
was detected, as well as the presence of neutrophils
(Fig. 3b). Gelatin modified fibroin microcarriers were
surrounded by macrophages and giant cells in even larger
degree, which probably happens due to the involvement
of integrin-binding motifs from gelatin, resulting in
increased cells adhesion to the microcarrier [29]. Indeed,
it was previously established that modification of fibroin
scaffolds with gelatin results in their better adhesive prop-
erties to cultured cells in vitro [27]. Thus, injection of
fibroin microcarriers, particularly FG-MC, caused pro-
longed local inflammatory response. In support of this,
we found that the introduction of fibroin microcarriers
resulted in increased expression of inflammatory
chemokines and cytokines in the wounded skin. //6 and
Tnf expression were significantly increased at days 3 and
10 post-wounding in the case of F-MC and FG-MC
compared to the control group (Fig. 4). We observed
increased expression of genes Cxcl/1, Cxcl2, and 1/1b in the
skin on day 10 after wounding in the FG-MC but not in
the F-MC group. CXCL1 and CXCL2 are potent
chemoattractants that attract neutrophils and other blood
cells to the site of inflammation. One month after wound-
ing and injection of fibroin particles, expression of //6,
Cxcll, Cxcl2, and 111 in the damaged skin was decreased
to the level of uninjured skin, indicating the completion
of the inflammatory process and the absence of chronic
manifestations. It seems that such a brief but significant
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prolongation of inflammatory reactions has a positive
effect on the healing of the skin wounds — regeneration is
more successful, and the functional properties of the
damaged area are more efficiently recovered. One month
after the injury, we observed a complete restoration of the
dermis skin appendages (hair follicles and sebaceous
glands) while in the control group formation of fibrous
tissue was detected. Apparently, the elevated levels of
proinflammatory cytokines and chemokines contribute to
attraction, differentiation, and activation of immune
cells, which then promote the regenerative process.
Among the proinflammatory cytokines, IL-6 plays a
special role. It was shown that in IL-6 knockout mice skin
wound healing is attenuated, while expression of other
proinflammatory factors, particularly IL-13 and CXCLI,
is decreased, and the migration of immune cells to the
wound site is disrupted [33, 34]. In addition, IL-6 plays
an important role in de novo formation of hair follicles
during skin wound healing [35], although recent studies
indicate the involvement of other members of the IL-6
family of cytokines in this process [36]. IL-1f also has an
important immunoregulatory function in skin regenera-
tion: during the formation of granulation tissue, IL-1(3
stimulates growth and metabolism of connective tissue
and influences the re-epithelialization of wounds. It was
shown in vitro that IL-1a and IL-1p enhance prolifera-
tion of fibroblasts and their ability to produce gly-
cosaminoglycans [37]. IL-1f promotes the differentiation
of epidermal tissue by induction of keratinocyte growth
factor (KGF) expression in fibroblasts. Furthermore, ker-
atinocytes themselves produce IL-1pB, and thus IL-1B is a
major autocrine growth factor for keratinocytes [38, 39].
The role of TNF in the skin wound healing is considered
controversial. Interestingly, TNFR1 knockout mice have
accelerated wound healing compared to wild type mice,
and this was associated with reduced infiltration of
immune cells into the inflammatory site [40]. Remarkably,
fibrosis formation in TNFR1~~ mice during wound heal-
ing was not studied in this work. However, pharmacolog-
ical agents that decrease the expression of several proin-
flammatory chemokines and cytokines during the inflam-
matory phase were shown to impair regeneration of skin
wounds [41, 42]. Recent study also considered the role of
TNF in attraction of a class I1I of newly described innate
lymphoid cells (ILC3), which play an important role in
maintaining homeostasis of the barrier tissues [43].
However, there is evidence concerning negative effects of
TNF on skin wound healing [44, 45]. Apparently, the
contradictory role of this cytokine in wound healing is
associated with its production by various cell types in dif-
ferent forms (soluble and membrane-bound) as well as
the presence of two functional receptors of TNF. Possibly
tissue-specific inactivation of TNF in various cell types
can help clarify better its role in the regeneration process.
Thus, temporarily prolonged moderate inflamma-
tion caused by the introduction of fibroin microcarriers
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alters the immune response balance towards strengthen-
ing of the regenerative processes, while avoiding the neg-
ative effects of chronic inflammation and fibrosis. The
role of inflammation associated with microcarriers in the
induction of direct regenerative factors in the deep skin
wound model in mice remains an open question. So far,
we did not find significant differences in the expression of
Fgf7, one of the regenerative factors (Fig. 4); however,
perhaps microcarriers induce other regenerative factors.
For example, TGF-B1 plays a key role in regeneration of
skin after damage [46, 47], participating in the regulation
of fibroblast proliferation and their further differentiation
into myofibroblasts, collagen synthesis, and the forma-
tion of granulation tissue [48, 49]. The details of exactly
how injected fibroin microparticles induce the shift in the
balance of inflammatory and regenerative factors toward
the effective recovery of damaged tissue should be further
investigated.

In conclusion, we suggest that moderate controlled
inflammation can be useful for regeneration of deep skin
wounds, and this can be used in the future to develop new
bioresorbable microcarriers designed for delivery to the
damaged area. Control of the induced inflammatory
responses may be enhanced by modifications of the
microcarriers with immunomodulators and other factors
that affect regeneration. Furthermore, the vitalization of
microcarriers with cell compositions consisting of various
populations of immune cells and cells involved in regen-
eration may be a prominent approach to achieve more
efficient skin regeneration.
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