
Materials Letters 327 (2022) 133024

Available online 17 August 2022
0167-577X/© 2022 Elsevier B.V. All rights reserved.

Silk-based nano-biocomposite scaffolds for skin organogenesis 

Paulami Dam a,1, Sevde Altuntas b,c,1, Rittick Mondal a, José Roberto Vega Baudrit d,e, 
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A B S T R A C T   

Silk produced by silkworms or spiders offers biocompatibility, biodegradability, stability, and biomechanical 
strength, making it an excellent biomaterial for wound bandages/dressings and skin grafts. Silk scaffolds are also 
bioactive matrices necessary to restore the healing cascade and barrier properties that induce skin organogenesis 
in chronic wounds. Silk-based composites are being used to protect wounds from infections. Many studies were 
conducted via 2D cell culture and in vivo approaches to explain the interaction between skin tissue and silk. In 
addition to the difficulties that 2D cell culture techniques have in mimicking skin tissue, the physiological dif-
ferences and immunological incompatibility between in vivo models and human skin tissue make it more 
complicated to understand the effectiveness of silk scaffolds. This leads to excessive experimental animal usage 
and false positive or negative results for the clinical stage. Alternatively, organ-like microtissues (organoids, 
spheroids, among others) produced using stem cells can be a real stakeholder in measuring the success of wound 
patches due to their 3D structure, cellular diversity, and high yield. However, the fabrication procedure of the 
microtissues is highly Matrigel-dependent, and it is not the best choice for the studies due to its indeterminate 
nature, protein concentration, and composition. Silk-based nano-biocomposites can be a good candidate owing to 
their features above for 3D skin cell culture studies. Here, we evaluated the current applications of silk-based 
materials in wound healing and their possible applications in 3D tissue engineering for microtissues.   

1. Introduction 

Silk has maintained importance in human life for more than 4000 
years due to its outstanding properties. Silk-based materials have been 
used in biomaterials, tissue engineering, biosensing, and other fields due 
to their biocompatible and non-toxic, non-polluting, non-irritating, and 

biodegradable nature [1]. Approved by the United States Food and Drug 
Administration (FDA) as a biomedical material in 1993, silk has been the 
subject of research for wound healing owing to its effective regenerative 
properties [1,2]. Many clinical trials have focused on enriching the stem 
cells around chronic wounds and choosing optimal biomaterials to keep 
them alive in wounds [3,4]. However, the cell transplantation procedure 
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in various stem cell-based studies was finalized with failure due to over- 
immune response, tumor formation, and thrombosis. There are still 
debates on the transplantation safety of MSCs even though they have 
promising results for tissue regeneration [5]. Thus, stem cell-related 
studies have focused on scaffolds to protect stem cells or reduce their 
possible side effects. 

2D in vitro or animal models may not behave like the natural orga-
nization of the skin or have a significant physiological difference from 
human skin [6]. To solve the issue, biomaterial-based wound healing 
strategies have been enriched with next-generation microtissue forms 
(organoids, spheroids, tumoroids, among others). The living bio-
materials can be used in many applications such as wound bandages, 
drug screening, and skin tissue transplantation. The microtissues need a 
basement matrix that should be biocompatible, biodegradable, shape-
able, and have improvable mechanical properties, where silk and its 
derivatives can be a solution (Fig. 1). 

Due to 3D tissue-mimicking structure, cell diversity, and human- 
based physiological and immunological properties, there is increasing 
attention to the microtissue-based methodologies in the tissue engi-
neering field. However, the 3D tissue-mimicking structures need a 
biocompatible matrix to become stable; otherwise, they shrink and 
degrade [7]. Silk-based hydrogels could overcome the shrinkage prob-
lem as the mechanical properties of silk may help to conduct tissue 
integrity and stability [8]. Additionally, feasible morphological prop-
erties of silk matrix can aid gas and nutrient transportation of the 3D 
structures radially or vice-versa. In 3D in vitro studies, the commercial 
products (such as Matrigel®) have not able to meet the mechanical re-
quirements of the tissue models. The stiffness of Matrigel® and its de-
rivatives is ~20–450 Pa, while native tissues have a stiffness of 
~100–100,000 Pa [9]. Moreover, Matrigel could not be included as a 
positive control in experiments since its stability is not enough for long- 
term organotypic studies. Besides, it has disadvantages like excessive 
growth factor ingredients, inconsistent protein composition from batch 
to batch and within a single batch, and its production cost [10]. Also, the 

mechanical properties of the Matrigel® show variability from batch to 
batch, affecting the coating thickness of the hydrogel and leading to 
inconsistent extracellular matrix (ECM) production for cell culture 
studies. Alternatively, silk and its derivatives can be an option for 3D cell 
culture studies. Notably, biocompatible silk-based hydrogels can pro-
vide an appropriate environment for 3D skin microtissues, patient- 
derived or stem cell-based counting drug delivery applications [11]. 
Silk materials can be combined with other protein compositions to 
improve the mechanical properties of tissues. Furthermore, silk-based 
materials can be modified with biomolecules to enhance tissue heal-
ing. The current review discusses skin microtissues in wound healing 
and skin interaction with silk-based nano-biocomposites. 

2. Silk-based biocomposites and nano-biocomposites 
scaffolds for wound healing 

Traditional wound dressings are often developed for a particular 
purpose and cannot provide all the criteria for the entire tissue regen-
eration mechanism. Accordingly, alternative models of wound dressings 
are required, providing diverse activities in the healing process. Devel-
oping improved biocomposites with regeneration potential and drug- 
delivery capabilities in synthetic biology presents a matter of deep 
concern. 

2.1. Silk fibroin (SF) as natural and biocomposite/nano-biocomposite 
scaffolds 

SF is a naturally occurring protein that exhibits exceptional charac-
teristics, such as biodegradability and biocompatibility [1]. It is gener-
ally dissolved in aqueous and organic solutions that are rebuilt into 
different material forms such as film, mat, hydrogel, and sponge using 
several fabrication processes such as electrospinning, freeze-drying, 
spin-coating, physical cross-linking, chemical cross-linking along with 
precision methods like micropatterning and bioprinting [26,27]. SF- 

Fig. 1. Properties of silk and connection with next-generation silk-based biomaterial applications.  
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based scaffolds hold immense possibilities for future bioengineering and 
therapeutic applications. 

Skin tissue generally leaves lesions even after the completion of the 
healing process. Conventional wound dressings are unable to avert this 
episode. Scarless regeneration of fetal skin has encouraged researchers 
to recreate the optimal wound dressing materials. A silk-based scaffold 
was produced utilizing hyaluronic acid, SF and natural silk nanofiber 
that mimicked the ECM and improved the healing cascade [14]. Glycidyl 
methacrylate-modified SF hydrogel formed a pro-regenerative micro-
environment that activated more macrophages and inducted more hair 
follicle stem cell population than alginate gel-based material, which 
resulted in nearly scar-free skin repair [15]. SF platforms may impede 
tissue applications due to their lower permeability concerns. Nanopores 
were developed in SF films to increase the porosity while minimizing the 
alteration of biomechanical properties and enhancing the proliferation 
of human fibroblast cells. The SF system maximized gaseous exchange 
and nutrient perfusion, where the skin regeneration was dramatically 
improved, and the restoration of the entire epithelial thickness was 
observed [16]. 

Multi-drug resistance poses a severe threat to repairing pathogen- 
infected chronic wounds. Bacterial contamination in wound dressings 
causes severe hazards to human health. Therefore, developing multi-
functional bioactive scaffolds with antibacterial characteristics and bio- 
inspired surface modifications is a perpetual objective for biomedical 
research and clinical applications. For instance, the carbon quantum 
dot-silica nanoparticle-SF nanofiber hybrid was reported to be a po-
tential antimicrobial dressing while boosting wound healing and hair 
regrowth [17]. 

2.2. Silk sericin (SS) as natural and biocomposite/nano-biocomposite 
scaffolds 

SS-based nanofibrous platform is a beneficial biomaterial for tissue 
regeneration. SS hydrogel is noncytotoxic, promotes cell adhesion and 
colonization while sustaining survival and growth. It exhibits a localized 
anti-inflammatory effect aiding skin restoration [18]. Furthermore, 
angiogenesis is frequently seen with minimal hemolytic activity when SS 
matrices are applied over injuries [19]. SS has been shown to stimulate 
the production of vascular endothelial growth factors. SS-functionalized 
bacterial cellulosic scaffold with cytoprotective and mitogenic effect 
shows high porosity, stimulated cellular proliferation, and enhanced 
ECM synthesis [20]. It also promoted speedy recovery and ordered 
collagen deposition, preventing fibrosis and scarring. A combination of 
silver nanoparticles (AgNPs), SS and polyvinyl alcohol into wound 
dressing was shown to be biocompatible, antibacterial and decreased 
biofilm production [21]. 

2.3. Silk cocoon (SC) as natural and biocomposite/nano-biocomposite 
scaffolds 

The presence of calcium oxalate hydrate crystals in cocoon mem-
brane allows for preferential carbon dioxide gating from inside to 
outside. Carbon dioxide does not diffuse within the cocoon in a carbon 
dioxide-rich environment. Still, it diffuses rapidly when introduced in-
side the cocoon. Silkworm cocoons do not obstruct the diffusion of 
gaseous oxygen or water vapor [22]. Thus, retention of the entire cocoon 
as a wound dressing scaffold may exhibit moisture retention capacity 

Fig. 2. Cocoon based wound dressings (CBWD) stimulate wound healing phases.  
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and oxygen permeability for wound healing (Fig. 2). 
Moreover, oxygen is vital for wound healing through participating in 

several bioactivities, such as cellular proliferation, revascularization, 
and protein synthesis, to normalize the tissue function and structural 
integrity [23,24]. Sufficient wound oxygenation can stimulate the 
healing cascade and assist the performance of cocoon-based wound 
dressings. Moreover, the silkworm cocoon shell’s shielding and protec-
tive role towards silkworm chrysalis are comparable to the defensive 
part of skin covering the body. A three-dimensional macro-chambered 
cocoon sheet containing gold nanoparticles was prepared and loaded 
with methimazole which displayed good antibacterial activity [25]. 
Elsewhere, the skin mimicking effect of silkworm cocoons was sug-
gested, and cocoon-based wound film impregnated with AgNPs illus-
trated antimicrobial and wound healing properties. In the mice model, 
this film aided in successfully reconstructing intact and thickened 
epidermis during 14 days of healing in impaired wound tissue [26]. 

2.4. Other silks as natural and biocomposite/nano-biocomposite scaffolds 

Clinical or industrial application and large-scale production of silk 
produced by other organisms are currently challenging due to several 
difficulties. Other silk types are now an option being explored. For 
instance, recombinant spider silk fusion protein with a fibronectin- 
binding motif was reported to hold immense potential to functionalize 
silkworm silk scaffold and worked better to enhance the efficacy of 
healing burn wounds and tissue remodeling than individual silkworm 
silk scaffold and commercial dressing patch [27]. Drug-eluting com-
posite materials were prepared using an engineered spider silk protein 
and antimicrobial agents loaded mesoporous silica nanoparticles (MSN) 
for biofilm eradication [28]. Several studies reported recombinant spi-
der silk protein can be fabricated into various matrix types like casted 
film, 3D foam, fiber, or mesh exhibiting biocompatible nature [29]. 
They exclusively promote ingrowth of fibroblasts and angiogenesis. 
Recombinant spidroins fabricated along with SF potentially accelerated 
the rate of wound closure and tissue healing in mice model [30]. The 
advanced perspective of these silk structures at the molecular level and 
developmental progression are vital for developing biomaterial hybrids 
with significantly enhanced functional properties. 

3. Silk-based nano-biocomposites as next-generation scaffolds 
for 3D microtissues 

Skin organogenesis, defined as the differentiation of embryonic 
layers for forming skin tissue, can provide insight into adult wound 
closure since embryonic wounds close scarless [31]. The 3D skin studies 
generally focus on the post-effect of chronic injuries or scar tissue 
problems concerned with hair follicle or sweat gland formation. 
Organoid-based studies stand out in skin organogenesis studies since 
cellular differentiation and diversity can be controlled in these micro-
tissues. For instance, the first organoid-based hair follicle was isolated 
and cultured from mouse skin, where the results indicated the under-
lying physiology associated with hair follicle development [32]. The 
transplantable sweat-gland organoids were developed by converting 
keratinocytes to sweat glands cells in an 3D environment [33]. The 
organoid skin studies generally focused on developing implantable skin 
graft platforms, but the complex and layered skin structure requires 
further research. Lee et al. showed how the layered skin tissue can be 
produced using organoid technology; still, problems with high-yield 
production and Matrigel® dependency are waiting for further explana-
tion [34]. As one of the microtissue formations, organoids need a long- 
term incubation period (~120 days for skin organoids). Therefore, 
organoid studies require biocompatible, biodegradable, and inter-pore 
connected matrix for gas and matter circulation. Silk can be an alter-
native platform for 3D microtissue generation, which will lead to the 
acceleration of skin microtissue transplantation technologies. 

Microtissues, particularly organoids, have been adapted in vivo 

studies to trigger skin regeneration. For example, the auto micro at-
omization delivery model was reported to increase wound closure rate. 
The in vivo analyses suggested that the presence of organoids and 
effective transplantation properties of the method can be a promising 
therapy for complicated, unstable, and large-area chronic skin wounds 
[35]. A pulsatile release platform provided scarless wound closure, 
where only organoid transplanted wounds did not close differently from 
the normal wound, while the hydrogel platforms facilitated scarless 
wound closure [36]. Overall, the benefits of the soft biomaterials can 
lead to an appropriate environment to develop microtissue technologies. 
Silk-based scaffolds have been used to provide vascular networks and 
prohibit necrosis. For example, the outcome revealed by the silk 
scaffold-based kidney organoids study established silk matrix as an ideal 
platform for developing stem-cell-derived kidney microtissues with 
vascularization potency, whereas stromal cell proliferation in the 
microtissues required some tuning in cell culture conditions [37]. 
Developing alternative biomaterials for 3D in vitro studies can contribute 
to choosing the suitable materials for tissue regeneration and providing 
animal welfare. Although many 2D in vitro and in vivo models were re-
ported, silk-microtissue interaction was rarely investigated in the tissue 
engineering field, including its interface with silk-based nano- 
biocomposites. 

4. Future directions 

Tissue regeneration for therapeutic purposes should be target spe-
cific, and to harmonize with our living systems, it must evade the body’s 
immune system. Recent advances in silk-based scaffolds allowed us to 
control matrix morphology and degradation rate with low-level immu-
notoxicity and excellent biocompatibility. Silk fibers or nanopatterned- 
silk substrates with cell-specific modifications such as aptamers, cellular 
growth factors, or nanobodies can be ideal platforms for 3D skin 
organogenesis studies. The generation of silk-based matrixes is one of 
the greater challenges to overcome problems encountered in the 
development of commercial products, such as designing silk-based en-
vironments for 3D skin substitutes. Although silk-based matrixes exhibit 
immense potential in tissue engineering, their translation remains a 
major bottleneck. Moreover, research on silk-based biomedical imaging 
and biosensing is still in its budding stage, though silk has shown vast 
potential to accomplish the efficacy of its conventional counterparts due 
to its biocompatible and non-toxic nature. Thus, silk-based nano-bio-
composites undoubtedly will be one of the most promising materials for 
wound healing, melanogenesis, and drug screening. This may open a 
new vista toward modern 3D skin microtissue engineering and 
biomedical research to address today’s limitations and challenges. 
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