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Silk is a promising natural biomaterial that combines mechanical strength, biocompatibility, and controlled 
biodegradation, making it highly suitable for scaffold creation for clinical practice. This study investigates how 
different processing methods influence the morphological and mechanical characteristics of silk-based scaffolds. 
The findings showed that varying the processing conditions facilitates the production of materials with tailored 
properties, ranging from dense, mechanically robust structures to porous, rapidly degradable scaffolds. High-
density samples (Fibroplen-Atlas) exhibited substantial mechanical stability, making them promising candidates 
for surgical applications in mechanically demanding areas such as ligaments, fascia, and tendons. In contrast, 
more porous scaffolds (Fibroplen-Gas) demonstrated accelerated biodegradation, which is advantageous for soft 
tissue regeneration. These results highlight the potential of silk scaffolds for personalized applications, where the 
balance between mechanical stability and biodegradation rate can be adjusted according to specific clinical needs.
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Introduction
In recent decades, biomedical technologies aimed at 

restoring and replacing damaged tissues and organs have 
developed rapidly. A key component of these technolo-
gies is biomaterials, which form the foundation for crea-
ting implants, scaffolds, and various medical devices. 
The performance of these materials is determined by 
their biocompatibility, biodegradability, and, critically, 
their mechanical properties, such as strength, elasticity, 
and resistance to physiological stresses, which must be 
optimized for specific clinical applications [1, 2]. These 
properties directly influence the integration of the im-
plant within the tissue environment, its functional dura-
bility, and the overall effectiveness of regeneration [3, 4].

In regenerative medicine and tissue engineering, for 
instance, scaffolds must possess sufficient mechanical 
stability to preserve the architecture of the defect and 
provide structural support for cell attachment and pro-
liferation until regeneration is complete. However, the 
required level of mechanical strength varies considerably 
with the anatomical site: dense, durable materials with 
prolonged resorption times are necessary for the repla-
cement of tendons, ligaments, and fascial structures, 
whereas more elastic, rapidly degradable matrices are 
preferred for soft tissue engineering applications [5, 6].

Silk fibroin, derived from the cocoons of the silk-
worm Bombyx mori, is a promising natural polymer that 
has been extensively studied in recent years as a found-
ation for developing biocompatible and biodegradable 
matrices in regenerative medicine and tissue engineering 
[7–10]. Its high mechanical strength, chemical modifi-
ability, and low immunogenicity make silk a versatile 
material suitable for a broad range of medical applica-
tions – from permanent tissue replacements to temporary 
scaffolds that promote the restoration of native biological 
structures [11].

Silk fibroin is a macromolecule with an ordered ar-
chitecture in which highly crystalline regions (predo-
minantly β-sheet structures) alternate with amorphous 
domains. The crystalline regions form a rigid framework 
that imparts high mechanical strength and resistance to 
enzymatic degradation, whereas the amorphous regions 
provide flexibility and elasticity [12]. The balance bet-
ween these two domains determines the overall physical 
and mechanical properties of fibroin, which can be pre-
cisely tuned by modifying processing conditions.

Fibroin elicits minimal inflammatory response in vivo 
and supports cell adhesion, proliferation, and differenti-
ation, especially with additional surface modification or 
when supplemented with bioactive molecules [13–17].

One of the key advantages of silk fibroin lies in its 
versatility and technological flexibility. By varying pro-
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cessing conditions, such as solvent composition, ext-
raction time, and thermal or mechanical treatment, it is 
possible to deliberately tailor the morphology, degree of 
crystallinity, porosity, biodegradation rate, and mechani-
cal performance of the material [18, 19]. This tunability 
enables the adaptation of silk-based scaffolds to a wide 
range of clinical applications.

The present study aims to elucidate the relationship 
between the extent of silk processing and the resulting 
changes in the mechanical and morphological characte-
ristics of fibroin-based scaffolds. The primary objective 
is to determine how different fabrication approaches in-
fluence scaffold properties, thereby providing a rationale 
for selecting optimal processing parameters to create bio-
materials that meet specific clinical requirements. This 
will allow for targeted design of scaffold types – ranging 
from dense, slowly resorbable structures to porous, ra-
pidly degradable matrices – depending on the intended 
surgical application.

Materials and Methods
Obtaining samples

Natural silk fabrics (EAC Declaration of Conformity, 
N RU D-CN.PA09.B.91575/23, Tianjin Textile Indust-
rial Supply and Sale Co., Ltd., China) were used for the 
preparation of biodegradable scaffolds. Two types of 
silk fabrics differing in surface density – 15 g/m2 and 
155 g/m2 – were employed in this study. Sample prepa-
ration was carried out according to previously described 
protocols [20–22].

The processing procedure included several sequential 
stages. Initially, the silk fabric was boiled in a 0.25% 
aqueous sodium bicarbonate (NaHCO3) solution for 
40 minutes in a water bath to remove sericin, followed 
by thorough rinsing in distilled water. The fabric was 
then reboiled in a fresh NaHCO3 solution for 30 minutes, 
and this process was repeated three times to ensure com-
plete sericin removal. After treatment, the samples were 
air-dried at room temperature until a constant weight 
was achieved.

The resulting materials were designated as “Fibro-
plen-Gas” (15 g/m2) and “Fibroplen-Atlas” (155 g/m2). 
These samples were used as model scaffolds for subse-
quent analyses.

Obtaining the solution
The purified silk fabrics were dissolved in a mixture 

of distilled water, 95% ethanol, and calcium chloride 
(Sharlab S.L., Spain) in a molar ratio of 8 : 2 : 1, res-
pectively. The volume of the mixture was calculated at 
1 mL of solution per 200 mg of fibroin. Dissolution was 
carried out in sealed test tubes at 90 °C for 40 minutes 
with constant stirring until a homogeneous solution was 
obtained.

The resulting solution was purified from calcium 
chloride and ethanol by dialysis against distilled water 
at 20 °C, with ten water changes performed at 30-minute 
intervals. Upon completion of dialysis, the solution was 
further purified by centrifugation at 3000 rpm for 15 mi-
nutes using a SIGMA 6K10 2000 W centrifuge (Sigma, 
Germany) to remove insoluble particles. The resulting 
solution was subsequently subjected to mass spectrome-
tric analysis to verify its protein composition, assess its 
purity, and confirm its suitability for further use.

Mass spectrometry
An aliquot of the solution containing 20 μg of total 

protein was dried in a SpeedVac centrifugal vacuum con-
centrator (Savant, France) and resuspended in 20 μL of 
buffer containing 100 mM Tris-HCl (pH 8.5), 1% sodium 
deoxycholate, 10 mM TCEP, and 20 mM 2-chloroacet-
amide. The mixture was incubated at 85 °C for 10 mi-
nutes and subsequently cooled to room temperature. 
0.4 μg of trypsin in 10 μl of 100 mM Tris-HCl (pH 8.5) 
was added to the solution, and the reaction mixture was 
incubated at 37 °C overnight. The reaction was termi-
nated by adding an equal volume of 2% trifluoroacetic 
acid (TFA), after which the peptides were purified by 
solid-phase extraction on an SDB-RPS StageTip mi-
crocolumn made from an automatic pipette tip packed 
with SDB-RPS membrane (3M, USA). The column was 
sequentially washed with 1% TFA in ethyl acetate and 
0.2% TFA in water, and peptides were eluted using 5% 
ammonium hydroxide in 60% acetonitrile. The eluate 
was dried completely and stored at –80 °C. Prior to ana-
lysis, peptides were reconstituted in 0.1% TFA and 2% 
acetonitrile in water.

Chromatographic–mass spectrometric analysis was 
performed on an Ultimate 3000 Nano LC system (Ther-
mo Fisher Scientific) coupled to an Orbitrap Lumos 
Tribrid mass spectrometer (Thermo Fisher Scientific) 
via a nanoelectrospray ionization source. Peptides were 
first loaded onto a precolumn packed with Reprosil-Pur 
C18-AQ 5 μm sorbent and subsequently separated on a 
fused silica analytical column packed with Reprosil-Pur 
C18-AQ 1.9 μm sorbent. Chromatographic separation 
was carried out at room temperature using a binary sol-
vent system: eluent A – 0.1% formic acid in water, and 
eluent B – 80% acetonitrile with 0.1% formic acid. Pep-
tides were eluted with a linear gradient from 3% to 99% 
eluent B over 37 minutes at a flow rate of 500 nL/min.

The mass spectrometer operated in data-dependent 
acquisition (DDA) mode with the following parameters: 
MS1 resolution 60,000, mass range 350–1600 m/z, HCD 
fragmentation energy 30%, and MS2 resolution 15,000.

Data processing was performed using MaxQuant 
(v.2.4.2.0) and Perseus (v.2.0.10.0) software packages. 
Database searching was carried out against the Bom-
byx mori protein sequence database (UniProt, version 
04.2025) using standard MaxQuant settings: trypsin 
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specificity, up to two missed cleavages, variable modi-
fications (methionine oxidation, N-terminal acetylation), 
fixed modification (cysteine carbamidomethylation), and 
a false discovery rate (FDR) threshold of 1% at both 
peptide and protein levels.

Subsequent data analysis in Perseus included the ex-
clusion of contaminants, reverse sequences, and proteins 
identified only by site. Relative protein quantification 
was performed using the relative intensity-based absolute 
quantification (iBAQ) algorithm.

Obtaining modified samples
Fibroplen-Gas and Fibroplen-Atlas samples were 

incubated in an aqueous–alcoholic solution of calcium 
chloride (CaCl2) with a molar ratio of CaCl2  :  etha-
nol : water = 1 : 2 : 8 at 46 °C. The treatment was conti-
nued until the complete loss of fabric integrity. The time 
required for full structural disintegration was 7 hours for 
Fibroplen-Gas and 4.5 hours for Fibroplen-Atlas samp-
les; these durations were defined as representing 100% 
destruction.

Based on these reference points, incubation times 
corresponding to 20%, 40%, 60%, and 80% degrees of 
destruction were calculated proportionally. Upon com-
pletion of each treatment, the samples were thoroughly 
rinsed with distilled water to remove residual reagents 
and subsequently air-dried at room temperature until a 
constant weight was achieved.

The resulting scaffolds were sterilized in a Sanyo 
MLS-3020U autoclave (Sanyo, Japan) at 126 °C for 
30 minutes. The modified scaffolds were designated with 
numerical indices reflecting the percentage of structural 
destruction.

Scanning electron microscopy
To compare the structural features of samples with 

different degrees of processing and to identify chan-
ges in surface morphology and microstructure resulting 
from tissue modification, the samples were examined 
using scanning electron microscopy (SEM). The samp-
les were dehydrated by sequential immersion in ethanol 
solutions of increasing concentration (10%, 20%, 50%, 
70%, and 95%), with each step lasting 30 minutes. After 
dehydration, the samples were mounted on glass slides 
and vacuum-dried for 1 hour using a Q150R ES rotary 
pump sputtering system (Quorum Technologies, UK). 
The dried samples were then coated with a 5 nm layer 
of gold under an argon atmosphere at an ion current of 
20 mA and a pressure of 1 mbar, using the same Q150R 
ES system (Quorum Technologies, UK). Microscopic 
examination was carried out with a Tescan Vega3 SBU 
scanning electron microscope (Tescan, Czech Republic) 
operated at a voltage of 30 kV. The images were captured 
using VegaTC software (Tescan, Czech Republic).

Mechanical properties of samples
To assess the strength characteristics of the silk scaf-

folds, tensile tests were conducted using a universal ten-
sile testing machine I1158M-2 (Tochpribor, Russia). Five 
rectangular specimens, each measuring 8 cm × 2.5 cm, 
were prepared from each type of fabric. The samples 
were fixed in the machine’s clamps and subjected to 
uniaxial tensile loading at a crosshead speed of 50 mm/
min until they broke. During the test, the relationship 
between the applied load and elongation was continuous-
ly measured. The tensile strength of each sample was 
calculated based on the maximum load at break and the 
corresponding strain.

Data processing
All quantitative data are presented as mean ± standard 

deviation (M ± SD). The Mann–Whitney U test was ap-
plied to evaluate statistical differences between groups. 
Differences were considered statistically significant at 
p < 0.05. Data analysis and graphical visualization were 
performed using OriginPro software (OriginLab Corpo-
ration, USA).

Results and Discussion
Mass spectrometry analysis

Mass spectrometric analysis of the fibroin solution 
obtained from sericin-free satin silk tissue identified 
50 protein sequence groups corresponding to Bombyx 
mori silk proteins (according to the UniProt database, 
version 04.2025). Protein identification and quantifica-
tion performed using MaxQuant revealed that more than 
97% of the total molar protein content was represented 
by fibroin light chains (42.3%), fibroin heavy chains 
(48.8%), and fibrohexamerin (P25) (6.1%). This com-
position corresponds closely to the native protein profile 
of fibroin extracted from Bombyx mori cocoons, confir-
ming the high preservation of the native structure of silk 
after processing and confirms that the solution contains 
predominantly pure fibroin. Thus, it can be concluded 
that the pretreated silk tissue matrices retain the native 
biochemical composition characteristic of natural fibroin 
and can be used as a basis for creating biocompatible 
scaffolds.

Tissue morphology
SEM analysis of the samples revealed a clear rela-

tionship between the microstructural characteristics of 
the samples and the degree of modification. In the unt-
reated samples, the fibers exhibited a dense and orderly 
arrangement with a smooth surface, retaining both their 
structural integrity and spatial organization. This was 
particularly evident in the samples with a denser weave 
(Fibroplen-Atlas). As the degree of processing increased 
(from 20% to 80%), progressive structural alterations 
were observed. The fiber surfaces became roughened, 
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Fig. 1. Surface morphology of silk fabrics at different processing levels, according to scanning electron microscopy (SEM). a, 
Fibroplen-Atlas; b, Fibroplen-Atlas 80; c, Fibroplen-Gas; d, Fibroplen-Gas 80

a b

c d

50 μm

50 μm

50 μm

50 μm

with evident localized degradation, loosening of the 
network, and regions of thinning. Breaks formed in the 
fibrous network. At higher modification levels, the struc-
ture became less ordered, and the fabric became more 
porous and fragile (Fig. 1).

Mechanical properties
Mechanical testing of the silk scaffolds revealed 

pronounced differences in tensile strength, reflecting 
the influence of fabric density and structural organiza-
tion on the mechanical behavior of the materials. The 
untreated Fibroplen-Atlas (A0) samples showed a ma-
ximum tensile strength of 34.67 ± 2.80 MPa (Fig. 2), 
which was significantly higher than that of the modified 
samples (A20–A80), where tensile strength varied from 
28.11 ± 2.30 MPa to 15.04 ± 1.30 MPa. The Fibroplen-
Gas samples, with lower fabric density, showed con-
siderably reduced strength. The untreated G0 samples 
had a maximum tensile strength of 9.01 ± 0.80 MPa, 
which decreased to 7.86 ± 0.70 MPa following maximal 
modification (G80) (Table).

For Fibroplen-Atlas samples, a clear and statistically 
significant (p < 0.05) inverse relationship was observed 
between tensile strength and degree of processing. Incre-
asing the incubation time in the calcium chloride–ethanol 
solution led to a gradual decline in mechanical strength, 
indicating progressive structural degradation of the fib-
roin matrix. A similar trend was noted for the Fibroplen-
Gas samples, although with greater data variability.

Discussion
The observed decrease in tensile strength with incre-

asing degrees of modification is attributed to the partial 
disruption of the fibroin protein matrix, resulting in re-
duced structural integrity and mechanical stability of the 
scaffolds. This finding is consistent with previous studies 
[20, 22], which have shown that chemical processing of 
silk fibroin leads to a loss of crystallinity and partial un-
folding of β-structures, thereby diminishing the strength 
of the material while accelerating its biodegradation.

The high-density Fibroplen-Atlas samples demons-
trated superior mechanical performance, making them 
suitable for use in surgical applications that require long-

Table
Tensile strength of silk scaffolds at different degrees of modification

Sample Tensile strength (MPa) Sample Tensile strength (MPa)
A0 34.67 ± 2.80 G0 9.01 ± 0.80

A20 28.11 ± 2.30 G20 8.97 ± 0.80
A40 21.30 ± 1.90 G40 8.12 ± 0.70
A60 17.68 ± 1.50 G60 7.32 ± 0.65
A80 15.04 ± 1.30 G80 7.86 ± 0.70
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Fig. 2. Dependence of breaking force on time from the start of testing for silk scaffold samples A0–A80 (a–e) and G0–G80 
(f–j). The maximum recorded value is taken as the breaking force of the scaffold
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term mechanical reinforcement, such as tendon, fascia, 
and other structures subjected to significant stress, where 
it is necessary to maintain the stability of the framework 
for a long time after surgery, for example, in orthopedics 
and reconstructive surgery.

Indeed, high-strength silk matrices are already em-
ployed clinically in procedures such as rotator cuff re-
construction and knee ligament repair, where prolonged 
stability and resistance to stress are critical to successful 
postoperative outcomes [23–26].

At the same time, Fibroplen-Gas samples, characte-
rized by a looser and more porous architecture, exhibited 
lower mechanical strength but a faster biodegradation 
rate, making them ideal for soft tissue surgery. Such 
materials hold promise for use in regenerative medicine, 
particularly for wound coverage, burn treatment, and 
plastic surgery, where temporary biodegradable matri-
ces are required for accelerated epithelial and vascular 
growth.

Conclusion
This study demonstrated that physicochemical treat-

ment of silk tissues exerts a pronounced influence on 
their morphological and mechanical properties, enab-
ling the formation of scaffolds with distinct architectural 
characteristics. By varying treatment parameters, it was 
possible to obtain biomaterials with a controlled degree 
of protein matrix degradation, which in turn determined 
their mechanical strength and expected biodegradation 
kinetics.

High-density scaffolds fabricated from materials 
such as Fibroplen-Atlas exhibit pronounced mechani-
cal strength and structural stability, making them highly 
promising for clinical applications that require long-term 
tissue support. In contrast, scaffolds with a less dense ar-
chitecture (such as Fibroplen-Gas) display lower tensile 
strength but increased biodegradation rates, rendering 
them more suitable for use in tissue engineering and 
regenerative surgery, including the treatment of chronic 
wounds, burns, and creation of matrices.

Thus, the developed silk-based scaffolds demonstrate 
significant potential for adaptive use in clinical practice, 
where selection of material can be guided by the biome-
chanical demands of the target tissue and the desired rate 
of regeneration. The results confirm the feasibility of 
targeted modulation of the properties of silk biomaterials 
to meet specific therapeutic objectives.
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