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Spider silk plays a pivotal role in the diverse physiological activities of spiders, with its protein components
exhibiting remarkable mechanical properties and biocompatibility. Spider silk proteins exhibit a high degree of
repetitiveness, primarily constructed through the recurring arrangement of amino acid motifs, including (A)y,

(GA)p, (GGX)y, and (GPGXX), sequences. These repetitive sequences endow spider silk with different material
properties. Recombinant spider silk proteins are produced through heterologous expression systems, and then
spun into nanofibers using artificial spinning technology. These fibers have broad potential applications in the
biomedical field, such as tissue engineering scaffolds, drug delivery carriers, sutures, and other biomaterials.
However, enhancing the yield and performance of recombinant spider silk proteins, while facilitating large-scale
production, continues to pose a significant challenge in the current landscape.

1. Introduction

For centuries, spider silk, a sustainable biomaterial, has been utilized
across multiple fields. The intricate protein composition and molecular
architecture of natural spider silk confer upon it remarkable mechanical
properties, including high strength, exceptional extensibility, high ten-
sile stress tolerance, and low density. The prepared spider silk protein
fibers have great potential for applications in fields such as medicine,
military, and tissue engineering [1-5]. For example, the tensile strength
of dragline silk, reported to be 1.1 GPa, surpasses that of silkworm silk
(0.6 GPa) and stands as the strongest non-mineralized biological mate-
rial known to date [3,6]. Meanwhile, its high tensile strength and
toughness have led to the development of spider silk as a bulletproof
material [7]. Due to its high biocompatibility, spider silk fibers have
been developed into medical materials such as sutures and hemostatic
stickers [8,9]. Despite the territorial and cannibalistic nature of spiders,
the production of spider silk remains limited and challenging to acquire
[10]. Therefore, researchers are committed to exploring suitable host
systems to obtain a large amount of recombinant spider silk protein
[11], and then spinning it through different equipment and methods to
prepare high-performance spider silk protein fibers [2,12].

This review summarizes the structural properties of spider silk,
showcasing its unique advantages. At the same time, we list methods for
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producing recombinant spider silk proteins and delve into their prom-
ising applications in the biomedical field, emphasizing the potential for
future advancements in recombinant spider silk from a “structure-pro-
duction-application” trinity perspective.

2. Literature search and selection criteria

We conducted preliminary literature searches using PubMed (htt
ps://pubmed.ncbi.nlm.nih.gov/), Web of Science (https://webofscie
nce.clarivate.cn/wos/alldb/basic-search) and Wanfang Database (http
://wff.a.xue66.net/) as data sources. Aiming to cover a wide range of
publications based on spider silk proteins, we conducted preliminary
literature searches using the following keywords: spider silk protein,
structure, recombinant expression, biological medicine, and tissue en-
gineering applications. From the last literature search conducted for this
review in December 2024, back to the year 2000, and with the language
restriction of the literature being English, we ultimately retrieved 6577
publications. For the initial articles obtained, we further defined inclu-
sion and exclusion criteria: Inclusion criteria included (1) original arti-
cles; and (2) articles highly relevant to the topic of this review. Exclusion
criteria included (1) conference abstracts, proceedings, editorial mate-
rials, or other non-article documents; (2) preprints, corrections, or
retracted publications; (3) articles with low relevance to the topic; (4)
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articles overlapping in research content and conclusions with other ar-
ticles; and (5) articles of poor quality in terms of structure, process, or
writing. The final analysis included 202 publications, and the figures/
images were designed using PowerPoint.

3. Types and properties of spider silk

After >400 million years of evolution, spiders have developed seven
kinds of spider silk with different functions(Fig. 1) [13,14]. Spider silk
not only participates in vital physiological activities such as hunting,
mating, reproduction, and rapid movement, but also aids in early
warning and escape, hence serving as crucial survival tools for spiders
[15-18]. Despite the different origins and functions, their peptide chains
share similar features in structure and composition, namely, flanking
non-repetitive N-terminal (NT) and C-terminal (CT) domains on both
sides, and a central core domain (Rep) [19,20]. Specifically, the non-
repeating regions of the N-terminal (NT) and C-terminal (CT) se-
quences in spider silk proteins are approximately 130 bp in length and
exhibit high conservation across diverse spider species. This conserva-
tion is crucial for the storage, dissolution, and self-assembly functions of
spider silk proteins, particularly at high concentrations [14,21,22]. In
contrast, Rep sequences have lower conservation and are composed
mostly of repeating amino acid motifs. These include poly(alanine) ((A)
n), glycine and alanine ((GA)n), an amino acid triad consisting of two
glycine residues and a third variable amino acid (GGX)n, as well as the
glycine-proline-glycine module ((GPGXX)n) [23]. Reps in different
species are composed of repeated modules of varying lengths, endowing
spider silk with unique material properties (Table 1).

The dragline silk produced by the main ampulla gland is currently
one of the most extensively studied spider silk proteins, mainly
composed of spidorin proteins, including two important isoforms: major
ampulla spidorin 1 and 2 (MaSp1 and MaSp2) [24]. These two isoforms
are rich in glycine GGX, GPGXX, GPGPX (X =Y, L or Q) motifs and (A) ,
(n = 4-12) motifs that help form specific secondary structures. The high
tensile strength of dragline protein originates from its anti-parallel
p-sheet structure, which is mainly formed by the extension of (GA) ,
and (A) , motifs in MaSp repeat sequences [25-28]. The GGX of MaSp1
forms a disordered 3;-helix. In contrast, MaSp2, which is rich in GPGXX
motifs, exists in the form of elastin-like type II B-turn conformations.
Thus, drag fibers composed of MaSp2 exhibit several times the ductility
and toughness compared to high-performance steel and Kevlar fibers
[2,29-34]. Collin et al. identified overlapping groups of MaSp3 terminal
regions from Araneidae, Nephilidae, and Theridiidae families using pro-
teomics and genomic target capture techniques [35]. MaSp3 also has a
typical (A) , motif and glycine-proline-glycine (GPG) motif. In addition,
the content of serine and threonine increases, which is related to the
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Fig. 1. Schematic structure of spider silk protein including (A) repetitive amino
acid motifs and the corresponding secondary structures, such as (B) 3;¢-helix,
(C) anti-parallel p-sheet and (D) B-angle.
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special toughness of spider silk [36,37]. The MaSp4 and MaSp5
discovered in Darwin’s bark spider belong to newly identified homolo-
gous proteins, and their core structural repeat domains are mainly
composed of GGX motifs, as well as “VSVVSTTVS” and “GGLGGSG”
sequence motifs, respectively [38,39]. These motifs may contribute to
the resilience of spider silk, however, their detailed sequence informa-
tion and specific mechanisms of action in spider silk production are still
unclear and require further exploration [39].

Minor ampullate silk is composed of two proteins, minor ampullate
spiroin 1 and 2 (MiSp1 and MiSp2), both of which contain similar repeat
sequences, mainly including repeat modules such as GX, GXX, GXXX,
and (A),, which can promote the formation of 3;p-helices and anti-
parallel p-folds [13,40-42]. Unlike MaSp, MiSp’s A, and (GA), repeat
motifs exhibit a tendency to form shorter f-fold structures. This char-
acteristic leads to irreversible deformation of the ampulla gland fila-
ments during stretching, ultimately resulting in slightly lower tensile
strength but higher extensibility, as reported by Vienneau-Hathaway
et al. and Lin et al. [34,43]. At the same time, when dragline silk is
exposed to aqueous environments, a significant supercontraction phe-
nomenon occurs, with its length reducing to approximately 50 % of its
original size [44]. Similarly, MiSp fibers treated with water maintain a
constant diameter while exhibiting a smaller degree of shrinkage
compared to dragline silk fibers, demonstrating their potential value as
protein delivery carriers [45].

Flagliform spider silk is mainly composed of flagelliform spider
protein (Flag), and it serves as the capture silk of spiders [16,17,46].
When prey approaches the net, Flag wrap around the prey with their
extremely high extensibility, making it difficult for the prey to escape
[47]. Most Flag proteins are composed of glycine-rich GPGG (X) , which
may be the reason for the formation of p-turn structures [48]. The
continuous GGX motif provides Flag proteins with a large amount of
B-helix structures, thereby giving flagellar filaments high elasticity and
200 % extensibilit [34,49]. In addition, unlike other spider silks, fla-
gliform silk lacks an (A), motif but has a highly conserved spacer motif
whose main structural function remains unknown [48].

Aciniform spider silk exhibits remarkable high tensile strength and
extensibility. It is predominantly utilized for entrapping prey and con-
structing protective structures known as oocysts [50]. Aciniform spider
protein (AcSp) is the main component of the aciniform spider silk, ab-
sent of characteristic motifs such as GGX/GPGPX in the repetitive core
region of other spider silk proteins [34]. Specifically, the AcSp1 protein
isolated from Argiope trifasciata contains a higher percentage of other
amino acids such as serine, leucine, and valine, thereby endowing aci-
niform spider silk with different mechanical properties [51,52]. In stark
contrast to other AcSp proteins discovered thus far, AcSp2 lacks any
significant similarity, and the unique TTX motif found within it may
endow AcSp2 with completely different characteristics [50,53]. These
unique compositional features of AcSp2 suggest potential novel me-
chanical and functional properties that warrant further investigation.

The tubuliform gland and ovary mature simultaneously, with the
tubuliform silk protein (TuSp) secreted by the gland being responsible
for both generating egg sacs and protecting spider eggs, playing a crucial
role in reproduction. It exhibits extraordinary mechanical properties,
particularly in terms of high stiffness compared to other spider silks
[34,54]. The TuSp is rich in sulfur and contains long repetitive units of
approximately 200 amino acid residues [55]. These repetitive units
consist of (A)n, Sn, (SA)n, AX, and SQ motifs, which show very high
intraspecific homogeneity and variable lengths between species, and can
be arranged into fB-sheet structures with large interlayer spacings [56].
These structures are prone to deformation and twisting, resulting in
lower tensile strength of the tubuliform gland silk [12,34,57,58].

Pyiform spider silk, which spiders utilize to interconnect various silk
fibers or anchor silk to surfaces, is primarily composed of pyiform spi-
droin (PySp) [59]. The two terminal domains of PySp protein contain a
range of four to five a-helices, which are thought to control the protein
to form fibers or gels through self-assembly [60,61]. In the core repeat
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Table 1
The function, core protein, and motif of each spider silk protein.
Silk gland Type of fiber Function Core protein Characteristic motif References
Major Major ampullate silk Form the skeleton of the MaSp1, MaSp2, PolyGA or (GA),, polyA or Hou et al. [13], Kluge et al. [30], Malay
ampullate (Dragline silk) spider web, fall and escape MaSp3, MaSp4, (A),, GGX, GPGXX, GPGPX et al. [24], Garb et al. [38]
gland MaSp5
Minor Minor ampullate silk Make the auxiliary spiral of MiSp1, MiSp2 (GA),, (A),, GGX, GX, GXX, Hou et al. [13], Lin et al. [34], Yang et al.
ampullate the orb-web to stabilize the GXXX [41], Peng et al. [42]
gland scaffold

Flagellate gland

Flagelliform silk

Catch the prey and mitigate
the impact

Flag

Aciniform Aciniform silk Wrap and secure prey AcSp1, AcSp2
gland

Tubuliform Tubuliform Protect spider eggs (only CySp, TuSp1, ECP-
gland (cylindriform) silk secreted by females) 1, ECP-2

Piriform gland

Aggregate

Pyriform silk

Aggregate silk

Connect the web to the
medium
Stick prey to prevent escape

PySp1, PySp2

AgSpl, AgSp2

(GA)n, GGX, GPGG(X),

GGX, XQQ, GPGXX, GPGPX

(A)n, (S)n, (SA)p, SQ, GX
(PX),, PXPXP, XQQ

GGX, GPGGX

Romer and Scheibel [44], Lefevre et al.
[25], Tokareva et al. [26]

Hou et al. [13], Peng et al. [42], Hayashi
and Lewis [47], Ramezaniaghdam et al.
[12]

Lin et al. [34], Peng et al. [42],
Ramezaniaghdam et al. [12]

Lin et al. [34], Ramezaniaghdam et al. [12]

Peng et al. [42], Ramezaniaghdam et al.

gland

[12]

region, both proline rich PXPXP motifs and QQ containing motifs can be
observed. The pyriform silk is comprised of two spidroins, PySpl and
PySp2. All reported pyriform spidroins contain two unique motifs,
namely the proline-rich (PX)n alternating region and the glutamine-rich
(QQ) [61]. Among them, the (PX)n motif appears to form random coils,
while the regions containing QQ form o-helical or p-sheet conforma-
tions, both of which contribute to the aggregation or self-assembly of
PySp [12,62].

4. Expression and production of spider silk protein

Currently, two types of spider silk proteins, namely natural and re-
combinant proteins, have been the focus of extensive research and
application. Natural spider silk proteins exist as highly concentrated
(~50 %) solutions within the silk glands, where they self-assemble
under specific conditions to form distinct layers of spider silk fibers.
There are currently three main speculations about this process: (1) the
liquid crystal theory that changes the spinning tube to affect the reor-
ientation of spider silk protein chains and remove moisture, thereby
forming natural layered fibers [24]. (2) The micelle hypothesis suggests
that the flow and shear forces generated in the conduit can promote the
deformation of MaSp’s spherical structures, thereby forming discrete
oligomeric structures (micelles) with hydrophobic elements inside and
hydrophilic residues outside [63]. (3) Additionally, in the liquid-liquid
phase separation method, the liquid-liquid phase separation of MaSp2
at neutral pH leads to the formation of silk protein droplets. Ultimately,
as the pH decreases, the droplets become fibrous and form a hierarchical
fiber structure [24,64,65]. These three perspectives delve into the
intrinsic mechanisms of spider silk self-assembly from multiple di-
mensions such as structure or physiology. However, obtaining spider
silk protein and fiber directly from spider webs, egg sacs, or glands re-
sults in low yields. Additionally, the process is often accompanied by
impurities such as dust and prey debris, potentially posing a direct threat
to the life of spiders, leading to their death [2,66]. To overcome the
limitations of low yields and impurities associated with direct extraction
from spider webs, egg sacs, or glands, researchers have turned to syn-
thetic biology methods for the efficient production of recombinant spi-
der silk proteins.

Genetic engineering technology has been applied to different hosts,
such as bacteria [31,67-69], Yeast [1,70], Insects [71-78] or mamma-
lian cell [79-83], and genetically modified plants (such as tobacco,
potatoes, rice, or corn) [77,84-85] can express recombinant spider silk
proteins.As early as 1995, Prince et al. successfully expressed the
dragline silk protein gene from Nephila clavipes in Escherichia coli and
validated its characterization and p-sheet structure [86]. However, this
system suffers from low yield and is prone to gene deletions,

transcription errors, and translation errors, all of which are attributed to
premature termination of the synthesis process [67,87]. In contrast, the
Pichia pastoris expression system has been demonstrated to produce
stable genes, achieving high yields, reduced truncation, and enabling
extracellular secretion, thus offering significant advantages [1,70].
Scheller et al. expressed high heat stable MaSp1 analogs in tobacco and
potatoes, demonstrating that recombinant MaSp can be produced in
plants [88-90]. In addition, the principle of protein targeting and post-
translational protein fusion technology are also employed to solve the
genetic and transcriptional instability problems caused by high repeat-
ability of spider silk sequences, thereby increasing spider silk protein
production [91-94]. The mammalian cell expression system is capable
of promoting the correct folding and assembly of proteins. Specifically,
bovine mammary epithelial alveolar cells, goat mammary cells, and
hamster kidneys have all been successfully utilized to express spider silk
protein genes, including MaSp1, MaSp2, and ADF-3 [79-83] (Fig. 2).
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5. Application of recombinant spider silk protein fibers

Biotechnology-generated recombinant spider silk proteins exhibit
the capability to modulate their properties via both chemical and ge-
netic modifications, as demonstrated by Aigner et al. [95]. For instance,
incorporating functional peptides, notably the RGD sequence (consisting
of arginine, glycine, and aspartic acid), significantly enhances the
interaction between cells and silk proteins, regulating cell signaling,
migration, differentiation, and cell movement [96,97]. Combining
different amino acid sequences, such as replacing glutamic acid residues
in the core domain repeat unit with lysine, can generate positively
charged eADF4(C16) variants, improving cell adhesion [9,98]. Conse-
quently, spider silk-based materials exhibit immense potential for ap-
plications in the burgeoning biomedical sector. Here, we will focus on
the research status and application prospects of spider silk based ma-
terials from two aspects: tissue engineering and drug delivery carriers.

5.1. Tissue engineering

Tissue Engineering (TE) is a technique that combines cells with
biocompatible, biodegradable, and absorbable biomaterials (scaffolds)
and implants them into damaged tissues or organs of the body, in order
to achieve the goal of repairing wounds and rebuilding function [99]. As
a key component of TE, scaffolds are commonly used for functional
reconstruction of defective tissues or damaged organs. This requires
scaffold materials to have corresponding mechanical strength, be
modifiable into different forms and structures, and provide sufficient
space for material information exchange between tissues and cells
[100]. In addition, the scaffolds should have good biocompatibility to
reduce inflammation and cytotoxicity [101,102]. Currently, the extra-
cellular matrix (ECM), which is secreted by tissues or organs, serves as a
widely utilized natural scaffold material. ECM maintains a ‘dynamic
reciprocal’ state with adhering cells and provides both biochemical and
physical connections for newly formed cells and tissues [103-106].
Alginate [107,108], as well as natural polymers such as cellulose [109]
and chitosan [110] have also been extensively studied for specific bio-
logical and mechanical functions. Additionally, synthetic polymers,
including polylactic acid (PLA), polyurethane (PU), poly(lactide-co-
glycolide) (PLGA), and polycaprolactones (PCL), exhibit excellent
properties and degradation rates, and have been widely used in TE
[111]. However, despite their advantages, both natural and synthetic
polymers possess limitations that hinder their widespread clinical
application. Natural polymers are expensive to produce and exhibit
unstable mechanical properties. In contrast, synthetic polymers are less
expensive to produce but often lack the biocompatibility necessary for
tissue engineering applications. Therefore, extensive and in-depth
research is still needed to optimize the synthesis process of polylactic
acid-hydroxyl acetate copolymers (PLGA) as well as the precise control
of their degradation rate [112]. Therefore, researchers have been
dedicated to exploring a biomaterial that combines the advantages of
natural and synthetic polymer materials over the past few decades.

5.1.1. Vascularization

Spider silk protein, renowned for its exceptional mechanical prop-
erties and biocompatibility, holds immense potential as an innovative
biological scaffold material. Recombinant spider silk fibroin scaffolds
have been shown to effectively induce endogenous angiogenesis via the
arteriovenous (AV) loop mechanism, a process that facilitates blood
vessel formation [113]. In addition, Sun et al. employed electrospinning
technology to create spider silk protein scaffolds, subsequently
implanting endothelial cells (ECs) and smooth muscle cells (SMCs) into
their respective inner and outer layers, thereby constructing vascular
grafts, which were then cultured in a dynamic bioreactor system. Dy-
namic cultivation of spider silk protein scaffolds results in denser cell
growth and increased infiltration; it also maintains mechanical proper-
ties, including ultimate tensile stress (3.2 + 0.33 MPa), Young’s
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modulus (2.5 + 1.7 MPa), and average rupture strength (1996 + 168
mmHg), which are comparable to those of native blood vessels. This may
be due to the fact that dynamic cultivation provides the necessary nu-
trients for cell growth through circulation and dilutes toxic cellular
metabolites such as NH and lactate. After transplanting the graft into
rats and culturing it for 9 weeks, it was difficult to distinguish between
the graft and the rat’s own artery, and no significant bleeding was
observed at the anastomosis site. The number of macrophages and in-
flammatory cytokines also decreased with culture time [114]. The
encouraging results presented herein underscore the potential of spider
silk protein biomaterials in TE, paving the way for further research into
optimizing their use in various tissue engineering applications. This type
of biomaterial and bioreactor, which can passively transport body fluids,
is beneficial for metabolism and enhances tissue regeneration. It also
provides an optimized solution for directional electrospinning scaffold
technology in tissue engineering [115].

5.1.2. Cardiac tissue engineering

The material made from recombinant spider silk protein has been
conclusively proven to be suitable for cardiac tissue engineering. During
the interaction between primary rat cells and recombinant spider silk
protein eADF4 (x 16) membrane, eADF4 (x 16) membrane exhibits good
adhesion properties to the most important cell types in cardiac tissue
engineering (cardiomyocytes, which are the main muscle cells of the
heart; endothelial cells, lining the interior surface of blood vessels; fi-
broblasts, producing collagen and other structural proteins; and smooth
muscle cells, contributing to the contractility of vessels and organs)
[66,116]. In addition, cardiomyocytes grown on eADF4 (x 16) mem-
brane have appropriate responses to extracellular stimuli and exhibit
appropriate excitation propagation. These results indicate that eADF4 (x
16) membrane is a promising new material for cardiac tissue engineer-
ing [117]. The eADF4 variant prepared by Esser et al. based on eADF4 (x
16) also has high biocompatibility and does not cause non-specific im-
mune responses [118]. On membranes made from eADF4 variants,
human induced pluripotent stem cells (hiPSC) cardiomyocytes can
effectively attach, diffuse, contract, and respond to drug therapy.
However, selective cell behavior is observed on membranes made from
different spider silk variants, underscoring the need for further investi-
gation into the underlying mechanisms governing this phenomenon and
the identification of suitable application scenarios tailored to each
variant [119]. Future studies should focus on elucidating the molecular
interactions between spider silk variants and various cardiac cell types,
as well as evaluating the long-term functionality and stability of these
membranes in preclinical models.

5.1.3. Bone regeneration

Bones consist of a blend of primarily inorganic materials, namely
calcium phosphate, and organic materials, predominantly collagen.
Many different materials and methods have been used in the develop-
ment of bone tissue scaffolds [120]. Titanium metal [121,122], ceramics
[123], polyetheretherketone [124], and other materials have been used
to manufacture components in bone tissue, but these materials may
cause issues such as body inflammation, metal sensitivity, and toxicity
[120]. To mitigate these concerns, research has shifted towards the
development of biodegradable composite biomaterials for bone tissue
scaffolds. Therefore, developing a biodegradable composite biomaterial
as a bone tissue scaffold has become a current research hotspot. Scaf-
folds based on poly (butylene terephthalate) (PBT) or poly (butyl tere-
phthalate-co-poly (alkylene glycol) terephthalate) (PBTAT) have been
shown to enhance bone growth through their favorable surface prop-
erties and biodegradability, making them suitable substrates for the in
vitro attachment and proliferation of chondrocytes, mammalian skeletal
muscle cells, and human mesenchymal stem cells [125,126]. On the film
prepared by recombinant spider silk protein eADF4 (C16) and PBT or
PBTAT composite polymer solution, the adhesion level of fibroblasts is
higher than that of eADF4 (C16) membrane alone, which increases the



S. Hu et al.

alkaline phosphatase activity of human mesenchymal stem -cells
cultured on the matrix, indicating that the composite material of eADF4
(C16) and PBT or PBTAT has certain potential in bone tissue engineering
[120].

Building upon these findings, silk-based fusion proteins have been
further explored for their potential in enhancing osteogenic differenti-
ation. The hydroxyapatite binding domain, VTKHLNQISQSY (abbrevi-
ated as VTK), plays a pivotal role in inducing biomineralization. Dinjaski
et al. (2017) fused the VTK domain to the N-terminus, C-terminus, or
both ends of spider silk protein and discovered that when the VTK
domain binds to both termini, the formation of crystalline hydroxyap-
atite significantly increases. Furthermore, all membrane forms of the
resulting recombinant proteins supported the growth, proliferation, and
differentiation of human mesenchymal stem cells (hMSCs) [127].
Analogously, silk-silica fusion proteins have been shown to support the
growth and osteogenic differentiation of hMSCs, exhibiting an increase
rate of osteogenic differentiation up to 85 % [128].

5.1.4. Wound healing and skin regeneration

In recent years, spider silk has also been explored for applications in
skin regeneration and wound healing. Researchers have constructed
epidermal skin using natural or recombinant spider silk proteins as a
platform to support cell encapsulation and co-culture [129]. For
example, natural spider silk has been shown to promote the release of
inflammatory cytokines in full-thickness skin wounds in ovine. This was
observed in experiments conducted in ovine, where single capillaries
were seen to grow inward between spider silk fibers, forming new blood
vessels, which play an important role in wound healing [130]. Primary
human urethral epithelial cells (HUCs) can adhere, survive, and prolif-
erate on spider silk without significantly altering their cellular charac-
teristics, indicating that spider silk fibers are potential biomaterials for
bladder reconstruction. Furthermore, studies have demonstrated that
primary human urethral epithelial cells (HUCs) can adhere, survive, and
proliferate on spider silk without significantly altering their cellular
characteristics, suggesting spider silk fibers as potential biomaterials for
bladder reconstruction [131].

Previous experiments have demonstrated that the Anthraea assama
silk fibroin protein (AaSF) functionalized with recombinant spider silk
fusion protein FN-4RepCT (FN-4RC) can enhance the adhesion,
viability, and proliferation of various cell types, including dermal fi-
broblasts and endothelial cells, under in vitro conditions. This
enhancement was achieved using freeze-dried microporous scaffolds
[132]. When studying the efficacy of cell-free silk grafts in treating full-
thickness wounds, Chouhan’s team implanted the scaffold (coated with
FN-4RC) in a rat burn model in vivo. After 14 days of treatment, the
AaSF stent coated with FN-4RC promoted wound healing and showed a
trend towards vascularization and epithelial reformation [133]. At the
same time, the team also used two different types of recombinant spider
silk proteins to coat AaSF nanofiber mats: FN-4RepCT (containing cell
binding motifs derived from fibronectin) and Lac-4RepCT (containing
cationic antimicrobial peptides derived from lactoferrin), and prepared
them as wound dressings. Through the in vivo study of diabetes animal
models, the results showed that the wounds with double coating (AaSF-
FN-Lac) dressings healed fastest and completely within 12-14 days. The
single coating (AaSF-FN and AaSF-Lac) dressings still had 15-18 % of
the remaining wound area on the 12th day, significantly less than the
uncoated (AaSF: 24 + 2.09 %) dressings and the control groups (69 +
6.45 % and 88 + 6.39 %, respectively) [134]. The spider silk coating on
silk fibroin protein enhances the healing effect by providing additional
biological activity of fibronectin (FN) and lactoferrin (Lac). In conclu-
sion, the spider silk coating on AaSF not only promotes wound healing
but also enhances angiogenesis and epithelial formation, highlighting its
great potential for skin repair applications [133,134].

5.1.5. Peripheral nerve repair
Peripheral nerve injuries (PNIs), which can significantly impact
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patients’ quality of life, have long been a challenge in regenerative
medicine. Despite advances in surgical techniques and physical thera-
pies, effective methods to promote axonal regeneration and restore
nerve function remain elusive [135,136]. The commonly used method
currently is to use physical therapy measures such as surgery to facilitate
direct repair of autologous nerve grafts. However, this method is limited
to short-segment injuries, and factors such as the type of nerve, prox-
imity to the damaged area, and age at the time of injury can all affect the
regenerative ability of the injured nerve [137,138]. Another important
treatment strategy is to implant biodegradable and biocompatible arti-
ficial neural conduits to help axons extend from the proximal end to the
distal stump [9,139]. In nerve regeneration, Schwann cells (SC) guide
axonal regeneration by secreting neurotrophic factors. In previous
studies by Allmelling et al., it has been confirmed that spider silk fibers
can promote SC adhesion and proliferation [140-142]. In subsequent
experiments, researchers inserted homologous vein and spider silk vein
filled grafts into the sciatic nerve space of rats. Histological analysis
showed that although the walls of all catheters were penetrated by
neovascularization, the sciatic nerve regeneration was good in the group
treated with homologous veins or spider silk, with nerve fibers, nerve
outer membranes, and nerve bundle sheaths at the distal end, exhibiting
typical wave patterns of healthy nerves, while the control group trans-
planted with only homologous veins and matrix gel was filled with
extensive void areas [143]. This study underscores the feasibility of
spider silk fibers as promising guiding materials for peripheral nerve
regeneration, not only as an ideal internal structure for nerve regener-
ation but also as a supportive matrix for axonal growth and SC migration
[144,145].

On the other hand, Radtke et al. used decellularized vein grafts filled
with spider silk fibers as guiding materials to bridge a 6.0 cm tibial nerve
defect in adult sheep [146]. Four months post-surgery, the sheep
implanted with spider silk fibers demonstrated the ability to walk in a
coordinated and upright manner, utilizing both hind limbs effectively.
During the subsequent 10-month observation period, histological anal-
ysis of the transverse sections of the transplanted autologous nerve and
spider silk implants revealed that the axons were longitudinally ar-
ranged at the site of regenerative injury, followed by the formation of
myelin sheath. The spider silk slowly degraded in the body without any
signs of inflammation [146]. Kornfeld et al. detailed the axonal regen-
eration process at the site of implantation of spider silk nerve constructs
in a 6.0 cm tibial nerve defect in adult sheep (Ovis orientalis aries). From
the initial 20 days post-implantation, initial contact between axon
structures and spider silk fibers was visibly observed. 90 days after im-
plantation, nerve regeneration at the proximal end of the spider silk
nerve structure was almost completely completed. This finding further
demonstrates that spider silk nerve conduits exhibit comparable effects
to autologous nerve grafts in facilitating nerve regeneration [147].

Previous experiments have fully demonstrated the important role of
spider silk fiber conduits in nerve repair [140-143,146,147]. On this
basis, Kornfeld and Radtke transplanted spider silk nerve conduits,
inoculated with Schwann cells (SCs), into injury sites of varying lengths
(4.0 cm, 10.0 cm, and 15.0 cm) in a rat model, to further investigate the
repair efficacy of these conduits in addressing nerve injuries of differing
severities. After 7 and 21 days of cultivation, live SCs were detected in
catheters of different lengths, and on day 21, the arithmetic mean pro-
liferation index of SCs reached 49.42 %. This indicates that spider silk
nerve conduits provide a favorable environment for SC attachment,
proliferation, and distribution at a distance of at least 15.0 cm in vitro,
making them a highly suitable biomaterial for nerve reconstruction
[148]. Semmler et al. [149] designed a new silk conduit, utilizing a tube
wall composed of silkworm silk fibroin protein and filled with traction
silk fibers from Triconcephala edulis. This composite material combines
the processability of silk fibroin with the cell adhesion properties of
traction silk, enhancing the regenerative potential of silk fiber nerve
conduits and offering a promising autologous transplantation option for
peripheral nerve injury rehabilitation [149] (Fig. 3).
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applications in tissue engineering [66,116].
5.2. Drug delivery

In recent years, silk fibroin, derived from both silkworms and spi-
ders, has gradually emerged as a popular research focus for drug de-
livery carriers [150-152]. The Drug Delivery System (DDS) can not only
target the release of drugs [153], but also minimize side effects and
improve drug efficacy [154-156]. For example, a targeted delivery
system based on silk fibroin nanoparticles (SFNP) can be used to load the
cell growth inhibitor compound Gemcitabine (Gem) for the treatment of
lung tumor induced mice [157]. Spider silk protein possesses various
favorable attributes, including high biocompatibility, mechanical
strength, and biodegradability [9,158-160]. However, its unique elas-
ticity and slower degradation rate differ from those of silk [161]. And
spider silk protein has good adjustability and is easy to chemically
modify [153,162]. The genetic modification through the recombinant
production process of spider silk protein has broad application prospects
in cancer treatment and other fields [16,164].

The previously constructed recombinant engineered spider silk
protein eADF4 (C16) can self-assemble into nanofibers in phosphate
solution [165-167].Furthermore, it can form stable microspheres,
enriched in beta sheets, as drug carriers in potassium phosphate solu-
tions of high concentration (>400 mM) [150,158,168]. The mechanism
of loading and releasing drugs is as follows: (1) Drug molecules are
attracted to eADF4 (C16) particles via electrostatic interactions. (2)
Once the surface of the particles becomes saturated, low molecular
weight drugs begin to diffuse into the biopolymer matrix. Following
loading and incubation in the release medium, the drug molecules are
driven by concentration gradients towards the surface of the particles.
Over time, the drug molecules gradually release, forming a stable release
rate [158]. During this process, the efficiency of loading or releasing
drugs onto eADF4 (C16) drug carriers is influenced by pH [158,169].
VThe efficiency of drug loading and release onto eADF4 (C16) drug
carriers is influenced by various factors, including cross-linked proteins
[167] and solvents [171,172]. For example, Herold et al. (2020) pre-
pared a pH-sensitive carrier responsive system by coupling para-dime-
thylaminobenzaldehyde (DMAB) with hydrazine-modified eADF4 (C16)
protein. With the acidification of the carrier environment, drugs can be
slowly and continuously released from the corresponding carrier,
maintaining a continuous supply of drugs [164]. The recombinant
spider-eggcase-silk spheres designed through genetic engineering not
only release drugs faster in acidic (pH = 4.5) environments, but also
have a cumulative drug release of approximately 4.5 times that of pH 7.4

after 96 h. Furthermore, these spheres exhibit good control over drug
loading in neutral PBS solutions, optimizing electrostatic interactions
potentially suitable for lysosomal drug delivery [169]. In the past, spider
silk films prepared from organic solvents such as hexafluoro-2-propanol
required additional processing through phosphate ion or alcohol treat-
ment to increase their f-folding content [173,174]. In addition to these
advancements, novel film casting processes have been developed to
streamline the fabrication process. The all aqueous film casting process
developed by the Agostini team can effectively simplify this process and
avoid damage from organic solvents to therapeutic protein drugs [175].
Diverse adapter designs facilitate the binding of recombinant spider silk
protein carriers to specific enzymes or antigens [176]. Consequently,
targeted drug delivery becomes achievable. These research results all
indicate that the recombinant spider silk protein carrier drug delivery
system has significant potential in improving therapeutic efficacy,
enhancing drug resistance, and reducing adverse reactions. Continuing
to optimize the design of carriers is expected to achieve more precise,
efficient, and safe drug delivery in vaccine development, cancer treat-
ment, and the treatment of various other diseases [98,177-179].

5.3. Other fields

Over the past thirty years, three-dimensional (3D) printing technol-
ogy has achieved many significant breakthroughs in aerospace, food
industry, and manufacturing sectors. At the same time, the potential
applications of this technology in the field of biomedical engineering
have gradually gained the attention of numerous researchers [180].
Collagen, silk fibroin, recombinant spider silk protein, and gelatin are
protein polymers that can be combined with other synthetic polymers to
prepare bio-inks for medical devices and tissue engineering [181-183].
The recombinant spider silk protein eADF 4 (C16) can self-assemble to
form a hydrogel containing BALB/3T3 mouse fibroblasts for 3D bio-
printing (3DBP), which is a reported bioink [184,185]. To reduce the
probability of cell death during the encapsulation process, DeSimone
et al. integrated the -RGD sequence onto the eADF4(C16) protein. The
synthesized eADF4(C16)-RGD protein not only significantly enhances
the proliferation and diffusion of BALB/3T3 cells but also exhibits higher
long-term stability compared to most other bio-inks [186].

Inspired by the excellent mechanical properties of spider silk,
Kuhbier et al. also prepared natural spider silk into microsurgical su-
tures, which have a maximum load and tensile strength that are signif-
icantly more than twice that of nylon sutures. These can be applied to
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microsurgical nerve repair [187,188], flexor tendon repair [189], or the
beauty industry [190].When orb-weaving spiders capture flying prey,
they rotate their webs to counteract the mechanical energy produced by
the flight. The realization of this function highly depends on the unique
combination of tensile strength and elasticity of the spider silk, which
can be utilized as structural materials for high-speed industries or for
bulletproof vests, bulletproof vehicles, etc. [191,192]. Green optical
waveguides prepared using recombinant spider silk protein eADF4(C16)
as the cladding material can enhance the durable adhesion between the
cellulose core and the spider silk cladding, possessing excellent me-
chanical and optical propagation properties. Their future application
prospects in biomedical optical imaging and therapy are broad
[193,194].

6. Conclusion

This study delves into the structure-activity relationship between
spider silk protein motifs and mechanical properties, based on a sys-
tematic perspective of the structure-production-application. It innova-
tively integrates a multi-host expression system, including CRISPR
technology-optimized transgenic plants and mammalian cells, with
biomimetic spinning technology involving liquid crystal theory and
liquid-liquid phase separation principles; it also demonstrates the
cutting-edge application potential of spider silk materials in the fields of
tissue engineering, targeted therapy, and emerging technologies.
Furthermore, this study presents unique insights into the regulation of
degradation rates, clinical translation pathways, and the expansion of
environmental and military applications. It provides a systematic
framework with scientific depth and engineering guidance value for the
field of spider silk research.

Over the past decades, spider silk has garnered significant research
attention owing to its exceptional mechanical properties, biodegrad-
ability, and biocompatibility. Spider silk, which participates in a range
of physiological activities, serves as a crucial survival tool for spiders
[19,20]. But spiders are aggressive, and if kept in limited space, they
often kill each other. Therefore, researchers used various heterologous
expression systems such as bacteria, plants, yeast, mammalian cell lines,
and insects to produce recombinant spider silk proteins [1,70,195-197].
Although heterologous expression systems have made some progress in
producing recombinant spider silk proteins, the cost is still relatively
high compared to traditional synthetic polymers. Researchers are
working hard to reduce production costs and improve expression effi-
ciency by improving culture media, optimizing viral vectors, or using
gene editing techniques such as CRISPR/Cas9 [72,75,76].

Currently, recombinant spider silk protein has emerged as a versatile
material for developing novel biomaterials, encompassing high-strength
fibers [198], bioadhesives [199], bioinks [200-202], and tissue engi-
neering scaffolds [113]. These biomaterials exhibit promising potential
across diverse applications, including advanced wound dressings, or-
thopedic implants for bone regeneration, and innovative strategies in
cancer treatment [118-120,132-134,140-147]. Nonetheless, despite
their remarkable strength and resilience, the artificial fibers face chal-
lenges in fully mimicking the intricate hierarchical architecture inherent
in natural spider silk. Hence, in comparison to natural spider silk, arti-
ficial fibers exhibit a notable disparity in mechanical properties
[161,198].

The application of spider silk biomaterials has been widely studied.
When scaffold materials comprised of either natural or recombinant
spider silk fibers are implanted into animals, the subsequent release of
inflammatory cytokines has been observed, which not only promotes
angiogenesis, nerve repair, and wound healing [130], but also renders
them the material of choice for the construction of artificial skin, liga-
ments, tendons, bones, and various other tissues. In addition, the by-
products produced during the degradation process of spider silk are
harmless and can be recognized and cleared by the immune system and
its related cells [9]. Sutures fabricated utilizing this property undergo
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gradual degradation post-surgery, thereby minimizing the necessity for
secondary procedures and mitigating the risk of infection. Moreover,
spider silk fibers boast a slow degradation rate, enabling them to
maintain mechanical stability for extended periods under physiological
conditions. This characteristic is particularly advantageous in drug de-
livery systems [150,164], as it ensures sustained release of therapeutic
agents.

7. Future prospects of spider silk applications

Spider silk biomaterials still face several challenges in their wide-
spread application in practical fields, despite exhibiting many
outstanding characteristics. Firstly, the relatively high production cost
of spider silk protein somewhat restricts its extensive application in the
medical field. Scientists have achieved recombinant expression of spider
silk protein through genetic engineering techniques, but production
efficiency still requires further improvement [77-88]. Secondly, the
fibrillation process of spider silk protein is relatively complex, necessi-
tating stringent control of conditions to achieve the desired fiber
structure and performance [24,63-65]. Although spider silk bio-
materials demonstrate excellent performance in vitro experiments, in
vivo studies on spider silk materials are currently limited, and how to
transform them into clinically available products still requires extensive
research by researchers. Researchers need to strive for sustainable pro-
duction of spider silk fibers through genetic engineering and biosyn-
thetic methods. Simultaneously, initiating further clinical trials is
crucial to better utilize these materials in the biomedical field, ensuring
their future success. Moreover, ensuring the in vivo safety and efficacy of
spider silk materials remains a vital direction for future research.

The continuous development of genetic engineering, materials sci-
ence, and biomedical technology, will further broaden the application
prospects of spider silk biomaterials. Scientists will continue to develop
more efficient and cost-effective production techniques for spider silk
protein and optimize fibrillation processes. To make a greater contri-
bution to human health, conducting thorough research on the biocom-
patibility and immunogenicity of spider silk protein will facilitate its
extensive application in the medical field. Furthermore, the potential
applications of spider silk biomaterials in environmental protection,
textiles, and military fields warrant further investigation and
development.
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