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Silk �broin (SF), predominantly sourced from Bombyx mori, has gained prominence as a 
protein-based biomaterial due to its tunable secondary structure, biocompatibility, mechanical 
robustness, and biodegradability. Advances in fabrication techniques have enabled the development 
of SF-based constructs such as �lms, nano�bers, hydrogels, sponges, and bioinks for diverse 
biomedical applications, including bone and cartilage repair, skin regeneration, ocular implants, and 
controlled drug delivery. Comparative analysis reveals that SF composites especially when blended 
with hydroxyapatite, gelatin, or bioactive ceramics exhibit superior mechanical integrity and cellular 
compatibility over traditional synthetic polymers. Moreover, recent progress in recombinant spider 
silk production through bacterial and yeast expression systems addresses scalability limitations while 
preserving high tensile properties. Post-processing modi�cations, such as methanol-induced β-sheet 
formation and polymer crosslinking, allow tailoring of degradation kinetics and structural resilience. 
Emerging applications include SF-based biosensors, neural interfaces, and microneedle arrays 
integrated with conductive or antimicrobial agents. Despite these advances, clinical translation is 
constrained by batch-to-batch variability, lack of regulatory standardization, and sensitivity to 
sterilization-induced conformational changes. Incorporating arti�cial intelligence and machine 
learning approaches has shown promise in optimizing sca�old design and predicting degradation 
and mechanical outcomes. To bridge the gap, interdisciplinary research integrating material science, 
molecular biology, and regulatory frameworks is essential. This review studies recent advancements 
and identi�es translational barriers, o�ering a critical perspective on the clinical and commercial 
feasibility of silk-based biomaterials for regenerative medicine, therapeutic delivery, and 
bio-integrated devices.
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Silk, a natural �brous protein produced by various arthropods, 
has long been utilized in textiles and is now increasingly 
explored for biomedical applications. �e most widely studied 
variant is derived from the domesticated silkworm (Bombyx 
mori), which produces silk �broin (SF), a structural protein 
characterized by its unique combination of strength, �exibility, 
and biological compatibility [1]. Other sources such as 
non-mulberry silks (Antheraea mylitta, Samia cynthia ricini) 
and spider silk contribute additional mechanical and 
biochemical features, expanding the material’s potential for 
diverse applications [2].

 Silk �broin is particularly attractive in the biomedical �eld 
due to its high tensile strength, controlled biodegradation, and 
minimal immunogenicity. Unlike many synthetic polymers, SF 
degrades into non-toxic amino acids and supports cellular 
adhesion and proliferation, making it suitable for applications 
in regenerative medicine, wound healing, and drug delivery. 
Furthermore, SF can be processed into various formats 
including �lms, hydrogels, �bers, sponges, and 3D-printed 
sca�olds using both aqueous and organic solvent systems [3].

 Recent advancements in material processing and 
functionalization have enhanced the versatility of SF-based 
biomaterials. Techniques such as controlled β-sheet formation, 

blending with nanoparticles or polymers, and surface 
modi�cation have enabled the fabrication of sca�olds with 
tunable mechanical properties, degradation rates, and 
bioactivity [4,5]. �ese improvements have led to successful 
demonstrations in bone regeneration, neural tissue engineering, 
controlled therapeutic release, and biosensing devices.

 However, certain challenges persist. Variability in silk 
source, batch-dependent di�erences, and lack of 
standardization in processing can a�ect reproducibility and 
scalability. Additionally, achieving regulatory compliance and 
clinical translation remains a hurdle due to limited long-term in 
vivo data and production bottlenecks [6].

 �is review aims to critically assess the structure, 
processing techniques, and biomedical applications of 
silk-based biomaterials. By highlighting both the advances and 
limitations, we seek to provide a focused perspective on the 
translational potential of silk �broin in clinical and material 
science domains.

Molecular Structure and Physicochemical Properties
Silk is a natural �brous protein composed primarily of �broin 
and sericin, produced by various insects. In Bombyx mori, silk 
�broin (SF) forms the core structural protein, while sericin acts 

as a hydrophilic glue-like coating. SF consists of a heavy chain 
(~390 kDa), a light chain (~26 kDa), and a glycoprotein P25 
(~30 kDa) in a 6:6:1 molar ratio, stabilized by disul�de bonds 
and hydrophobic interactions. �e repetitive amino acid 
sequences—mainly glycine (Gly), alanine (Ala), and serine 
(Ser) enable the formation of ordered secondary structures, 
notably antiparallel β-sheets [7-9].

 �ese β-sheet domains contribute signi�cantly to the 
semi-crystalline nature of SF, imparting high tensile strength, 
sti�ness, and slow degradation. In contrast, amorphous regions 
confer elasticity and extensibility. �is dual-phase architecture 
allows silk to exhibit remarkable toughness and 
energy-dissipation properties, desirable for load-bearing and 
dynamic biomedical applications [10,11].

 �e amphiphilic nature of SF due to its distinct 
hydrophobic (β-sheet) and hydrophilic (amorphous) segments 

a�ects both solubility and biological behavior. Hydrophilic 
domains enhance cell adhesion, proliferation, and hydrogels’ 
water retention, while hydrophobic domains contribute to 
mechanical integrity and reduced water solubility under 
physiological conditions [12].

 Comparatively, spider silk possesses higher tensile strength 
and extensibility than Bombyx mori silk, attributed to its 
unique spidroin sequences and spinning mechanisms. Spider 
silk also contains polyalanine and glycine-rich blocks forming 
extensive β-sheets with greater alignment, resulting in 
enhanced load-bearing capacity. Non-mulberry silks such as 
tasar and muga, derived from Antheraea species, exhibit varied 
amino acid pro�les, higher moisture regain, and inherent 
antimicrobial and antioxidant properties, making them 
particularly useful for wound healing and skin-contact 
materials [13,14] [Table 1].

Processing Techniques
SF, undergoes a series of processing steps to enable its use in 
biomedical materials. �ese include degumming, dissolution, 
material fabrication, and post-processing modi�cations, each 
contributing to the �nal material properties and performance 
[Figure 1].

Degumming process
�e initial step involves the removal of sericin, a hydrophilic 
glycoprotein coating that can elicit in�ammatory responses in 
vivo. Degumming is typically achieved by boiling silk cocoons 
in a 0.02 M sodium carbonate (Na2CO3) solution for 30-60 
minutes [Figure 2]. �is process separates sericin from �broin 
while preserving the native structure of the �broin protein. 
Over-degumming, however, can lead to chain scission and a 
reduction in molecular weight, which adversely a�ects 
mechanical properties and processability [15].

Dissolution of silk fibroin
Following degumming, SF must be solubilized for downstream 
fabrication. As native SF is insoluble in water, dissolution 
requires denaturing solvents such as 9.3 M lithium bromide 
(LiBr) at 60°C for 4 hours or Ajisawa’s reagent 
(CaCl2:ethanol:water in a 1:2:8 molar ratio). A�er dissolution, 
dialysis against ultrapure water for72 hours removes salts, 
yielding an aqueous SF solution. �e �nal concentration and 
viscosity of the regenerated SF solution are critical parameters 
for determining suitable fabrication methods [16].

Fabrication methods
Films

SF �lms are produced by casting aqueous �broin solutions onto 
�at substrates followed by slow drying under ambient or 
controlled humidity. �ese �lms exhibit optical clarity, 
�exibility, and tunable permeability, which makes them suitable 
for wound dressings, drug delivery coatings, and ocular 
implants [17].

Hydrogels

SF hydrogels can be prepared through physical or chemical 
crosslinking. �ese networks mimic the extracellular matrix, 
providing hydration, porosity, and mechanical support for 
tissue growth. Gelation kinetics and pore size can be tuned by 
adjusting SF concentration and environmental parameters [18].

Electrospinning

Electrospinning of SF yields nano�brous sca�olds with high 
surface area-to-volume ratios, favorable for cell attachment and 
proliferation. Parameters such as voltage, �ow rate, and 
needle-to-collector distance a�ect �ber morphology. SF 
nano�bers have been explored in vascular gra�s, nerve 
conduits, and antimicrobial wound mats [19].

Freeze-drying

Freeze-drying of SF solutions allows the formation of 3D 
porous sca�olds with tunable pore size, porosity, and 
mechanical strength. �ese structures are particularly useful for 
cartilage and bone tissue engineering, where nutrient di�usion 
and vascular ingrowth are essential [20].

3D printing and bioprinting

Recent advances in additive manufacturing have enabled the 
development of SF-based bioinks for 3D printing. �ese 
approaches allow fabrication of complex, patient-speci�c 

constructs with spatially controlled porosity and mechanical 
gradients, supporting the regeneration of anatomically precise 
tissue models [21].
Post-processing modifications
Methanol treatment
Immersing SF constructs in methanol induces β-sheet 
formation, increasing crystallinity, mechanical stability, and 
resistance to aqueous degradation.

Physical crosslinking

UV irradiation or thermal treatment can enhance structural 
integrity without chemical additives, minimizing cytotoxicity.

Polymer blending
Blending SF with polymers such as polyethylene glycol, gelatin, 
or chitosan allows �ne-tuning of biodegradation, mechanical 
performance, and bifunctionality to meet speci�c biomedical 
requirements [22,23].

Biomedical Applications
Tissue engineering
Bone regeneration
SF sca�olds, particularly when combined with hydroxyapatite 
(HA), have demonstrated enhanced osteoconductive and 
mechanical properties suitable for bone tissue engineering. 
�ese composites support osteoblast adhesion, proliferation, 
and di�erentiation, making them promising candidates for 
orthopedic applications [24].

Cartilage and tendon repair
�e mechanical properties of SF can be tailored to match those 
of cartilage and tendon tissues, making it suitable for their 
repair. SF-based sca�olds have shown to support chondrocyte 
and tenocyte proliferation and extracellular matrix production, 
facilitating tissue regeneration in these load-bearing 
applications [25].

Skin regeneration

SF matrices have been developed as wound dressings due to 
their biocompatibility, biodegradability, and ability to promote 
cell adhesion and proliferation. �ese dressings can maintain a 
moist wound environment, support re-epithelialization, and 
reduce scarring, making them e�ective for treating various skin 
injuries [26].

Drug and gene delivery

SF's ability to form various structures, such as �lms, hydrogels, 
and nanoparticles, allows for versatile drug delivery 
applications. Its β-sheet content can be manipulated to control 
degradation rates and drug release pro�les. SF has been used to 
encapsulate a range of therapeutics, including proteins, 
antibiotics, and anticancer drugs, enabling sustained and 
controlled release. Additionally, SF-based microneedle patches 
have been developed for transdermal drug delivery, o�ering a 
minimally invasive method for administering therapeutics with 
controlled release kinetics [27].
Wound healing and hemostatic applications
SF-based dressings have been enhanced with antibacterial 
agents like silver nanoparticles (AgNPs) and zinc oxide (ZnO) 

to prevent infections and promote healing. �ese composites 
exhibit antimicrobial properties while maintaining the 
bene�cial characteristics of SF. For hemostatic applications, SF 
sponges and pads have been developed to rapidly induce blood 
clotting. �ese materials can be functionalized with 
pro-coagulant agents to enhance their e�cacy in controlling 
bleeding during surgical procedures [28].

Sutures, implants, and ophthalmology
SF has a long history of use in surgical sutures due to its strength 
and biocompatibility. Biodegradable SF sutures have been 
developed, o�ering controlled degradation rates suitable for 
various surgical applications. In ophthalmology, SF has been 
explored for corneal implants and contact lenses. Its 
transparency, mechanical strength, and biocompatibility make 
it an ideal material for these applications, potentially improving 
outcomes for patients with corneal diseases [29].

Bioelectronics and neural interfaces
SF's �exibility and biocompatibility have been leveraged in the 
development of bioelectronic devices and neural interfaces. 
Conductive SF composites have been created for use in �exible 
electronics that can conform to biological tissues, enabling 
applications such as brain implants and biosensors. �ese 
devices aim to provide stable, long-term interfaces with neural 
tissue, potentially improving treatments for neurological 
disorders [30].

Limitations and Challenges
Despite the growing interest in SF for biomedical applications, 
several critical limitations must be addressed to enable 
consistent clinical translation and commercial scalability.

Batch-to-batch variability
Silk �broin derived from Bombyx mori shows natural 
variability due to di�erences in silkworm strain, rearing 
conditions, and cocoon processing. �ese factors in�uence the 
molecular weight distribution, secondary structure, and amino 
acid composition of the extracted protein. Such batch-to-batch 
variation can result in inconsistent mechanical strength, 
degradation kinetics, and biological responses, thereby 
complicating reproducibility in downstream applications [31].

Scalability and reproducibility
Most SF processing techniques, including degumming, 
dissolution, and regeneration, are optimized at laboratory scale. 
Scaling these protocols to industrial levels while maintaining 
protein integrity and consistent properties is challenging. 
Process deviations, such as incomplete sericin removal or 
inconsistent β-sheet content, can alter sca�old performance and 
biocompatibility. �ere is also a lack of standardized protocols 
for manufacturing SF-based medical devices, which hinders 
regulatory approval [32].

Regulatory and standardization gaps
Currently, silk biomaterials lack speci�c regulatory 
classi�cations under the U.S. FDA or ISO standards. �is 
regulatory uncertainty impedes clinical adoption. Moreover, 
standard test methods to evaluate SF’s physicochemical 
properties and in vivo performance are still under development, 
leading to inconsistent characterization across studies [33].

Sterilization-induced alterations
Sterilization is a prerequisite for clinical use, but common 
methods such as autoclaving and gamma irradiation can induce 
structural modi�cations in SF. For instance, autoclaving 
signi�cantly increases β-sheet content, thereby enhancing 
crystallinity and sti�ness but reducing degradation rate and 
elasticity [34].

Conclusion
Due to its tunable secondary structure, biocompatibility, and 
processability into diverse material formats, it has emerged as a 
leading natural polymer for biomedical applications. Its 
structural �exibility allows fabrication into �lms, sponges, 
hydrogels, nano�bers, and 3D-printed constructs, which have 
been successfully applied in tissue engineering, wound healing, 
drug delivery, and biosensing. �ese features, combined with its 
controlled degradability and favorable cell-material 
interactions, position SF as a key candidate in translational 
biomaterials research.

 Looking ahead, several technological advances are 
expanding the biomedical utility of silk-based systems. Genetic 
engineering approaches have enabled production of 
recombinant spider silk proteins in bacterial and yeast systems, 
overcoming the scalability limitations of native spider silk and 
o�ering superior mechanical resilience for sutures and 
implants. Concurrently, smart biosensors fabricated from 
silk-based composites-o�en integrated with carbon nanotubes 
or metallic nanoparticles-have been demonstrated for real-time 
physiological monitoring, including pH, glucose, and strain 
sensing in implantable and wearable devices.

 Further potential lies in combining SF with synthetic 
polymers to produce hybrid sca�olds with customizable 
mechanical, chemical, and degradation pro�les. Additionally, 
arti�cial intelligence (AI)-driven design frameworks are being 
developed to model structure–function relationships, predict 
material behavior, and optimize fabrication strategies, thereby 
accelerating innovation in silk biomaterials.

 Despite these advances, clinical translation will require 
coordinated progress in standardizing fabrication protocols, 
de�ning regulatory benchmarks (ISO/ASTM), and validating 
long-term performance. Interdisciplinary collaboration among 
materials scientists, molecular biologists, and clinicians remains 
essential to address these challenges and realize the full 
potential of silk-based biomaterials in precision medicine and 
therapeutic device platforms.
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sti�ness, and slow degradation. In contrast, amorphous regions 
confer elasticity and extensibility. �is dual-phase architecture 
allows silk to exhibit remarkable toughness and 
energy-dissipation properties, desirable for load-bearing and 
dynamic biomedical applications [10,11].

 �e amphiphilic nature of SF due to its distinct 
hydrophobic (β-sheet) and hydrophilic (amorphous) segments 

a�ects both solubility and biological behavior. Hydrophilic 
domains enhance cell adhesion, proliferation, and hydrogels’ 
water retention, while hydrophobic domains contribute to 
mechanical integrity and reduced water solubility under 
physiological conditions [12].

 Comparatively, spider silk possesses higher tensile strength 
and extensibility than Bombyx mori silk, attributed to its 
unique spidroin sequences and spinning mechanisms. Spider 
silk also contains polyalanine and glycine-rich blocks forming 
extensive β-sheets with greater alignment, resulting in 
enhanced load-bearing capacity. Non-mulberry silks such as 
tasar and muga, derived from Antheraea species, exhibit varied 
amino acid pro�les, higher moisture regain, and inherent 
antimicrobial and antioxidant properties, making them 
particularly useful for wound healing and skin-contact 
materials [13,14] [Table 1].

Silk Type Source 
Species

Primary 
Amino Acids

β-sheet 
Content

Tensile 
Strength (MPa)

Elasticity 
(%)

Degradation 
Rate

Notable Properties

Mulberry 
Silk

Bombyx 
mori

Glycine, 
Alanine, Serine

Moderate 300–600 ~15 Slow Biocompatible, low 
immunogenicity, well-
studied, consistent supply

Tasar Silk Antheraea 
mylitta

Glycine, 
Alanine, 
Aspartic Acid

Low–
Moderate

150–250 ~8–12 Moderate Antioxidant, 
antimicrobial properties; 
higher sericin content

Eri Silk Samia 
cynthia 
ricini

Serine, 
Alanine, 
Glycine

Low 100–200 ~10 Moderate High thermal stability; 
suitable for slow-releasing 
drug carriers

Muga Silk Antheraea 
assamensis

Serine, 
Glycine, 
Alanine

Moderate 250–350 ~12–15 Moderate High luster and moisture 
regain; antimicrobial 
activity

Spider Silk Nephila 
clavipes, 
Araneus spp.

Glycine-rich, 
Polyalanine 
blocks

High 1000–1500 ~30–40 Very Slow Highest strength-to-
weight ratio; recombinant 
versions in development

Recombinant 
Spider Silk

Engineered 
microbes

Gly-Ala-Gly 
motifs

High ~500–800 
(varies)

~15–20 Customizable Tunable mechanical 
properties; scalable; free 
from batch variability

Processing Techniques
SF, undergoes a series of processing steps to enable its use in 
biomedical materials. �ese include degumming, dissolution, 
material fabrication, and post-processing modi�cations, each 
contributing to the �nal material properties and performance 
[Figure 1].

Degumming process
�e initial step involves the removal of sericin, a hydrophilic 
glycoprotein coating that can elicit in�ammatory responses in 
vivo. Degumming is typically achieved by boiling silk cocoons 
in a 0.02 M sodium carbonate (Na2CO3) solution for 30-60 
minutes [Figure 2]. �is process separates sericin from �broin 
while preserving the native structure of the �broin protein. 
Over-degumming, however, can lead to chain scission and a 
reduction in molecular weight, which adversely a�ects 
mechanical properties and processability [15].

Dissolution of silk fibroin
Following degumming, SF must be solubilized for downstream 
fabrication. As native SF is insoluble in water, dissolution 
requires denaturing solvents such as 9.3 M lithium bromide 
(LiBr) at 60°C for 4 hours or Ajisawa’s reagent 
(CaCl2:ethanol:water in a 1:2:8 molar ratio). A�er dissolution, 
dialysis against ultrapure water for72 hours removes salts, 
yielding an aqueous SF solution. �e �nal concentration and 
viscosity of the regenerated SF solution are critical parameters 
for determining suitable fabrication methods [16].

Fabrication methods
Films

SF �lms are produced by casting aqueous �broin solutions onto 
�at substrates followed by slow drying under ambient or 
controlled humidity. �ese �lms exhibit optical clarity, 
�exibility, and tunable permeability, which makes them suitable 
for wound dressings, drug delivery coatings, and ocular 
implants [17].

Hydrogels

SF hydrogels can be prepared through physical or chemical 
crosslinking. �ese networks mimic the extracellular matrix, 
providing hydration, porosity, and mechanical support for 
tissue growth. Gelation kinetics and pore size can be tuned by 
adjusting SF concentration and environmental parameters [18].

Electrospinning

Electrospinning of SF yields nano�brous sca�olds with high 
surface area-to-volume ratios, favorable for cell attachment and 
proliferation. Parameters such as voltage, �ow rate, and 
needle-to-collector distance a�ect �ber morphology. SF 
nano�bers have been explored in vascular gra�s, nerve 
conduits, and antimicrobial wound mats [19].

Freeze-drying

Freeze-drying of SF solutions allows the formation of 3D 
porous sca�olds with tunable pore size, porosity, and 
mechanical strength. �ese structures are particularly useful for 
cartilage and bone tissue engineering, where nutrient di�usion 
and vascular ingrowth are essential [20].

3D printing and bioprinting

Recent advances in additive manufacturing have enabled the 
development of SF-based bioinks for 3D printing. �ese 
approaches allow fabrication of complex, patient-speci�c 

constructs with spatially controlled porosity and mechanical 
gradients, supporting the regeneration of anatomically precise 
tissue models [21].
Post-processing modifications
Methanol treatment
Immersing SF constructs in methanol induces β-sheet 
formation, increasing crystallinity, mechanical stability, and 
resistance to aqueous degradation.

Physical crosslinking

UV irradiation or thermal treatment can enhance structural 
integrity without chemical additives, minimizing cytotoxicity.

Polymer blending
Blending SF with polymers such as polyethylene glycol, gelatin, 
or chitosan allows �ne-tuning of biodegradation, mechanical 
performance, and bifunctionality to meet speci�c biomedical 
requirements [22,23].

Biomedical Applications
Tissue engineering
Bone regeneration
SF sca�olds, particularly when combined with hydroxyapatite 
(HA), have demonstrated enhanced osteoconductive and 
mechanical properties suitable for bone tissue engineering. 
�ese composites support osteoblast adhesion, proliferation, 
and di�erentiation, making them promising candidates for 
orthopedic applications [24].

Cartilage and tendon repair
�e mechanical properties of SF can be tailored to match those 
of cartilage and tendon tissues, making it suitable for their 
repair. SF-based sca�olds have shown to support chondrocyte 
and tenocyte proliferation and extracellular matrix production, 
facilitating tissue regeneration in these load-bearing 
applications [25].

Skin regeneration

SF matrices have been developed as wound dressings due to 
their biocompatibility, biodegradability, and ability to promote 
cell adhesion and proliferation. �ese dressings can maintain a 
moist wound environment, support re-epithelialization, and 
reduce scarring, making them e�ective for treating various skin 
injuries [26].

Drug and gene delivery

SF's ability to form various structures, such as �lms, hydrogels, 
and nanoparticles, allows for versatile drug delivery 
applications. Its β-sheet content can be manipulated to control 
degradation rates and drug release pro�les. SF has been used to 
encapsulate a range of therapeutics, including proteins, 
antibiotics, and anticancer drugs, enabling sustained and 
controlled release. Additionally, SF-based microneedle patches 
have been developed for transdermal drug delivery, o�ering a 
minimally invasive method for administering therapeutics with 
controlled release kinetics [27].
Wound healing and hemostatic applications
SF-based dressings have been enhanced with antibacterial 
agents like silver nanoparticles (AgNPs) and zinc oxide (ZnO) 

to prevent infections and promote healing. �ese composites 
exhibit antimicrobial properties while maintaining the 
bene�cial characteristics of SF. For hemostatic applications, SF 
sponges and pads have been developed to rapidly induce blood 
clotting. �ese materials can be functionalized with 
pro-coagulant agents to enhance their e�cacy in controlling 
bleeding during surgical procedures [28].

Sutures, implants, and ophthalmology
SF has a long history of use in surgical sutures due to its strength 
and biocompatibility. Biodegradable SF sutures have been 
developed, o�ering controlled degradation rates suitable for 
various surgical applications. In ophthalmology, SF has been 
explored for corneal implants and contact lenses. Its 
transparency, mechanical strength, and biocompatibility make 
it an ideal material for these applications, potentially improving 
outcomes for patients with corneal diseases [29].

Bioelectronics and neural interfaces
SF's �exibility and biocompatibility have been leveraged in the 
development of bioelectronic devices and neural interfaces. 
Conductive SF composites have been created for use in �exible 
electronics that can conform to biological tissues, enabling 
applications such as brain implants and biosensors. �ese 
devices aim to provide stable, long-term interfaces with neural 
tissue, potentially improving treatments for neurological 
disorders [30].

Limitations and Challenges
Despite the growing interest in SF for biomedical applications, 
several critical limitations must be addressed to enable 
consistent clinical translation and commercial scalability.

Batch-to-batch variability
Silk �broin derived from Bombyx mori shows natural 
variability due to di�erences in silkworm strain, rearing 
conditions, and cocoon processing. �ese factors in�uence the 
molecular weight distribution, secondary structure, and amino 
acid composition of the extracted protein. Such batch-to-batch 
variation can result in inconsistent mechanical strength, 
degradation kinetics, and biological responses, thereby 
complicating reproducibility in downstream applications [31].

Scalability and reproducibility
Most SF processing techniques, including degumming, 
dissolution, and regeneration, are optimized at laboratory scale. 
Scaling these protocols to industrial levels while maintaining 
protein integrity and consistent properties is challenging. 
Process deviations, such as incomplete sericin removal or 
inconsistent β-sheet content, can alter sca�old performance and 
biocompatibility. �ere is also a lack of standardized protocols 
for manufacturing SF-based medical devices, which hinders 
regulatory approval [32].

Regulatory and standardization gaps
Currently, silk biomaterials lack speci�c regulatory 
classi�cations under the U.S. FDA or ISO standards. �is 
regulatory uncertainty impedes clinical adoption. Moreover, 
standard test methods to evaluate SF’s physicochemical 
properties and in vivo performance are still under development, 
leading to inconsistent characterization across studies [33].

Sterilization-induced alterations
Sterilization is a prerequisite for clinical use, but common 
methods such as autoclaving and gamma irradiation can induce 
structural modi�cations in SF. For instance, autoclaving 
signi�cantly increases β-sheet content, thereby enhancing 
crystallinity and sti�ness but reducing degradation rate and 
elasticity [34].

Conclusion
Due to its tunable secondary structure, biocompatibility, and 
processability into diverse material formats, it has emerged as a 
leading natural polymer for biomedical applications. Its 
structural �exibility allows fabrication into �lms, sponges, 
hydrogels, nano�bers, and 3D-printed constructs, which have 
been successfully applied in tissue engineering, wound healing, 
drug delivery, and biosensing. �ese features, combined with its 
controlled degradability and favorable cell-material 
interactions, position SF as a key candidate in translational 
biomaterials research.

 Looking ahead, several technological advances are 
expanding the biomedical utility of silk-based systems. Genetic 
engineering approaches have enabled production of 
recombinant spider silk proteins in bacterial and yeast systems, 
overcoming the scalability limitations of native spider silk and 
o�ering superior mechanical resilience for sutures and 
implants. Concurrently, smart biosensors fabricated from 
silk-based composites-o�en integrated with carbon nanotubes 
or metallic nanoparticles-have been demonstrated for real-time 
physiological monitoring, including pH, glucose, and strain 
sensing in implantable and wearable devices.

 Further potential lies in combining SF with synthetic 
polymers to produce hybrid sca�olds with customizable 
mechanical, chemical, and degradation pro�les. Additionally, 
arti�cial intelligence (AI)-driven design frameworks are being 
developed to model structure–function relationships, predict 
material behavior, and optimize fabrication strategies, thereby 
accelerating innovation in silk biomaterials.

 Despite these advances, clinical translation will require 
coordinated progress in standardizing fabrication protocols, 
de�ning regulatory benchmarks (ISO/ASTM), and validating 
long-term performance. Interdisciplinary collaboration among 
materials scientists, molecular biologists, and clinicians remains 
essential to address these challenges and realize the full 
potential of silk-based biomaterials in precision medicine and 
therapeutic device platforms.
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Silk, a natural �brous protein produced by various arthropods, 
has long been utilized in textiles and is now increasingly 
explored for biomedical applications. �e most widely studied 
variant is derived from the domesticated silkworm (Bombyx 
mori), which produces silk �broin (SF), a structural protein 
characterized by its unique combination of strength, �exibility, 
and biological compatibility [1]. Other sources such as 
non-mulberry silks (Antheraea mylitta, Samia cynthia ricini) 
and spider silk contribute additional mechanical and 
biochemical features, expanding the material’s potential for 
diverse applications [2].

 Silk �broin is particularly attractive in the biomedical �eld 
due to its high tensile strength, controlled biodegradation, and 
minimal immunogenicity. Unlike many synthetic polymers, SF 
degrades into non-toxic amino acids and supports cellular 
adhesion and proliferation, making it suitable for applications 
in regenerative medicine, wound healing, and drug delivery. 
Furthermore, SF can be processed into various formats 
including �lms, hydrogels, �bers, sponges, and 3D-printed 
sca�olds using both aqueous and organic solvent systems [3].

 Recent advancements in material processing and 
functionalization have enhanced the versatility of SF-based 
biomaterials. Techniques such as controlled β-sheet formation, 

blending with nanoparticles or polymers, and surface 
modi�cation have enabled the fabrication of sca�olds with 
tunable mechanical properties, degradation rates, and 
bioactivity [4,5]. �ese improvements have led to successful 
demonstrations in bone regeneration, neural tissue engineering, 
controlled therapeutic release, and biosensing devices.

 However, certain challenges persist. Variability in silk 
source, batch-dependent di�erences, and lack of 
standardization in processing can a�ect reproducibility and 
scalability. Additionally, achieving regulatory compliance and 
clinical translation remains a hurdle due to limited long-term in 
vivo data and production bottlenecks [6].

 �is review aims to critically assess the structure, 
processing techniques, and biomedical applications of 
silk-based biomaterials. By highlighting both the advances and 
limitations, we seek to provide a focused perspective on the 
translational potential of silk �broin in clinical and material 
science domains.

Molecular Structure and Physicochemical Properties
Silk is a natural �brous protein composed primarily of �broin 
and sericin, produced by various insects. In Bombyx mori, silk 
�broin (SF) forms the core structural protein, while sericin acts 

Figure 2. Degumming of Silk Cocoons.

as a hydrophilic glue-like coating. SF consists of a heavy chain 
(~390 kDa), a light chain (~26 kDa), and a glycoprotein P25 
(~30 kDa) in a 6:6:1 molar ratio, stabilized by disul�de bonds 
and hydrophobic interactions. �e repetitive amino acid 
sequences—mainly glycine (Gly), alanine (Ala), and serine 
(Ser) enable the formation of ordered secondary structures, 
notably antiparallel β-sheets [7-9].

 �ese β-sheet domains contribute signi�cantly to the 
semi-crystalline nature of SF, imparting high tensile strength, 
sti�ness, and slow degradation. In contrast, amorphous regions 
confer elasticity and extensibility. �is dual-phase architecture 
allows silk to exhibit remarkable toughness and 
energy-dissipation properties, desirable for load-bearing and 
dynamic biomedical applications [10,11].

 �e amphiphilic nature of SF due to its distinct 
hydrophobic (β-sheet) and hydrophilic (amorphous) segments 

a�ects both solubility and biological behavior. Hydrophilic 
domains enhance cell adhesion, proliferation, and hydrogels’ 
water retention, while hydrophobic domains contribute to 
mechanical integrity and reduced water solubility under 
physiological conditions [12].

 Comparatively, spider silk possesses higher tensile strength 
and extensibility than Bombyx mori silk, attributed to its 
unique spidroin sequences and spinning mechanisms. Spider 
silk also contains polyalanine and glycine-rich blocks forming 
extensive β-sheets with greater alignment, resulting in 
enhanced load-bearing capacity. Non-mulberry silks such as 
tasar and muga, derived from Antheraea species, exhibit varied 
amino acid pro�les, higher moisture regain, and inherent 
antimicrobial and antioxidant properties, making them 
particularly useful for wound healing and skin-contact 
materials [13,14] [Table 1].

Processing Techniques
SF, undergoes a series of processing steps to enable its use in 
biomedical materials. �ese include degumming, dissolution, 
material fabrication, and post-processing modi�cations, each 
contributing to the �nal material properties and performance 
[Figure 1].

Degumming process
�e initial step involves the removal of sericin, a hydrophilic 
glycoprotein coating that can elicit in�ammatory responses in 
vivo. Degumming is typically achieved by boiling silk cocoons 
in a 0.02 M sodium carbonate (Na2CO3) solution for 30-60 
minutes [Figure 2]. �is process separates sericin from �broin 
while preserving the native structure of the �broin protein. 
Over-degumming, however, can lead to chain scission and a 
reduction in molecular weight, which adversely a�ects 
mechanical properties and processability [15].

Dissolution of silk fibroin
Following degumming, SF must be solubilized for downstream 
fabrication. As native SF is insoluble in water, dissolution 
requires denaturing solvents such as 9.3 M lithium bromide 
(LiBr) at 60°C for 4 hours or Ajisawa’s reagent 
(CaCl2:ethanol:water in a 1:2:8 molar ratio). A�er dissolution, 
dialysis against ultrapure water for72 hours removes salts, 
yielding an aqueous SF solution. �e �nal concentration and 
viscosity of the regenerated SF solution are critical parameters 
for determining suitable fabrication methods [16].

Fabrication methods
Films

SF �lms are produced by casting aqueous �broin solutions onto 
�at substrates followed by slow drying under ambient or 
controlled humidity. �ese �lms exhibit optical clarity, 
�exibility, and tunable permeability, which makes them suitable 
for wound dressings, drug delivery coatings, and ocular 
implants [17].

Hydrogels

SF hydrogels can be prepared through physical or chemical 
crosslinking. �ese networks mimic the extracellular matrix, 
providing hydration, porosity, and mechanical support for 
tissue growth. Gelation kinetics and pore size can be tuned by 
adjusting SF concentration and environmental parameters [18].

Electrospinning

Electrospinning of SF yields nano�brous sca�olds with high 
surface area-to-volume ratios, favorable for cell attachment and 
proliferation. Parameters such as voltage, �ow rate, and 
needle-to-collector distance a�ect �ber morphology. SF 
nano�bers have been explored in vascular gra�s, nerve 
conduits, and antimicrobial wound mats [19].

Freeze-drying

Freeze-drying of SF solutions allows the formation of 3D 
porous sca�olds with tunable pore size, porosity, and 
mechanical strength. �ese structures are particularly useful for 
cartilage and bone tissue engineering, where nutrient di�usion 
and vascular ingrowth are essential [20].

3D printing and bioprinting

Recent advances in additive manufacturing have enabled the 
development of SF-based bioinks for 3D printing. �ese 
approaches allow fabrication of complex, patient-speci�c 

constructs with spatially controlled porosity and mechanical 
gradients, supporting the regeneration of anatomically precise 
tissue models [21].
Post-processing modifications
Methanol treatment
Immersing SF constructs in methanol induces β-sheet 
formation, increasing crystallinity, mechanical stability, and 
resistance to aqueous degradation.

Physical crosslinking

UV irradiation or thermal treatment can enhance structural 
integrity without chemical additives, minimizing cytotoxicity.

Polymer blending
Blending SF with polymers such as polyethylene glycol, gelatin, 
or chitosan allows �ne-tuning of biodegradation, mechanical 
performance, and bifunctionality to meet speci�c biomedical 
requirements [22,23].

Biomedical Applications
Tissue engineering
Bone regeneration
SF sca�olds, particularly when combined with hydroxyapatite 
(HA), have demonstrated enhanced osteoconductive and 
mechanical properties suitable for bone tissue engineering. 
�ese composites support osteoblast adhesion, proliferation, 
and di�erentiation, making them promising candidates for 
orthopedic applications [24].

Cartilage and tendon repair
�e mechanical properties of SF can be tailored to match those 
of cartilage and tendon tissues, making it suitable for their 
repair. SF-based sca�olds have shown to support chondrocyte 
and tenocyte proliferation and extracellular matrix production, 
facilitating tissue regeneration in these load-bearing 
applications [25].

Skin regeneration

SF matrices have been developed as wound dressings due to 
their biocompatibility, biodegradability, and ability to promote 
cell adhesion and proliferation. �ese dressings can maintain a 
moist wound environment, support re-epithelialization, and 
reduce scarring, making them e�ective for treating various skin 
injuries [26].

Drug and gene delivery

SF's ability to form various structures, such as �lms, hydrogels, 
and nanoparticles, allows for versatile drug delivery 
applications. Its β-sheet content can be manipulated to control 
degradation rates and drug release pro�les. SF has been used to 
encapsulate a range of therapeutics, including proteins, 
antibiotics, and anticancer drugs, enabling sustained and 
controlled release. Additionally, SF-based microneedle patches 
have been developed for transdermal drug delivery, o�ering a 
minimally invasive method for administering therapeutics with 
controlled release kinetics [27].
Wound healing and hemostatic applications
SF-based dressings have been enhanced with antibacterial 
agents like silver nanoparticles (AgNPs) and zinc oxide (ZnO) 

to prevent infections and promote healing. �ese composites 
exhibit antimicrobial properties while maintaining the 
bene�cial characteristics of SF. For hemostatic applications, SF 
sponges and pads have been developed to rapidly induce blood 
clotting. �ese materials can be functionalized with 
pro-coagulant agents to enhance their e�cacy in controlling 
bleeding during surgical procedures [28].

Sutures, implants, and ophthalmology
SF has a long history of use in surgical sutures due to its strength 
and biocompatibility. Biodegradable SF sutures have been 
developed, o�ering controlled degradation rates suitable for 
various surgical applications. In ophthalmology, SF has been 
explored for corneal implants and contact lenses. Its 
transparency, mechanical strength, and biocompatibility make 
it an ideal material for these applications, potentially improving 
outcomes for patients with corneal diseases [29].

Bioelectronics and neural interfaces
SF's �exibility and biocompatibility have been leveraged in the 
development of bioelectronic devices and neural interfaces. 
Conductive SF composites have been created for use in �exible 
electronics that can conform to biological tissues, enabling 
applications such as brain implants and biosensors. �ese 
devices aim to provide stable, long-term interfaces with neural 
tissue, potentially improving treatments for neurological 
disorders [30].

Limitations and Challenges
Despite the growing interest in SF for biomedical applications, 
several critical limitations must be addressed to enable 
consistent clinical translation and commercial scalability.

Batch-to-batch variability
Silk �broin derived from Bombyx mori shows natural 
variability due to di�erences in silkworm strain, rearing 
conditions, and cocoon processing. �ese factors in�uence the 
molecular weight distribution, secondary structure, and amino 
acid composition of the extracted protein. Such batch-to-batch 
variation can result in inconsistent mechanical strength, 
degradation kinetics, and biological responses, thereby 
complicating reproducibility in downstream applications [31].

Scalability and reproducibility
Most SF processing techniques, including degumming, 
dissolution, and regeneration, are optimized at laboratory scale. 
Scaling these protocols to industrial levels while maintaining 
protein integrity and consistent properties is challenging. 
Process deviations, such as incomplete sericin removal or 
inconsistent β-sheet content, can alter sca�old performance and 
biocompatibility. �ere is also a lack of standardized protocols 
for manufacturing SF-based medical devices, which hinders 
regulatory approval [32].

Regulatory and standardization gaps
Currently, silk biomaterials lack speci�c regulatory 
classi�cations under the U.S. FDA or ISO standards. �is 
regulatory uncertainty impedes clinical adoption. Moreover, 
standard test methods to evaluate SF’s physicochemical 
properties and in vivo performance are still under development, 
leading to inconsistent characterization across studies [33].

Sterilization-induced alterations
Sterilization is a prerequisite for clinical use, but common 
methods such as autoclaving and gamma irradiation can induce 
structural modi�cations in SF. For instance, autoclaving 
signi�cantly increases β-sheet content, thereby enhancing 
crystallinity and sti�ness but reducing degradation rate and 
elasticity [34].

Conclusion
Due to its tunable secondary structure, biocompatibility, and 
processability into diverse material formats, it has emerged as a 
leading natural polymer for biomedical applications. Its 
structural �exibility allows fabrication into �lms, sponges, 
hydrogels, nano�bers, and 3D-printed constructs, which have 
been successfully applied in tissue engineering, wound healing, 
drug delivery, and biosensing. �ese features, combined with its 
controlled degradability and favorable cell-material 
interactions, position SF as a key candidate in translational 
biomaterials research.

 Looking ahead, several technological advances are 
expanding the biomedical utility of silk-based systems. Genetic 
engineering approaches have enabled production of 
recombinant spider silk proteins in bacterial and yeast systems, 
overcoming the scalability limitations of native spider silk and 
o�ering superior mechanical resilience for sutures and 
implants. Concurrently, smart biosensors fabricated from 
silk-based composites-o�en integrated with carbon nanotubes 
or metallic nanoparticles-have been demonstrated for real-time 
physiological monitoring, including pH, glucose, and strain 
sensing in implantable and wearable devices.

 Further potential lies in combining SF with synthetic 
polymers to produce hybrid sca�olds with customizable 
mechanical, chemical, and degradation pro�les. Additionally, 
arti�cial intelligence (AI)-driven design frameworks are being 
developed to model structure–function relationships, predict 
material behavior, and optimize fabrication strategies, thereby 
accelerating innovation in silk biomaterials.

 Despite these advances, clinical translation will require 
coordinated progress in standardizing fabrication protocols, 
de�ning regulatory benchmarks (ISO/ASTM), and validating 
long-term performance. Interdisciplinary collaboration among 
materials scientists, molecular biologists, and clinicians remains 
essential to address these challenges and realize the full 
potential of silk-based biomaterials in precision medicine and 
therapeutic device platforms.

Disclosure statement 
No potential con�ict of interest was reported by the author.

References
1. Guo C, Li C, Mu X, Kaplan DL. Engineering silk materials: From 

natural spinning to arti�cial processing. Appl Phys Rev. 2020 Mar 
1;7(1). https://doi.org/10.1063/1.5091442 

2. Naskar D, Sapru S, Ghosh AK, Reis RL, Dey T, Kundu SC. 
Nonmulberry silk proteins: multipurpose ingredient in 
bio-functional assembly. Biomed Mater. 2021;16(6):062002. 

3. Nguyen TP, Nguyen QV, Nguyen VH, Le TH, Huynh VQ, Vo DV, et al. 
Silk �broin-based biomaterials for biomedical applications: a review. 
Polymers. 2019;11(12):1933. https://doi.org/10.3390/polym11121933 

4. Rahman M, Dip TM, Nur MG, Padhye R, Houshyar S. Fabrication 
of silk �broin‐derived �brous sca�old for biomedical frontiers. 
Macromol Mater Eng. 2024;309(5):2300422.               . 
https://doi.org/10.1002/mame.202300422 

5. Kasoju N, Bora U. Silk �broin in tissue engineering. Adv Healthc 
Mater. 2012;1(4):393-412. https://doi.org/10.1002/adhm.201200097 

6. Bucciarelli A, Motta A. Use of Bombyx mori silk �broin in tissue 
engineering: From cocoons to medical devices, challenges, and 
future perspectives. Biomater Adv. 2022;139:212982. 
https://doi.org/10.1016/j.bioadv.2022.212982 

7. Inoue S, Tanaka K, Arisaka F, Kimura S, Ohtomo K, Mizuno S. Silk 
�broin of Bombyx mori is secreted, assembling a high molecular 
mass elementary unit consisting of H-chain, L-chain, and P25, 
with a 6: 6: 1 molar ratio. J Biol Chem. 2000;275(51):40517-40528. 
https://doi.org/10.1074/jbc.M006897200 

8. Johnston ER, Miyagi Y, Chuah JA, Numata K, Serban MA. 
Interplay between silk �broin’s structure and its adhesive 
properties. ACS Biomater Sci Eng. 2018;4(8):2815-2824. 
https://doi.org/10.1021/acsbiomaterials.8b00544 

9. Du S, Zhang J, Zhou WT, Li QX, Greene GW, Zhu HJ, et al. 
Interactions between �broin and sericin proteins from Antheraea 
pernyi and Bombyx mori silk �bers. J Colloid Interface Sci. 
2016;478:316-323. https://doi.org/10.1016/j.jcis.2016.06.030 

10. Keten S, Xu Z, Ihle B, Buehler MJ. Nanocon�nement controls 
sti�ness, strength and mechanical toughness of β-sheet crystals in 
silk. Nat Mater. 2010;9(4):359-367. https://doi.org/10.1038/nmat2704 

11. Eliaz D, Paul S, Benyamin D, Cernescu A, Cohen SR, 
Rosenhek-Goldian I, et al. Micro and nano-scale compartments guide 
the structural transition of silk protein monomers into silk �bers. Nat 
Commun. 2022;13(1):7856. https://doi.org/10.1038/s41467-022-35505-w 

12. Johari N, Moroni L, Samadikuchaksaraei A. Tuning the conformation 
and mechanical properties of silk �broin hydrogels. Eur Polym J. 
2020;134:109842. https://doi.org/10.1016/j.eurpolymj.2020.109842 

13. Guo C, Zhang J, Jordan JS, Wang X, Henning RW, Yarger JL. 
Structural comparison of various silkworm silks: an insight into 
the structure–property relationship. Biomacromolecules. 
2018;19(3):906-917. https://doi.org/10.1021/acs.biomac.7b01687 

14. Malay AD, Sato R, Yazawa K, Watanabe H, Ifuku N, Masunaga H, 
et al. Relationships between physical properties and sequence in 
silkworm silks. Sci Rep. 2016;6(1):27573.

15. Nultsch K, Bast LK, Näf M, Yakhli� SE, Bruns N, Germershaus O. 
E�ects of silk degumming process on physicochemical, tensile, and 
optical properties of regenerated silk �broin. Macromol Mater Eng. 
2018;303(12):1800408. https://doi.org/10.1002/mame.201800408 

16. Wang HY, Wei ZG, Zhang YQ. Dissolution and regeneration of silk 
from silkworm Bombyx mori in ionic liquids and its application to 
medical biomaterials. Int J Biol Macromol. 2020;143:594-601. 
https://doi.org/10.1016/j.ijbiomac.2019.12.066 

17. Beena M, Ameer JM, Kasoju N. Optically clear silk �broin �lms with 
tunable properties for potential corneal tissue engineering applications: 
a process–property–function relationship study. ACS Omega. 
2022;7(34):29634-29646. https://doi.org/10.1021/acsomega.2c01579 

18. Farokhi M, Aleemardani M, Solouk A, Mirzadeh H, Teuschl AH, 
Redl H. Crosslinking strategies for silk �broin hydrogels: 
Promising biomedical materials. Biomed Mater. 2021;16(2): 
022004. https://doi.org/10.1088/1748-605X/abb615   

19. Dhandayuthapani B, Yasuhiko Y, Maekawa T, Kumar DS. 
Fabrication and characterization of nano�brous sca�old developed 
by electrospinning. Mater Res. 2011;14:317-325.         .  

https://doi.org/10.1590/S1516-14392011005000064 
20. Haugh MG, Murphy CM, O'Brien FJ. Novel freeze-drying methods 

to produce a range of collagen–glycosaminoglycan sca�olds with 
tailored mean pore sizes. Tissue Eng Part C Methods. 
2010;16(5):887-894. https://doi.org/10.1089/ten.tec.2009.0422 

21. Chakraborty J, Mu X, Pramanick A, Kaplan DL, Ghosh S. Recent 
advances in bioprinting using silk protein-based bioinks. Biomaterials. 
2022;287:121672. https://doi.org/10.1016/j.biomaterials.2022.121672 

22. Puerta M, Peresin MS, Restrepo-Osorio A. E�ects of chemical 
post-treatments on structural and physicochemical properties of silk 
�broin �lms obtained from silk �brous waste. Front Bioeng 
Biotechnol. 2020;8:523949. https://doi.org/10.3389/�ioe.2020.523949 

23. Tsukada M, Gotoh Y, Nagura M, Minoura N, Kasai N, Freddi G. 
Structural changes of silk �broin membranes induced by 
immersion in methanol aqueous solutions. J Polym Sci Part B: 
Polym Phys. 1994;32(5):961-968. 
https://doi.org/10.1002/polb.1994.090320519 

24. Saleem M, Rasheed S, Yougen C. Silk �broin/hydroxyapatite 
sca�old: a highly compatible material for bone regeneration. Sci 
Technol Adv Mater. 2020;21(1):242-266. 
https://doi.org/10.1080/14686996.2020.1748520 

25. Xue Y, Kim HJ, Lee J, Liu Y, Ho�man T, Chen Y, et al. 
Co‐electrospun silk �broin and gelatin methacryloyl sheet seeded 
with mesenchymal stem cells for tendon regeneration. Small. 
2022;18(21):2107714.

26. Farokhi M, Mottaghitalab F, Fatahi Y, Khademhosseini A, Kaplan DL. 
Overview of silk �broin use in wound dressings. Trends Biotechnol. 
2018;36(9):907-922. https://doi.org/10.1016/j.tibtech.2018.04.004 

27. Wenk E, Merkle HP, Meinel L. Silk �broin as a vehicle for drug 
delivery applications. J Contr Release. 2011;150(2):128-141. 
https://doi.org/10.1016/j.jconrel.2010.11.007 

28. Sultan MT, Hong H, Lee OJ, Ajiteru O, Lee YJ, Lee JS, et al. Silk 
�broin-based biomaterials for hemostatic applications. Biomolecules. 
2022;12(5):660. https://doi.org/10.3390/biom12050660 

29. Patchan MW, Chae JJ, Lee JD, Calderon-Colon X, Maranchi JP, 
McCally RL, et al. Evaluation of the biocompatibility of 
regenerated cellulose hydrogels with high strength and 
transparency for ocular applications. J Biomater Appl. 2016;30(7): 
1049-1059. https://doi.org/10.1177/0885328215616273 

30. Hu Z, Liang Y, Fan S, Niu Q, Geng J, Huang Q, et al. Flexible Neural 
Interface From Non‐Transient Silk Fibroin With Outstanding 
Conformality, Biocompatibility, and Bioelectric Conductivity. Adv 
Mater. 2024;36(46):2410007. https://doi.org/10.1002/adma.202410007 

31. R. Dan F, SH V, MS A, RK A, Kasoju N. A study on source 
dependent batch to batch variations in silk �broin �lms for 
potential applications in corneal tissue engineering. MedComm - 
Biomater Appl. 2023;2(3):e48. https://doi.org/10.1002/mba2.48 

32. Teh TK, Toh SL, Goh JC. Optimization of the silk sca�old sericin 
removal process for retention of silk �broin protein structure and 
mechanical properties. Biomed Mater. 2010;5(3):035008.

33. Janani G, Kumar M, Chouhan D, Moses JC, Gangrade A, Bhattacharjee 
S, et al. Insight into silk-based biomaterials: from physicochemical 
attributes to recent biomedical applications. ACS Appl Bio Mater. 
2019;2(12):5460-5491. https://doi.org/10.1021/acsabm.9b00576 

34. Hofmann S, Stok KS, Kohler T, Meinel AJ, Müller R. E�ect of 
sterilization on structural and material properties of 3-D silk 
�broin sca�olds. Acta Biomater. 2014;10(1):308-317.         .  
https://doi.org/10.1016/j.actbio.2013.08.035 

Synth. Charact. Process. New. Mater. Innov. Appl., 2024, 1, 35-39 © Reseapro Journals 2024
https://doi.org/10.61577/scpnmia.2024.100009

SYNTHESIS, CHARACTERIZATION AND PROCESSING OF NEW MATERIALS 
FOR INNOVATIVE APPLICATIONS
2024, Vol 1, Issue 2

37



Silk, a natural �brous protein produced by various arthropods, 
has long been utilized in textiles and is now increasingly 
explored for biomedical applications. �e most widely studied 
variant is derived from the domesticated silkworm (Bombyx 
mori), which produces silk �broin (SF), a structural protein 
characterized by its unique combination of strength, �exibility, 
and biological compatibility [1]. Other sources such as 
non-mulberry silks (Antheraea mylitta, Samia cynthia ricini) 
and spider silk contribute additional mechanical and 
biochemical features, expanding the material’s potential for 
diverse applications [2].

 Silk �broin is particularly attractive in the biomedical �eld 
due to its high tensile strength, controlled biodegradation, and 
minimal immunogenicity. Unlike many synthetic polymers, SF 
degrades into non-toxic amino acids and supports cellular 
adhesion and proliferation, making it suitable for applications 
in regenerative medicine, wound healing, and drug delivery. 
Furthermore, SF can be processed into various formats 
including �lms, hydrogels, �bers, sponges, and 3D-printed 
sca�olds using both aqueous and organic solvent systems [3].

 Recent advancements in material processing and 
functionalization have enhanced the versatility of SF-based 
biomaterials. Techniques such as controlled β-sheet formation, 

blending with nanoparticles or polymers, and surface 
modi�cation have enabled the fabrication of sca�olds with 
tunable mechanical properties, degradation rates, and 
bioactivity [4,5]. �ese improvements have led to successful 
demonstrations in bone regeneration, neural tissue engineering, 
controlled therapeutic release, and biosensing devices.

 However, certain challenges persist. Variability in silk 
source, batch-dependent di�erences, and lack of 
standardization in processing can a�ect reproducibility and 
scalability. Additionally, achieving regulatory compliance and 
clinical translation remains a hurdle due to limited long-term in 
vivo data and production bottlenecks [6].

 �is review aims to critically assess the structure, 
processing techniques, and biomedical applications of 
silk-based biomaterials. By highlighting both the advances and 
limitations, we seek to provide a focused perspective on the 
translational potential of silk �broin in clinical and material 
science domains.

Molecular Structure and Physicochemical Properties
Silk is a natural �brous protein composed primarily of �broin 
and sericin, produced by various insects. In Bombyx mori, silk 
�broin (SF) forms the core structural protein, while sericin acts 

as a hydrophilic glue-like coating. SF consists of a heavy chain 
(~390 kDa), a light chain (~26 kDa), and a glycoprotein P25 
(~30 kDa) in a 6:6:1 molar ratio, stabilized by disul�de bonds 
and hydrophobic interactions. �e repetitive amino acid 
sequences—mainly glycine (Gly), alanine (Ala), and serine 
(Ser) enable the formation of ordered secondary structures, 
notably antiparallel β-sheets [7-9].

 �ese β-sheet domains contribute signi�cantly to the 
semi-crystalline nature of SF, imparting high tensile strength, 
sti�ness, and slow degradation. In contrast, amorphous regions 
confer elasticity and extensibility. �is dual-phase architecture 
allows silk to exhibit remarkable toughness and 
energy-dissipation properties, desirable for load-bearing and 
dynamic biomedical applications [10,11].

 �e amphiphilic nature of SF due to its distinct 
hydrophobic (β-sheet) and hydrophilic (amorphous) segments 

a�ects both solubility and biological behavior. Hydrophilic 
domains enhance cell adhesion, proliferation, and hydrogels’ 
water retention, while hydrophobic domains contribute to 
mechanical integrity and reduced water solubility under 
physiological conditions [12].

 Comparatively, spider silk possesses higher tensile strength 
and extensibility than Bombyx mori silk, attributed to its 
unique spidroin sequences and spinning mechanisms. Spider 
silk also contains polyalanine and glycine-rich blocks forming 
extensive β-sheets with greater alignment, resulting in 
enhanced load-bearing capacity. Non-mulberry silks such as 
tasar and muga, derived from Antheraea species, exhibit varied 
amino acid pro�les, higher moisture regain, and inherent 
antimicrobial and antioxidant properties, making them 
particularly useful for wound healing and skin-contact 
materials [13,14] [Table 1].

Processing Techniques
SF, undergoes a series of processing steps to enable its use in 
biomedical materials. �ese include degumming, dissolution, 
material fabrication, and post-processing modi�cations, each 
contributing to the �nal material properties and performance 
[Figure 1].

Degumming process
�e initial step involves the removal of sericin, a hydrophilic 
glycoprotein coating that can elicit in�ammatory responses in 
vivo. Degumming is typically achieved by boiling silk cocoons 
in a 0.02 M sodium carbonate (Na2CO3) solution for 30-60 
minutes [Figure 2]. �is process separates sericin from �broin 
while preserving the native structure of the �broin protein. 
Over-degumming, however, can lead to chain scission and a 
reduction in molecular weight, which adversely a�ects 
mechanical properties and processability [15].

Dissolution of silk fibroin
Following degumming, SF must be solubilized for downstream 
fabrication. As native SF is insoluble in water, dissolution 
requires denaturing solvents such as 9.3 M lithium bromide 
(LiBr) at 60°C for 4 hours or Ajisawa’s reagent 
(CaCl2:ethanol:water in a 1:2:8 molar ratio). A�er dissolution, 
dialysis against ultrapure water for72 hours removes salts, 
yielding an aqueous SF solution. �e �nal concentration and 
viscosity of the regenerated SF solution are critical parameters 
for determining suitable fabrication methods [16].

Fabrication methods
Films

SF �lms are produced by casting aqueous �broin solutions onto 
�at substrates followed by slow drying under ambient or 
controlled humidity. �ese �lms exhibit optical clarity, 
�exibility, and tunable permeability, which makes them suitable 
for wound dressings, drug delivery coatings, and ocular 
implants [17].

Hydrogels

SF hydrogels can be prepared through physical or chemical 
crosslinking. �ese networks mimic the extracellular matrix, 
providing hydration, porosity, and mechanical support for 
tissue growth. Gelation kinetics and pore size can be tuned by 
adjusting SF concentration and environmental parameters [18].

Electrospinning

Electrospinning of SF yields nano�brous sca�olds with high 
surface area-to-volume ratios, favorable for cell attachment and 
proliferation. Parameters such as voltage, �ow rate, and 
needle-to-collector distance a�ect �ber morphology. SF 
nano�bers have been explored in vascular gra�s, nerve 
conduits, and antimicrobial wound mats [19].

Freeze-drying

Freeze-drying of SF solutions allows the formation of 3D 
porous sca�olds with tunable pore size, porosity, and 
mechanical strength. �ese structures are particularly useful for 
cartilage and bone tissue engineering, where nutrient di�usion 
and vascular ingrowth are essential [20].

3D printing and bioprinting

Recent advances in additive manufacturing have enabled the 
development of SF-based bioinks for 3D printing. �ese 
approaches allow fabrication of complex, patient-speci�c 

constructs with spatially controlled porosity and mechanical 
gradients, supporting the regeneration of anatomically precise 
tissue models [21].
Post-processing modifications
Methanol treatment
Immersing SF constructs in methanol induces β-sheet 
formation, increasing crystallinity, mechanical stability, and 
resistance to aqueous degradation.

Physical crosslinking

UV irradiation or thermal treatment can enhance structural 
integrity without chemical additives, minimizing cytotoxicity.

Polymer blending
Blending SF with polymers such as polyethylene glycol, gelatin, 
or chitosan allows �ne-tuning of biodegradation, mechanical 
performance, and bifunctionality to meet speci�c biomedical 
requirements [22,23].

Biomedical Applications
Tissue engineering
Bone regeneration
SF sca�olds, particularly when combined with hydroxyapatite 
(HA), have demonstrated enhanced osteoconductive and 
mechanical properties suitable for bone tissue engineering. 
�ese composites support osteoblast adhesion, proliferation, 
and di�erentiation, making them promising candidates for 
orthopedic applications [24].

Cartilage and tendon repair
�e mechanical properties of SF can be tailored to match those 
of cartilage and tendon tissues, making it suitable for their 
repair. SF-based sca�olds have shown to support chondrocyte 
and tenocyte proliferation and extracellular matrix production, 
facilitating tissue regeneration in these load-bearing 
applications [25].

Skin regeneration

SF matrices have been developed as wound dressings due to 
their biocompatibility, biodegradability, and ability to promote 
cell adhesion and proliferation. �ese dressings can maintain a 
moist wound environment, support re-epithelialization, and 
reduce scarring, making them e�ective for treating various skin 
injuries [26].

Drug and gene delivery

SF's ability to form various structures, such as �lms, hydrogels, 
and nanoparticles, allows for versatile drug delivery 
applications. Its β-sheet content can be manipulated to control 
degradation rates and drug release pro�les. SF has been used to 
encapsulate a range of therapeutics, including proteins, 
antibiotics, and anticancer drugs, enabling sustained and 
controlled release. Additionally, SF-based microneedle patches 
have been developed for transdermal drug delivery, o�ering a 
minimally invasive method for administering therapeutics with 
controlled release kinetics [27].
Wound healing and hemostatic applications
SF-based dressings have been enhanced with antibacterial 
agents like silver nanoparticles (AgNPs) and zinc oxide (ZnO) 

to prevent infections and promote healing. �ese composites 
exhibit antimicrobial properties while maintaining the 
bene�cial characteristics of SF. For hemostatic applications, SF 
sponges and pads have been developed to rapidly induce blood 
clotting. �ese materials can be functionalized with 
pro-coagulant agents to enhance their e�cacy in controlling 
bleeding during surgical procedures [28].

Sutures, implants, and ophthalmology
SF has a long history of use in surgical sutures due to its strength 
and biocompatibility. Biodegradable SF sutures have been 
developed, o�ering controlled degradation rates suitable for 
various surgical applications. In ophthalmology, SF has been 
explored for corneal implants and contact lenses. Its 
transparency, mechanical strength, and biocompatibility make 
it an ideal material for these applications, potentially improving 
outcomes for patients with corneal diseases [29].

Bioelectronics and neural interfaces
SF's �exibility and biocompatibility have been leveraged in the 
development of bioelectronic devices and neural interfaces. 
Conductive SF composites have been created for use in �exible 
electronics that can conform to biological tissues, enabling 
applications such as brain implants and biosensors. �ese 
devices aim to provide stable, long-term interfaces with neural 
tissue, potentially improving treatments for neurological 
disorders [30].

Limitations and Challenges
Despite the growing interest in SF for biomedical applications, 
several critical limitations must be addressed to enable 
consistent clinical translation and commercial scalability.

Batch-to-batch variability
Silk �broin derived from Bombyx mori shows natural 
variability due to di�erences in silkworm strain, rearing 
conditions, and cocoon processing. �ese factors in�uence the 
molecular weight distribution, secondary structure, and amino 
acid composition of the extracted protein. Such batch-to-batch 
variation can result in inconsistent mechanical strength, 
degradation kinetics, and biological responses, thereby 
complicating reproducibility in downstream applications [31].

Scalability and reproducibility
Most SF processing techniques, including degumming, 
dissolution, and regeneration, are optimized at laboratory scale. 
Scaling these protocols to industrial levels while maintaining 
protein integrity and consistent properties is challenging. 
Process deviations, such as incomplete sericin removal or 
inconsistent β-sheet content, can alter sca�old performance and 
biocompatibility. �ere is also a lack of standardized protocols 
for manufacturing SF-based medical devices, which hinders 
regulatory approval [32].

Regulatory and standardization gaps
Currently, silk biomaterials lack speci�c regulatory 
classi�cations under the U.S. FDA or ISO standards. �is 
regulatory uncertainty impedes clinical adoption. Moreover, 
standard test methods to evaluate SF’s physicochemical 
properties and in vivo performance are still under development, 
leading to inconsistent characterization across studies [33].

Sterilization-induced alterations
Sterilization is a prerequisite for clinical use, but common 
methods such as autoclaving and gamma irradiation can induce 
structural modi�cations in SF. For instance, autoclaving 
signi�cantly increases β-sheet content, thereby enhancing 
crystallinity and sti�ness but reducing degradation rate and 
elasticity [34].

Conclusion
Due to its tunable secondary structure, biocompatibility, and 
processability into diverse material formats, it has emerged as a 
leading natural polymer for biomedical applications. Its 
structural �exibility allows fabrication into �lms, sponges, 
hydrogels, nano�bers, and 3D-printed constructs, which have 
been successfully applied in tissue engineering, wound healing, 
drug delivery, and biosensing. �ese features, combined with its 
controlled degradability and favorable cell-material 
interactions, position SF as a key candidate in translational 
biomaterials research.

 Looking ahead, several technological advances are 
expanding the biomedical utility of silk-based systems. Genetic 
engineering approaches have enabled production of 
recombinant spider silk proteins in bacterial and yeast systems, 
overcoming the scalability limitations of native spider silk and 
o�ering superior mechanical resilience for sutures and 
implants. Concurrently, smart biosensors fabricated from 
silk-based composites-o�en integrated with carbon nanotubes 
or metallic nanoparticles-have been demonstrated for real-time 
physiological monitoring, including pH, glucose, and strain 
sensing in implantable and wearable devices.

 Further potential lies in combining SF with synthetic 
polymers to produce hybrid sca�olds with customizable 
mechanical, chemical, and degradation pro�les. Additionally, 
arti�cial intelligence (AI)-driven design frameworks are being 
developed to model structure–function relationships, predict 
material behavior, and optimize fabrication strategies, thereby 
accelerating innovation in silk biomaterials.

 Despite these advances, clinical translation will require 
coordinated progress in standardizing fabrication protocols, 
de�ning regulatory benchmarks (ISO/ASTM), and validating 
long-term performance. Interdisciplinary collaboration among 
materials scientists, molecular biologists, and clinicians remains 
essential to address these challenges and realize the full 
potential of silk-based biomaterials in precision medicine and 
therapeutic device platforms.
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Silk, a natural �brous protein produced by various arthropods, 
has long been utilized in textiles and is now increasingly 
explored for biomedical applications. �e most widely studied 
variant is derived from the domesticated silkworm (Bombyx 
mori), which produces silk �broin (SF), a structural protein 
characterized by its unique combination of strength, �exibility, 
and biological compatibility [1]. Other sources such as 
non-mulberry silks (Antheraea mylitta, Samia cynthia ricini) 
and spider silk contribute additional mechanical and 
biochemical features, expanding the material’s potential for 
diverse applications [2].

 Silk �broin is particularly attractive in the biomedical �eld 
due to its high tensile strength, controlled biodegradation, and 
minimal immunogenicity. Unlike many synthetic polymers, SF 
degrades into non-toxic amino acids and supports cellular 
adhesion and proliferation, making it suitable for applications 
in regenerative medicine, wound healing, and drug delivery. 
Furthermore, SF can be processed into various formats 
including �lms, hydrogels, �bers, sponges, and 3D-printed 
sca�olds using both aqueous and organic solvent systems [3].

 Recent advancements in material processing and 
functionalization have enhanced the versatility of SF-based 
biomaterials. Techniques such as controlled β-sheet formation, 

blending with nanoparticles or polymers, and surface 
modi�cation have enabled the fabrication of sca�olds with 
tunable mechanical properties, degradation rates, and 
bioactivity [4,5]. �ese improvements have led to successful 
demonstrations in bone regeneration, neural tissue engineering, 
controlled therapeutic release, and biosensing devices.

 However, certain challenges persist. Variability in silk 
source, batch-dependent di�erences, and lack of 
standardization in processing can a�ect reproducibility and 
scalability. Additionally, achieving regulatory compliance and 
clinical translation remains a hurdle due to limited long-term in 
vivo data and production bottlenecks [6].

 �is review aims to critically assess the structure, 
processing techniques, and biomedical applications of 
silk-based biomaterials. By highlighting both the advances and 
limitations, we seek to provide a focused perspective on the 
translational potential of silk �broin in clinical and material 
science domains.

Molecular Structure and Physicochemical Properties
Silk is a natural �brous protein composed primarily of �broin 
and sericin, produced by various insects. In Bombyx mori, silk 
�broin (SF) forms the core structural protein, while sericin acts 

as a hydrophilic glue-like coating. SF consists of a heavy chain 
(~390 kDa), a light chain (~26 kDa), and a glycoprotein P25 
(~30 kDa) in a 6:6:1 molar ratio, stabilized by disul�de bonds 
and hydrophobic interactions. �e repetitive amino acid 
sequences—mainly glycine (Gly), alanine (Ala), and serine 
(Ser) enable the formation of ordered secondary structures, 
notably antiparallel β-sheets [7-9].

 �ese β-sheet domains contribute signi�cantly to the 
semi-crystalline nature of SF, imparting high tensile strength, 
sti�ness, and slow degradation. In contrast, amorphous regions 
confer elasticity and extensibility. �is dual-phase architecture 
allows silk to exhibit remarkable toughness and 
energy-dissipation properties, desirable for load-bearing and 
dynamic biomedical applications [10,11].

 �e amphiphilic nature of SF due to its distinct 
hydrophobic (β-sheet) and hydrophilic (amorphous) segments 

a�ects both solubility and biological behavior. Hydrophilic 
domains enhance cell adhesion, proliferation, and hydrogels’ 
water retention, while hydrophobic domains contribute to 
mechanical integrity and reduced water solubility under 
physiological conditions [12].

 Comparatively, spider silk possesses higher tensile strength 
and extensibility than Bombyx mori silk, attributed to its 
unique spidroin sequences and spinning mechanisms. Spider 
silk also contains polyalanine and glycine-rich blocks forming 
extensive β-sheets with greater alignment, resulting in 
enhanced load-bearing capacity. Non-mulberry silks such as 
tasar and muga, derived from Antheraea species, exhibit varied 
amino acid pro�les, higher moisture regain, and inherent 
antimicrobial and antioxidant properties, making them 
particularly useful for wound healing and skin-contact 
materials [13,14] [Table 1].

Processing Techniques
SF, undergoes a series of processing steps to enable its use in 
biomedical materials. �ese include degumming, dissolution, 
material fabrication, and post-processing modi�cations, each 
contributing to the �nal material properties and performance 
[Figure 1].

Degumming process
�e initial step involves the removal of sericin, a hydrophilic 
glycoprotein coating that can elicit in�ammatory responses in 
vivo. Degumming is typically achieved by boiling silk cocoons 
in a 0.02 M sodium carbonate (Na2CO3) solution for 30-60 
minutes [Figure 2]. �is process separates sericin from �broin 
while preserving the native structure of the �broin protein. 
Over-degumming, however, can lead to chain scission and a 
reduction in molecular weight, which adversely a�ects 
mechanical properties and processability [15].

Dissolution of silk fibroin
Following degumming, SF must be solubilized for downstream 
fabrication. As native SF is insoluble in water, dissolution 
requires denaturing solvents such as 9.3 M lithium bromide 
(LiBr) at 60°C for 4 hours or Ajisawa’s reagent 
(CaCl2:ethanol:water in a 1:2:8 molar ratio). A�er dissolution, 
dialysis against ultrapure water for72 hours removes salts, 
yielding an aqueous SF solution. �e �nal concentration and 
viscosity of the regenerated SF solution are critical parameters 
for determining suitable fabrication methods [16].

Fabrication methods
Films

SF �lms are produced by casting aqueous �broin solutions onto 
�at substrates followed by slow drying under ambient or 
controlled humidity. �ese �lms exhibit optical clarity, 
�exibility, and tunable permeability, which makes them suitable 
for wound dressings, drug delivery coatings, and ocular 
implants [17].

Hydrogels

SF hydrogels can be prepared through physical or chemical 
crosslinking. �ese networks mimic the extracellular matrix, 
providing hydration, porosity, and mechanical support for 
tissue growth. Gelation kinetics and pore size can be tuned by 
adjusting SF concentration and environmental parameters [18].

Electrospinning

Electrospinning of SF yields nano�brous sca�olds with high 
surface area-to-volume ratios, favorable for cell attachment and 
proliferation. Parameters such as voltage, �ow rate, and 
needle-to-collector distance a�ect �ber morphology. SF 
nano�bers have been explored in vascular gra�s, nerve 
conduits, and antimicrobial wound mats [19].

Freeze-drying

Freeze-drying of SF solutions allows the formation of 3D 
porous sca�olds with tunable pore size, porosity, and 
mechanical strength. �ese structures are particularly useful for 
cartilage and bone tissue engineering, where nutrient di�usion 
and vascular ingrowth are essential [20].

3D printing and bioprinting

Recent advances in additive manufacturing have enabled the 
development of SF-based bioinks for 3D printing. �ese 
approaches allow fabrication of complex, patient-speci�c 

constructs with spatially controlled porosity and mechanical 
gradients, supporting the regeneration of anatomically precise 
tissue models [21].
Post-processing modifications
Methanol treatment
Immersing SF constructs in methanol induces β-sheet 
formation, increasing crystallinity, mechanical stability, and 
resistance to aqueous degradation.

Physical crosslinking

UV irradiation or thermal treatment can enhance structural 
integrity without chemical additives, minimizing cytotoxicity.

Polymer blending
Blending SF with polymers such as polyethylene glycol, gelatin, 
or chitosan allows �ne-tuning of biodegradation, mechanical 
performance, and bifunctionality to meet speci�c biomedical 
requirements [22,23].

Biomedical Applications
Tissue engineering
Bone regeneration
SF sca�olds, particularly when combined with hydroxyapatite 
(HA), have demonstrated enhanced osteoconductive and 
mechanical properties suitable for bone tissue engineering. 
�ese composites support osteoblast adhesion, proliferation, 
and di�erentiation, making them promising candidates for 
orthopedic applications [24].

Cartilage and tendon repair
�e mechanical properties of SF can be tailored to match those 
of cartilage and tendon tissues, making it suitable for their 
repair. SF-based sca�olds have shown to support chondrocyte 
and tenocyte proliferation and extracellular matrix production, 
facilitating tissue regeneration in these load-bearing 
applications [25].

Skin regeneration

SF matrices have been developed as wound dressings due to 
their biocompatibility, biodegradability, and ability to promote 
cell adhesion and proliferation. �ese dressings can maintain a 
moist wound environment, support re-epithelialization, and 
reduce scarring, making them e�ective for treating various skin 
injuries [26].

Drug and gene delivery

SF's ability to form various structures, such as �lms, hydrogels, 
and nanoparticles, allows for versatile drug delivery 
applications. Its β-sheet content can be manipulated to control 
degradation rates and drug release pro�les. SF has been used to 
encapsulate a range of therapeutics, including proteins, 
antibiotics, and anticancer drugs, enabling sustained and 
controlled release. Additionally, SF-based microneedle patches 
have been developed for transdermal drug delivery, o�ering a 
minimally invasive method for administering therapeutics with 
controlled release kinetics [27].
Wound healing and hemostatic applications
SF-based dressings have been enhanced with antibacterial 
agents like silver nanoparticles (AgNPs) and zinc oxide (ZnO) 

to prevent infections and promote healing. �ese composites 
exhibit antimicrobial properties while maintaining the 
bene�cial characteristics of SF. For hemostatic applications, SF 
sponges and pads have been developed to rapidly induce blood 
clotting. �ese materials can be functionalized with 
pro-coagulant agents to enhance their e�cacy in controlling 
bleeding during surgical procedures [28].

Sutures, implants, and ophthalmology
SF has a long history of use in surgical sutures due to its strength 
and biocompatibility. Biodegradable SF sutures have been 
developed, o�ering controlled degradation rates suitable for 
various surgical applications. In ophthalmology, SF has been 
explored for corneal implants and contact lenses. Its 
transparency, mechanical strength, and biocompatibility make 
it an ideal material for these applications, potentially improving 
outcomes for patients with corneal diseases [29].

Bioelectronics and neural interfaces
SF's �exibility and biocompatibility have been leveraged in the 
development of bioelectronic devices and neural interfaces. 
Conductive SF composites have been created for use in �exible 
electronics that can conform to biological tissues, enabling 
applications such as brain implants and biosensors. �ese 
devices aim to provide stable, long-term interfaces with neural 
tissue, potentially improving treatments for neurological 
disorders [30].

Limitations and Challenges
Despite the growing interest in SF for biomedical applications, 
several critical limitations must be addressed to enable 
consistent clinical translation and commercial scalability.

Batch-to-batch variability
Silk �broin derived from Bombyx mori shows natural 
variability due to di�erences in silkworm strain, rearing 
conditions, and cocoon processing. �ese factors in�uence the 
molecular weight distribution, secondary structure, and amino 
acid composition of the extracted protein. Such batch-to-batch 
variation can result in inconsistent mechanical strength, 
degradation kinetics, and biological responses, thereby 
complicating reproducibility in downstream applications [31].

Scalability and reproducibility
Most SF processing techniques, including degumming, 
dissolution, and regeneration, are optimized at laboratory scale. 
Scaling these protocols to industrial levels while maintaining 
protein integrity and consistent properties is challenging. 
Process deviations, such as incomplete sericin removal or 
inconsistent β-sheet content, can alter sca�old performance and 
biocompatibility. �ere is also a lack of standardized protocols 
for manufacturing SF-based medical devices, which hinders 
regulatory approval [32].

Regulatory and standardization gaps
Currently, silk biomaterials lack speci�c regulatory 
classi�cations under the U.S. FDA or ISO standards. �is 
regulatory uncertainty impedes clinical adoption. Moreover, 
standard test methods to evaluate SF’s physicochemical 
properties and in vivo performance are still under development, 
leading to inconsistent characterization across studies [33].

Sterilization-induced alterations
Sterilization is a prerequisite for clinical use, but common 
methods such as autoclaving and gamma irradiation can induce 
structural modi�cations in SF. For instance, autoclaving 
signi�cantly increases β-sheet content, thereby enhancing 
crystallinity and sti�ness but reducing degradation rate and 
elasticity [34].

Conclusion
Due to its tunable secondary structure, biocompatibility, and 
processability into diverse material formats, it has emerged as a 
leading natural polymer for biomedical applications. Its 
structural �exibility allows fabrication into �lms, sponges, 
hydrogels, nano�bers, and 3D-printed constructs, which have 
been successfully applied in tissue engineering, wound healing, 
drug delivery, and biosensing. �ese features, combined with its 
controlled degradability and favorable cell-material 
interactions, position SF as a key candidate in translational 
biomaterials research.

 Looking ahead, several technological advances are 
expanding the biomedical utility of silk-based systems. Genetic 
engineering approaches have enabled production of 
recombinant spider silk proteins in bacterial and yeast systems, 
overcoming the scalability limitations of native spider silk and 
o�ering superior mechanical resilience for sutures and 
implants. Concurrently, smart biosensors fabricated from 
silk-based composites-o�en integrated with carbon nanotubes 
or metallic nanoparticles-have been demonstrated for real-time 
physiological monitoring, including pH, glucose, and strain 
sensing in implantable and wearable devices.

 Further potential lies in combining SF with synthetic 
polymers to produce hybrid sca�olds with customizable 
mechanical, chemical, and degradation pro�les. Additionally, 
arti�cial intelligence (AI)-driven design frameworks are being 
developed to model structure–function relationships, predict 
material behavior, and optimize fabrication strategies, thereby 
accelerating innovation in silk biomaterials.

 Despite these advances, clinical translation will require 
coordinated progress in standardizing fabrication protocols, 
de�ning regulatory benchmarks (ISO/ASTM), and validating 
long-term performance. Interdisciplinary collaboration among 
materials scientists, molecular biologists, and clinicians remains 
essential to address these challenges and realize the full 
potential of silk-based biomaterials in precision medicine and 
therapeutic device platforms.
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