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Objective: to investigate the biodegradation of natural silk-based tissue scaff olds (NS-TS) under in vitro and 
in vivo conditions, assessing their potential for tissue engineering applications. Materials and methods. Two 
types of NS-TS, Fibroplen-Atlas and Fibroplen-Gas, along with their modifi ed versions, were analyzed. In vitro 
biodegradation was assessed in Fenton’s solution, while in vivo studies were conducted on rats, with histological 
and morphometric analysis of the implants at 4, 14, and 56 days post-implantation. Results. In vitro biodegrada-
tion studies showed that Fibroplen-Gas completely degraded in <15 days, whereas Fibroplen-Atlas persisted for 
up to 45 days. In vivo analysis showed gradual resorption of all scaff olds, with Fibroplen-Gas exhibiting more 
pronounced degradation. Histological examination revealed a macrophage response, formation of foreign-body 
giant cells, and signs of implant vascularization. Morphometry confi rmed a reduction in fi lament cross-sectional 
area, particularly in modifi ed samples. Conclusion. Modifi cations of NS-TS infl uence their biodegradation rate, 
infl ammatory response, and vascularization.
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INTRODUCTION
The development of biodegradable materials for 

wound treatment and tissue defect replacement is a key 
challenge in modern medicine and bioengineering. Tradi-
tional methods, such as using autologous grafts, present 
several limitations, including limited availability of do-
nor material, risk of complications at donor site, potential 
graft rejection, and inability to fully restore the complex 
anatomy of damaged tissues [1, 2]. Eff ective tissue repair 
requires not only innovative techniques but also creation 
of new biomaterials that meet the specifi c requirements 
of clinical applications. Over recent decades, biomate-
rials, particularly those of natural origin, have garnered 
increasing attention due to their unique properties, such 
as biocompatibility, biodegradability, and the potenti-
al for modifi cation to suit individual patient needs [3]. 
Among these biomaterials, silk has received special at-
tention because of its outstanding physicochemical and 
biological properties, making it a promising foundation 
for the manufacture of medical devices [4].

Silk, obtained from the cocoons of Bombyx mori 
silkworms, is a natural protein polymer primarily com-
posed of two key proteins: fi broin and sericin. Fibroin, 
in particular, possesses unique mechanical properties, 
such as high tensile strength and elasticity, making it 
highly attractive for medical applications [5, 6]. Silk 

is also noted for its high biocompatibility, which helps 
minimize the body’s immune response, and its cont-
rolled biodegradability, a crucial factor for development 
of implantable materials designed for long-term use [7]. 
These properties make silk an ideal candidate for creating 
materials for tissue engineering and wound care [8].

In recent years, silk has been extensively researched 
as a foundation for the development of various medical 
devices. Notably, biodegradable materials based on silk 
fi broin have been developed for bone replacement [9, 
10]. These materials, which incorporate silk fi broin, cal-
cium phosphates, and other bioactive components, have 
shown promising biological performance and potential 
for use in bone engineering, particularly in bone defect 
repair. Silk is also being explored for the creation of 
scaff olds – three-dimensional structures that support cell 
growth and diff erentiation. Such scaff olds can be used 
to regenerate various tissues, including bone, cartilage, 
skin, nerve tissue [11–13], and even corneal tissue [14]. 
This approach represents a promising alternative to tra-
ditional tissue repair methods.

One of the key advantages of silk is its high fl exi-
bility in modifying its properties according to the spe-
cifi c requirements of a given application. By adjusting 
the processing conditions, it is possible to regulate the 
material’s biodegradation rate, mechanical properties, 
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and cell interaction, which opens up signifi cant poten-
tial for creating personalized medical devices that can 
be tailored to the unique needs of individual patients 
[15, 16]. In addition, silk has low immunogenicity, re-
ducing the risk of implant rejection and infl ammation. 
This property is particularly crucial for the development 
of materials intended for long-term implantation [17, 
18]. This makes silk especially valuable in the creation 
of products for treating chronic diseases and repairing 
damaged tissues.

Despite the clear advantages of silk, its use in medi-
cine comes with several challenges. The production and 
processing of silk must be carefully controlled to ensure 
the stability of the material’s properties and its safety 
for the patient. Even minor changes in the production 
process can signifi cantly alter the mechanical, biological, 
and chemical properties of the material, necessitating 
stringent standards and additional research to confi rm 
its eff ectiveness over the long term.

Thus, while silk shows considerable promise as a 
biomaterial, its application in medical technologies re-
quires further investigation. The development of new 
methods for modifying and optimizing the properties of 
silk-based materials will open new opportunities for their 
successful integration into clinical practice and their use 
in various medical fi elds, including tissue engineering 
and tissue repair. This article explores the properties of 
tissue scaff olds made from natural silk, their potential for 
medical applications, and possible ways to to optimize 
their properties.

MATERIALS AND METHODS
Preparation of Fibroplen-Gas 0 
and Fibroplen-Atlas 0 samples

For the fabrication of biodegradable fabric scaff olds, 
natural silk fabrics composed solely of silk fi bers and free 
from extraneous impurities were used (EAC Declaration 
of Conformity, No. RU D-CN.PA09.B.91575/23, Tianjin 
Textile Industrial Supply And Sale Co., Ltd, China). Two 
types of silk fabrics with diff ering densities – 15 g/m2 
and 155 g/m2 – were selected for this study. The prepa-
ration process for the fabric samples followed previous-
ly described protocols [19]. Initially, the fabrics were 
boiled in a sodium bicarbonate solution in a water bath 
for 40 minutes, followed by thorough rinsing in distilled 
water and a second boiling for 30 minutes. This cycle 
was repeated three times after which the scaff olds were 
air-dried at room temperature. The resulting samples 
were designated as “Fibroplen-Gas 0” (lower-density 
fabric) and “Fibroplen-Atlas 0” (higher-density fabric).

Preparation of modifi ed Fibroplen-Gas 80 
and Fibroplen-Atlas 80 samples

To obtain modifi ed scaff old variants, the previously 
prepared Fibroplen-Gas 0 and Fibroplen-Atlas 0 samples 

were subjected to controlled degradation in a water-alco-
hol solution of calcium chloride, using a molar ratio of 
1 : 2 : 8. Incubation was carried out at 46 °C for 352 mi-
nutes for Fibroplen-Gas 0 samples and 216 minutes for 
Fibroplen-Atlas 0 samples – corresponding to 80% of 
the total degradation time for each fabric type. Following 
incubation, the samples were thoroughly rinsed with 
distilled water and then air-dried at room temperature. 
The resulting samples are hereinafter designated as “Fi-
broplen-Gas 80” and “Fibroplen-Atlas 80”, respectively.

In vitro biodegradation study
In vitro biodegradation of samples was evaluated in 

accordance with GOST 10993-13-2009 (“Assessment 
of biological eff ect of medical devices”). Samples were 
incubated in 40 mL of Fenton’s reagent, composed of 
100 μM FeSO4 and 1 mM H2O2, at a temperature of 
37 °C. The oxidative medium was renewed every 3 days. 
At the end of incubation, the samples were rinsed with 
40 mL of distilled water, dried in a thermostat at 37 °C 
for 48 hours, and subsequently placed in a Binder VD-54 
vacuum desiccator (Germany) at a residual pressure of 
10–20 mmHg for 24 hours.

Biodegradation was assessed gravimetrically using 
a Sartorius CPA-225D analytical scale (Germany), by 
measuring the change in the sample mass before and 
after the incubation period.

In vivo biodegradation study
In vivo biodegradation experiment was carried out 

on male Wistar rats weighing 250–300 g, obtained from 
the Krolinfo laboratory animal nursery (Vysokovo, Ore-
khovo-Zuyevsky urban district, Russia). Prior to the ex-
periment, the animals were acclimatized to the housing 
conditions for a period of 7 days. Throughout the study, 
the rats were kept isolated in single cages, they were pro-
vided with standard laboratory feed and had ad libitum 
access to water. Vivarium temperature was maintained 
at 22 ± 2 °C, relative humidity at 55–65%, and a 12-hour 
light/dark cycle.

Before surgery, general anesthesia was induced using 
Zoletil® 100 (Virbac, France) at a dose of 15 mg/kg body 
weight administered intramuscularly. For antiseptic pre-
paration, a 0.05% chlorhexidine solution was applied to 
the skin in the interscapular region. To prevent mecha-
nical irritation and minimize the risk of postoperative 
infection, the surgical site was shaved using electric 
clippers prior to intervention.

Following skin antisepsis, a subcutaneous pocket 
was created using sterile surgical scissors and a scal-
pel. A 1×1 cm silk scaff old sample was inserted into the 
prepared cavity and secured in place with four knotted 
sutures using Prolene 4/0 monofi lament polypropyle-
ne surgical thread (Ethicon, USA). The sutures ensured 
close adherence of the implant to the surrounding sub-
cutaneous tissue, thereby preventing displacement. After 



87

REGENERATIVE MEDICINE AND CELL TECHNOLOGIES

implantation, the incision was closed using additional 
knotted sutures.

The experimental durations were set at 4, 14, and 
56 days. Upon completion of each time point, the animals 
were euthanized. Following confi rmation of biological 
death, the implanted materials along with surrounding 
tissue were explanted for subsequent histological exa-
mination.

Histological study
After explantation, tissue samples were fi xed in 10% 

buff ered formalin solution for at least 24 hours. Standard 
histological processing was performed, including dehyd-
ration through a graded ethanol series (50%, 60%, 70%, 
80%, and 96%), paraffi  n embedding, and sectioning at a 
thickness of 5–6 μm using a RM2245 microtome (Leica, 
Germany).

Histological staining was performed using the fol-
lowing methods:
– Mayer’s hematoxylin and eosin (BioVitrum, Rus-

sia) – to evaluate the overall tissue structure;
– Masson’s trichrome stain (BioVitrum, Russia) – to 

detect total collagen.
The preparations were examined using an Eclipse 

50i optical microscope (Nikon, Japan) equipped with a 
digital camera.

The histological evaluation focused on the following 
parameters:
– Cellular response (presence of macrophages, foreign-

body giant cells, lymphocytes, and granulocytes);
– Vascularization (capillary formation);
– Formation of connective tissue capsules;
– Degree of material bioresorption.

Morphometric analysis
Morphometric evaluation of the fi lament cross-sectio-

nal area was conducted using ImageJ software (version 
1.49v, National Institutes of Health, USA). For each 
fi lament type, 40 cross-sections with clearly defi ned con-
tours and free from overlapping neighboring structures 
were selected for analysis.

Statistical data processing
Statistical analysis was performed using IBM SPSS 

Statistics version 26. Data distribution was assessed 
using the Kolmogorov–Smirnov test. The following 
statistical tests were applied:
– Mann–Whitney U test – for comparison between two 

independent groups;
– Kruskal–Wallis test – for comparison among three or 

more independent groups;
– Tukey’s test – for post hoc multiple comparisons.

Diff erences were considered statistically signifi cant 
at p < 0.05. For variables with non-normal distribution, 
data are presented as median (Me) and interquartile range 
(Q1–Q3).

RESULTS AND DISCUSSION
In vitro biodegradation studies

The Fibroplen-Atlas silk samples with different 
pretreatments showed varying rates of biodegradation 
(Table 1). For Fibroplen-Atlas 0 samples, slow degrada-
tion was observed on day 15, with a weight loss of 5%. 
By day 30, degradation accelerated, reaching a mass loss 
of 44%, and by day 45, the total weight loss amounted 
to 79%. In contrast, Fibroplen-Gas samples underwent 
complete degradation in less than 15 days. For each time 
point, fi ve samples of each type were analyzed.

Table 1
Eff ect of pretreatment on silk degradation profi le

15 days 30 days / 
Δ 15–30 days

45 days / 
Δ 30–45 days

Fibroplen-Atlas 0 5% 44% / 39% 79% / 35%
Fibroplen-Atlas 80 5% 49% / 44% 86% / 37%

Fibroplen-Gas All samples were completely 
degraded in less than 15 days

The results obtained indicate that pretreatment of silk 
has an eff ect on its biodegradation in vitro biodegradation 
rate. Therefore, the choice of material treatment may play 
a critical role in developing materials with the required 
degradation rate for various biomedical applications.

In vivo biodegradation studies 
(morphologic analysis)
Implantation at day 4 (unmodifi ed samples)
Fibroplen-Gas 0

On day 4 following implantation of the control Fib-
roplen-Gas 0 sample, histological examination revealed 
a large fragment of transverse striated muscle tissue, 
surrounded by a thin fi brous layer and loose connective 
tissue (Fig. 1, a). Within this area, implant fragments 
were identifi ed as homogeneous fi laments observed in 
both transverse and longitudinal sections. These fi la-
ments showed a delicate cream coloration with hema-
toxylin and eosin staining and appeared pale pink with 
Masson’s trichrome stain.

A moderate cellular response to the implant was ob-
served, characterized by the presence of macrophages, 
foreign-body giant cells (FBGCs), a few lymphocytes, 
and occasional granulocytes. Only faint signs of macro-
phage-mediated resorption of the implant material was 
noted. No signs of infl ammation were detected in the sur-
rounding muscle tissue. Overall, infl ammatory response 
was mild and primarily lymphoid-macrophage in nature.

Fibroplen-Atlas 0
Fig. 1, b presents the histological image of the control 

sample “Fibroplen-Atlas 0”, demonstrating a fragment 
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Fig. 2. Samples at 14 days post-implantation: a, Fibroplen-Gas 0, H&E stain; b, Fibroplen-Atlas 0, Masson’s trichrome stain. 
200×

а b

100 μm100 μm 100 μm100 μm

of transverse striated muscle tissue adjacent to a fi brous 
layer and loose connective tissue, within which the im-
plant was identifi ed. Surrounding the implant, there is 
loose connective tissue with pronounced hypercellulari-
ty, characterized by a high concentration of fi broblasts, 
histiocytes, and lymphocytes, as well as numerous full-
blooded capillaries. This morphological pattern is indi-
cative of active granulation tissue formation.

The content of FBGCs was very low, with only oc-
casional individual cells detected. While granulocytes 
were generally scarce in the surrounding tissue, a loca-
lized area of intense cellular infi ltration was identifi ed, 
suggesting the presence of a residual acute infl ammatory 
response. There were virtually no signs of bioresorption.

Implantation at day 14 (unmodifi ed samples)
Fibroplen-Gas 0

The examined sample contains adipose tissue, 
within which the Fibroplen-Gas 0 implant was located 

(Fig. 2, a). The implant fragments were surrounded by 
thin connective tissue strands, interspersed with thin-
walled, full-blood blood vessels, indicating ongoing pro-
cesses of encapsulation and vascularization. Numerous 
macrophages and FBGCs were observed in close proxi-
mity to the implant strands, along with clear signs of bio-
resorption. In addition, few lymphocytes and occasional 
granulocytes were detected. The infl ammatory response 
was predominantly macrophage-mediated.

Fibroplen-Atlas 0
The implant is surrounded by loose connective tissue 

along its perimeter (Fig. 2, b). In close proximity to the 
implant, thin connective tissue strands oriented parallel 
to its long axis were observed, which likely indicate early 
stages of capsule formation. Connective tissue fi bers 
and thin-walled blood vessels were seen infi ltrating the 
implant. Numerous macrophages, FBGCs, and epithe-
lioid cells were present around the implant fi laments. 

Fig. 1. Samples at 4 days post-implantation: a, Fibroplen-Gas 0, H&E stain; b, Fibroplen-Atlas 0, H&E stain. Arrows indicate 
implant fragments. 200×

а b

100 μm100 μm 100 μm100 μm
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Fig. 3. Samples at 56 days post-implantation: a, Fibroplen-Gas 0, H&E stain; b, Fibroplen-Atlas 0, Masson’s trichrome stain. 
200×

а b

100 μm100 μm 100 μm100 μm

However, signs of bioresorption were minimal, with the 
majority of the implant material remaining structurally 
intact. Overall, the infl ammatory response was predomi-
nantly macrophage-mediated, with small admixture of 
lymphocytes and occasional granulocytes.

Implantation at day 56 (unmodifi ed samples)
Fibroplen-Gas 0

The implant is embedded in a layer of loose con-
nective tissue, adjacent to fragments of transverse stri-
ated muscle tissue (Fig. 3, a). A sustained macrophage 
response is evident, including the presence of FBGCs, 
accompanied by partial resorption of the implant mate-
rial. Vascularization persists, with thin-walled capillaries 
noted in the surrounding tissue. A thin connective tissue 
capsule has formed along the implant perimeter, and 
in some areas, it is penetrated by capillaries. Besides, 
individual fi laments of the implant are enveloped by 
collagen fi bers. Compared to the 14-day observation 
period, both the signs of bioresorption and encapsulation 
of the implant threads appear more pronounced.

Fibroplen-Atlas 0
The implant is surrounded by loose connective and 

adipose tissue (Fig. 3, b). The infl ammatory response 
remains mild and predominantly macrophage-mediated. 
FBGCs are scarce and primarily located in the periphe-
ral zone of the implant adjacent to surrounding tissues. 
A substantial portion of the implant material appears 
structurally intact, showing minimal signs of resorption. 
Vascularization is evident, with full-blooded capillaries 
observed among the implant fi laments. A thin connective 
tissue capsule has formed around the implant, with occa-
sional capillary penetration. Besides, individual strands 
of the implant are encapsulated by collagen fi bers.

Implantation at day 4 (modifi ed samples)
Fibroplen-Gas 80

The histological profi le is characterized by transverse 
striated muscle tissue adjacent to a broad layer of loose 
connective tissue exhibiting signs of infl ammatory in-
fi ltration (Fig. 4, a). The infi ltrate includes granulocy-
tes, lymphocytes, mast cells, macrophages, numerous 
full-blooded capillaries, and fi broblasts – indicative of 
active granulation tissue formation. Single FBGCs are 
locally present. Notably, in comparison to the unmodi-
fi ed Fibroplen-Gas 0 samples at the same time point, 
infl ammatory response in the modifi ed samples is more 
pronounced and polymorphic, whereas the unmodifi ed 
implants evoked a milder, predominantly lymphoid-
macrophage reaction.

Fibroplen-Atlas 80
In the examined sample, the histological profi le con-

sists of transverse striated muscle tissue bordered by a 
thin fi brous layer and a layer of loose connective tissue. 
Along the boundary, numerous implant fragments are 
identifi ed, primarily as transverse and, less frequently, 
longitudinal sections of fi laments (Fig. 4, b). Infl ammato-
ry response is characterized by abundant macrophages, 
the presence of FBGCs, and lymphocytes. Granulocytes 
are sparse and predominantly localized within the lumens 
of capillaries in the loose connective tissue. Evidence of 
implant resorption is present, mediated by both FBGCs 
and individual macrophages infi ltrating between implant 
threads. Thin-walled blood vessels containing erythro-
cytes are observed within the implant structure. The ad-
jacent muscle tissue appears unaltered.

It should be noted that at the same observation period, 
unmodifi ed Fibroplen-Atlas 0 samples displayed features 
of an incomplete acute infl ammatory phase, while the 
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Fig. 4. Samples at 4 days post-implantation: a, Fibroplen-Gas 80, Masson’s trichrome stain; b, Fibroplen-Atlas 80, H&E stain. 
200×

а b

100 μm100 μm 100 μm100 μm

Fig. 5. Samples at 14 days post-implantation: a, Fibroplen-Gas 80, H&E stain; b, Fibroplen-Atlas 80, Masson’s trichrome 
stain. 200×

а b

100 μm100 μm 100 μm100 μm

response in Fibroplen-Atlas 80 samples shifted toward a 
more organized lymphoid-macrophage pattern.

The histological evaluation of the modifi ed samples 
at the 4-day observation point revealed the following 
key features:
a) In Fibroplen-Gas 80 samples, characteristic signs 

of the acute phase of infl ammatory response were 
observed, whereas the Fibroplen-Atlas 80 samples 
exhibited a predominantly lymphoid-macrophage 
type of infl ammation.

b) All samples showed evidence of partial bioresorption 
of the implanted material. Notably, in the Fibroplen-
Atlas 80 group, the implant exhibited good structural 
preservation, with the majority of the material remai-
ning intact.

c) Signs of vascularization were identifi ed only in one 
of the presented samples – Fibroplen-Atlas 80.

d) Fibroplen-Gas 80 samples exhibited moderate infl am-
mation in the tissues surrounding the implant.

Implantation at day 14 (modifi ed samples)
Fibroplen-Gas 80

In the examined specimen, the implant was surroun-
ded by loose connective tissue (Fig. 5, a). A macrophage 
response to the implant was noted, accompanied by the 
formation of numerous FBGCs and partial resorption of 
the implant. The infl ammatory infi ltrate also contained 
single lymphocytes and granulocytes. Evidence of vas-
cularization was noted within the implant, represented 
by the presence of isolated capillaries. Encapsulation was 
generally poorly developed; however, intensive ingrowth 
of connective tissue fi bers into the implant structure was 
evident. The surrounding loose connective tissue showed 
no visible changes.
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Comparable results were observed in the unmodifi ed 
Fibroplen-Gas 0 samples at the same time point. These 
included a predominantly macrophage-driven infl amm-
atory response, ingrowth of connective tissue strands 
into the implant, as well as signs of bioresorption and 
vascularization.

Fibroplen-Atlas 80
The histological examination shows the implant sur-

rounded by loose connective tissue (Fig. 5, b). A loo-
se, unevenly thick connective tissue capsule is present 
around the implant’s perimeter. A lymphoid-macrophage 
infl ammatory response involving FBGCs is noted. Com-
pared to Fibroplen-Gas 80 samples, a slightly higher 
number of lymphocytes is observed. Evidence of partial 
resorption of the implant is also present. Signs of vascu-
larization and ingrowth of connective tissue strands into 
the implant are apparent. The adjacent loose connective 
tissue contains full-blooded capillaries, increased num-
ber of lymphocytes and macrophages (relative to previ-
ous samples), as well as isolated plasmocytes.

The overall morphologic picture is generally consis-
tent with that observed in the experiment using unmo-
difi ed Fibroplen-Atlas samples at the same time point. 
However, it should be noted that the degree of fi brosis, 
vascularization, and bioresorption is greater in the modi-
fi ed samples compared to their unmodifi ed counterparts. 
In addition, diff erences were observed in the compositi-
on of the infl ammatory infi ltrate: specifi cally, a slightly 
higher number of lymphocytes was recorded in the mo-
difi ed samples, and the infl ammatory response exhibited 
a more pronounced lymphoid-macrophage character.

The histological features observed in the modifi ed 
Fibroplen-Gas 80 and Fibroplen-Atlas 80 samples at 
14 days post-implantation can be summarized as follows:
a) A predominance of the gigantocellular component 

in the infl ammatory infi ltrate, most notably in the 
Fibroplen-Gas 80 sample.

b) Formation of a connective tissue capsule around the 
implant, with the least pronounced capsule observed 
in the Fibroplen-Gas 80 group.

c) Ingrowth of connective tissue fi bers into the implant, 
partially replacing the original material.

d) Evidence of implant vascularization.
e) Partial resorption of implant material.

Implantation at day 56 (modifi ed samples)
Fibroplen-Gas 80

In the examined specimen, the Fibroplen-Gas 80 im-
plant was localized within a layer of loose connective 
tissue (Fig. 6, a). A macrophage-dominated infl ammatory 
response was observed, with the presence of FBGCs 
and signs of ongoing resorption of the implant material. 
Vascularization within the implant was minimal, with 
only isolated capillaries identifi ed. There was no formed 
connective tissue capsule encasing the implant; instead, 
encapsulation was limited to individual threads and/or 
fi bers. The adjacent loose connective tissue showed no 
apparent changes.

It is worth noting that these fi ndings partially resem-
ble those seen in the control group (Fibroplen-Gas 0), 
particularly regarding the macrophage-driven infl amm-
atory response and limited vascularization. However, 
unlike the modifi ed samples, the control group showed 
the formation of a continuous encapsulating capsule 
around the implant, along with more pronounced signs 
of bioresorption.

Fibroplen-Atlas 80
The histological picture reveals the implant sur-

rounded by loose connective tissue and a fragment of 
adjacent transverse striated muscle tissue (Fig. 6, b). 
A macrophage-dominated infl ammatory response is evi-
dent, including the presence of FBGCs, accompanied by 
ongoing resorption of the implant material. Vasculari-
zation within the implant is minimal, with only isolated 

Fig. 6. Samples at 56 days post-implantation: a, Fibroplen-Gas 80, H&E stain; b, Fibroplen-Atlas 80, H&E stain. 200×

а b

100 μm100 μm 100 μm100 μm
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capillaries observed. No continuous connective tissue 
capsule around the implant; however, encapsulation of 
individual implant strands by collagen fi bers is noted. 
No pathological alterations were identifi ed in the tissue 
adjacent to the implant.

In the control samples (Fibroplen-Atlas 0) examined 
at the same time point, a similar macrophage response 
was observed, though it appeared less intense. Moreo-
ver, a greater portion of the implant material remained 
intact, showing no signs of bioresorption. Besides, a thin 
but continuous connective tissue capsule was observed 
around the implant in the control group.

The morphological study of Fibroplen-Gas and Fibro-
plen-Atlas samples with varying degrees of modifi cation 
at 56 days post-implantation revealed the following:
a) A macrophage response to the implant, involving 

FBGCs and partial resorption of the material, persis-
ted. However, compared to the previous observation 
period, the intensity of the cellular response was no-
tably reduced.

b) Vascularization within the implant was minimal ac-
ross all samples, though it was more pronounced in 
the Fibroplen-Atlas 80 group compared to Fibroplen-
Gas 80.

c) No organized, restrictive fi brous capsule was obser-
ved around the perimeter of the implant.

Morphometric analysis of fi lament 
cross-sectional area

To assess the biodegradation of silk fi laments in Fi-
broplen-Gas and Fibroplen-Atlas samples with varying 
levels of modifi cation, the cross-sectional areas of the 
fi laments were measured. The results are presented as 
medians and interquartile ranges (Q1–Q3) in Table 2.

The data obtained indicate that for the control Fibro-
plen-Gas 0 samples, the median values of fi lament cross-
sectional areas signifi cantly decreased (p < 0.05) throug-

hout the study period. For Fibroplen-Gas 80 fi laments, 
a signifi cant reduction in the fi lament cross-sectional 
area occurred between 4 and 14 days of implantation. 
However, from 14 to 56 days of implantation, there was 
no signifi cant change in the size of the fi laments.

The table also reveals that in both Fibroplen-Atlas 0 
and Fibroplen-Atlas 80 samples, there was a signifi cant 
decrease in fi lament cross-sectional area between 4 and 
56 days of implantation.

CONCLUSION
The conducted studies showed varying degrees of 

biodegradation of the Fibroplen-Gas and Fibroplen-Atlas 
silk materials in both in vitro and in vivo experiments.

In the in vitro studies, it was observed that Fibroplen-
Gas silk samples underwent complete degradation in less 
than 15 days. In contrast, all Fibroplen-Atlas samples 
exhibited slow degradation in the early stages of the ex-
periment. However, by 30 days of incubation in Fenton’s 
solution, the rate of mass loss accelerated signifi cantly, 
continuing at an increased pace until 45 days. The total 
mass loss reached 76–86%. Based on experimental data, 
it can be concluded that the choice of pretreatment me-
thod signifi cantly infl uences the degradation rate in vitro, 
with Fibroplen-Gas samples showing a notably faster 
degradation compared to the Fibroplen-Atlas 0 samples.

As a result of the conducted morphological study, 
it was found that for the control Fibroplen-Gas 0 sam-
ples (implantation period of 4 days), the degree of in-
fl ammatory reaction was less pronounced and exhibited 
a lymphoid-macrophage character. This was in contrast 
to the modifi ed samples, where signs of the acute phase 
of the infl ammatory reaction were observed at the same 
experimental time point.

In the control Fibroplen-Atlas 0 samples, some signs 
of incomplete acute phase of the infl ammatory process 
persisted. However, in the modifi ed Fibroplen-Atlas 80 

Table 2
Cross-sectional areas of Fibroplen-Gas and Fibroplen-Atlas fi laments at diff erent implantation dates

Description Cross-sectional area, μm2 Statistical signifi cance 
(p)4 days 14 days 56 days

Fibroplen-Gas 0 132.5 (111.8–157.6) 86.3 (68.4–102.9) 56.7 (42.1–71.0)
p4–14 < 0.05*
p4–56 < 0.05*
p14–56 < 0.05*

Fibroplen-Gas 80 84.6 (60.6–102.9) 47.5 (25.5–66.8) 54.2 (41.0–71.5)
p4–14 < 0.05*
p4–56 < 0.05*
p14–56 > 0.05

Fibroplen-Atlas 0 121.8 (101.3–134.7) 111.3 (102.6–120.2) 97.5 (81.2–117.3)
p4–14 > 0.05

p4–56 < 0.05*
p14–56 > 0.05

Fibroplen-Atlas 80 48.1 (40.8–62.0) 44.4 (31.5–52.8) 31.6 (22.7–41.7)
p4–14 > 0.05

p4–56 > 0.05*
p14–56 > 0.05*

* sample diff erences are statistically signifi cant at p < 0.05.
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samples, infl ammatory response was characterized as 
lymphoid-macrophagic at this stage.

In the control samples (Fibroplen-Atlas 0), biore-
sorption signs were weakly expressed and not clearly 
visible. In contrast, in the modifi ed samples, particularly 
Fibroplen-Atlas 80, the fi rst signs of bioresorption and 
vascularization were already evident at this observation 
period. At the 14-day observation period, the morpholo-
gical study of all Fibroplen-Gas samples yielded similar 
results: infl ammatory reaction was primarily macropha-
ge-driven, with connective tissue strands detected within 
the implant. Signs of partial bioresorption and vascula-
rization of the implant were also noted.

In contrast, at the same observation period for all Fi-
broplen-Atlas samples, the morphological picture shared 
common features: signs of bioresorption, vascularization 
of the implant, and growth of connective tissue fi bers 
both on the surface and within the implant were noted. 
However, the degree of vascularization and fi brosis was 
more pronounced in the modifi ed samples compared to 
the control (unmodifi ed) samples. Additionally, some 
diff erences were observed in the infl ammatory infi ltrate 
composition. The Fibroplen-Atlas 80 samples showed 
a slightly higher lymphocyte content, and the reaction 
had a lymphoid-macrophage character. In comparison, 
the Fibroplen-Atlas 0 samples displayed a macrophage-
driven infl ammatory response.

At the 56-day observation period, histological ex-
amination of both unmodifi ed and modifi ed samples 
revealed the following features: in all samples, there 
was a continuation of the macrophage reaction to the 
implant, with the involvement of FBGCs and partial 
bioresorption of the material. The largest proportion of 
intact material was preserved in the Fibroplen-Atlas 0 
sample. Compared to the 14-day period, the degree of 
cellular reaction was signifi cantly reduced, most notably 
in the Fibroplen-Atlas 0 sample.

Vascularization was minimal across all samples, 
though it was more noticeable in the Fibroplen-Atlas 
samples. An organized restrictive connective tissue cap-
sule around the perimeter of the implant was observed 
only in the Fibroplen-Atlas 0 and Fibroplen-Gas 0 sam-
ples. In all the samples, there were episodes of encap-
sulation of individual threads of the implant material by 
collagen fi bers.

In the morphometric analysis of the histological 
samples, conducted using the ImageJ program, it was 
found that the cross-sectional areas of the Fibroplen-
Gas 0 fi laments signifi cantly decreased throughout the 
study. For the Fibroplen-Gas 80 fi laments, a signifi cant 
decrease in cross-sectional area occurred from day 4 to 
day 14 of implantation. In the Fibroplen-Atlas 0 and 
Fibroplen-Atlas 80 samples, the fi lament areas signifi -
cantly decreased from day 4 to day 56 of implantation. 
In the Fibroplen-Atlas 80 samples, a signifi cant decrease 

in the cross-sectional area of the fi laments was also noted 
from day 14 to day 56 of implantation.

FINDINGS
The following conclusions can be drawn based on 

the results of the conducted research:
1. Pretreatment infl uences the degradation rate in vitro. 

The degradation rate for modifi ed Fibroplen-Atlas 
samples was higher compared to the unmodifi ed sam-
ples. Notably, Fibroplen-Gas samples were comple-
tely degraded in less than 15 days.

2. Results of morphological study:
a) Fibroplen-Atlas 0 samples had the largest pro-

portion of intact material after 56 days.
b) Signs of incomplete acute-phase infl ammation 

were observed at the 4-day period in the Fibrop-
len-Gas 80 and Fibroplen-Atlas 0 samples. From 
the 14-day observation onward, infl ammatory 
response in the Fibroplen-Atlas 80 sample was 
lymphoid-macrophage in character, while the 
Fibroplen-Gas and Fibroplen-Atlas 0 samples 
exhibited a macrophage-type reaction. By the 
56-day observation period, all studied samples 
exhibited a macrophage-driven (predominantly 
gigantocellular) reaction.

c) Partial bioresorption was observed as early as the 
4-day period in the modifi ed Fibroplen-Gas and 
Fibroplen-Atlas samples, involving FBGCs and 
single macrophages. In contrast, bioresorption 
was not visible in the unmodifi ed samples at this 
time. Starting from day 14, bioresorption was no-
ted in all the studied samples.

d) Vascularization was only observed at the 4-day 
period in the Fibroplen-Atlas 80 sample. In all 
other samples, signs of vascularization were evi-
dent from the 14-day observation period onward.

e) Signs of formation of a restrictive capsule along 
the perimeter of the implant were seen by the 14-
day period in most of the samples. However, by 
day 56, a thin connective tissue capsule was ob-
served only in the control samples Fibroplen-At-
las 0 and Fibroplen-Gas 0. All samples, regard-
less of modifi cation, exhibited signs of fi brosis, 
including the growth of connective tissue fi bers 
deep into the implant and episodes of encapsu-
lation of individual implant threads by collagen 
fi bers.

3. Morphometric analysis of histological specimens 
showed that the cross-sectional area of Fibroplen-
Gas 0 fi laments signifi cantly decreased throughout 
the entire study period. For Fibroplen-Gas 80, a sig-
nifi cant decrease was observed between days 4 and 
14, with no further signifi cant changes up to day 56. 
In contrast, both Fibroplen-Atlas 0 and Fibroplen-
Atlas 80 samples showed a signifi cant decrease in 
fi lament area from day 4 to day 56. Notably, in Fib-
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roplen-Atlas 80, there was an additional signifi cant 
reduction between days 14 and 56.
These fi ndings confi rm that modifi cation of silk-based 

scaff olds enables targeted tuning of their biodegradation 
rate, infl ammatory response, and vascularization profi le. 
The ability to regulate these parameters provides valuab-
le fl exibility for tailoring biomaterials to specifi c clinical 
needs – such as wound healing and the development of 
biodegradable implants.

The authors declare no confl ict of interest.
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