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Abstract: Silk fibroin (SF) as a natural biopolymer has become a popular material for biomedical applications due to its 
minimal immunogenicity, tunable biodegradability, and high biocompatibility. Nowadays, various techniques have been 
developed for the applications of SF in bioengineering. Most of the literature reviews focus on the SF-based biomaterials and 
their different forms of applications such as films, hydrogels, and scaffolds. SF is also valuable as a coating on other substrate 
materials for biomedicine; however, there are few reviews related to SF-coated biomaterials. Thus, in this review, we focused on 
the surface modification of biomaterials using SF coatings, demonstrated their various preparation methods on substrate 
materials, and introduced the latest procedures. The diverse applications of SF coatings for biomedicine are discussed, including 
bone, ligament, skin, mucosa, and nerve regeneration, and dental implant surface modification. SF coating is conducive to 
inducing cell adhesion and migration, promoting hydroxyapatite (HA) deposition and matrix mineralization, and inhibiting the 
Notch signaling pathway, making it a promising strategy for bone regeneration. In addition, SF-coated composite scaffolds 
can be considered prospective candidates for ligament regeneration after injury. SF coating has been proven to enhance the 
mechanical properties of the substrate material, and render integral stability to the dressing material during the regeneration of 
skin and mucosa. Moreover, SF coating is a potential strategy to accelerate nerve regeneration due to its dielectric properties, 
mechanical flexibility, and angiogenesis promotion effect. In addition, SF coating is an effective and popular means for dental 
implant surface modification to promote osteogenesis around implants made of different materials. Thus, this review can be of 
great benefit for further improvements in SF-coated biomaterials, and will undoubtedly contribute to clinical transformation in 
the future.
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1 Introduction 

Silk fibroin (SF) is a natural polymeric protein 
mainly derived from the cocoons of Bombyx mori. 
This protein has been widely applied in conventionally 
fabricated films, hydrogels, and scaffolds (Kumar and 
Singh, 2017). In essence, SF is a high-molecular 
weight protein complex comprising heavy chain (about 
325 kDa) and light chain (about 25 kDa) that are held 
together with a disulfide bond at the C-terminus, en‐
capsulating a glycoprotein (Lujerdean et al., 2022). 

The heavy chain is the major component of SF pro‐
tein consisting of 12 hydrophobic crystallizable do‐
mains and 11 hydrophilic amorphous domains. The 
amino acid sequence of the heavy chain consists of re‐
petitive Gly–Ala/Ser/Tyr dipeptides and hydrophobic 
blocks, packing into crystalline β-sheet domains, which 
are stabilized by inter-strand hydrogen bonding (Wenk 
et al., 2011). SF can self-assemble into larger fibrous 
structures by reforming the weak hydrogen bonds 
(Melke et al., 2016); this intramolecular fibroin self-
assembly leads to strong physical interactions, which 
are responsible for the excellent mechanical proper‐
ties of SF (Yucel et al., 2014). In addition to its great 
mechanical properties, silkworm SF has been proved 
to be highly biocompatible both in vitro and in vivo 
(dal Prà et al., 2004). Meanwhile, SF is susceptible to 
proteolytic degradation by various enzymes, and the 
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resulting amino acids can be absorbed, which is favor‐
able in biomedical applications (Melke et al., 2016). 
The SF coating is known to improve the hydrophilicity 
and chemical activity of the substrate material with 
minimal immunogenicity, thereby increasing its bio‐
compatibility. The porosity of SF favors cell adhesion 
and induces cell migration into the substrate material 
pores, promoting wound healing, angiogenesis, and 
osteogenesis. Moreover, the SF coating enhances the 
corrosion resistance of metallic materials, owing to 
the better preservation of the conformation of β-sheet 
filaments and the ion-induced structural transition 
from random loops to Type I α-helices (Yang et al., 
2015). Additionally, SF coatings can load other com‐
ponents onto the surface of the substrate material to 
increase its performance (Elia et al., 2015; Rnjak-
Kovacina et al., 2015; Saha et al., 2019). The crystal‐
lizable domains provide a major control point for 
SF coatings. By manipulating the crystal form and 
content of these domains, the properties of SF-coated 
biomaterials may be controlled (Yucel et al., 2014). 
Thus, SF has significant advantages as a coating mater‑
ial for biomedical applications because it exhibits 
several desirable properties, such as slow degrad‐
ability, remarkable mechanical strength and thermal 
stability, versatility in processing, and easy modifi‐
cation (Šišková et al., 2021).

In the past few years, SF-coated biomaterials 
have attracted increasing attention. By compiling the 
statistics of the articles searched from the PubMed 
database (https://pubmed.ncbi.nlm.nih.gov) using the 
keywords of “silk fibroin coating” and “biomateri‐
als,” it was found that the first report appeared in 
2003, and the annual number of publications was less 
than 10 before 2012. The number increased continu‐
ally after 2012 and reached 30 in 2021 (Fig. 1). This 
trend indicates that SF-coated biomaterials are becom‐
ing more popular in the field of biomedicine. Indeed, 
many recent studies have focused on applying SF 
coatings in bone, ligament, skin, mucosa, and nerve 
regeneration, and dental implant surface modifica‐
tion. In this review, we searched the databases of 
PubMed, Embase (https://www.embase.com), and 
Web of Science (https://www.webofscience.com) from 
Jan. 2016 to Oct. 2022 to identify eligible studies us‐
ing the keywords “silk fibroin,” “coating,” and “bio‐
material.” Literature that used SF as a substrate ma‐
terial or blends rather than as a coating was excluded. 
The publication language was limited to English only. 
As shown in Table 1, we summarized 31 studies 
on SF coatings conducted over the past six years. 
It can be seen that SF coatings have been applied 
in several kinds of materials (metals and polymers 
usually) through different methods, such as dipping, 

Fig. 1  Annual publications on SF-coated biomaterials since Jan. 1, 2003 to Dec. 31, 2022, with PubMed as the search 
engine and “silk fibroin coating” and “biomaterials” as the search terms.
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Table 1  Coating composition, substrate material type, modification method, animal model, and application in studies on 

SF coatings

Coating 
composition

SF

SF
SF
SF

SF
SF
SF
SF

SF
SF

SF

SF

SF and TiO2 
nanotubes

SF, polyglutamate, 
and polylysine

SF and heparin 
disaccharide

SF and gentamicin

SF and polypyrrole

SF and polyethylene 
oxide

SF and peptide
SF, HA, and a 

natural oxide
SF and peptide
SF and peptide
SF, fluoride, and 

silk-phytic acid
SF, fluoride, and 

K3PO4

SF, fluoride, Ca, 
and Sr/P

SF, AgNPs, and 
gentamicin

SF and tibolone

SF and VEGF

SF, EDC, and NHS
SF and DOPA

SF and PEI

Substrate 
material type

Metal

Metal
Metal
Polymer

Polymer
Polymer
Polymer
Polymer

HAM
SIS

PULL 
microcarrier

Metal

Metal

Cell surface

Polymer

Metal

Polymer

Polymer

Metal
Metal

Metal
Polymer
Metal

Metal

Metal

Metal

Metal

Polymer

Polymer
Ceramic 

scaffold
Cellulose 

nanofibrous

Modification 
method

Dip coating

Dip coating
Dip coating
Dip coating

Dip coating
Dip coating
Dip coating
Electrospinning

Electrospinning
LBL assembly

Reductive 
amination

EPD

EPD

LBL electrostatic 
deposition

LBL assembly

LBL assembly

Electrospinning

Electrospinning

Spin coating
Spin coating

Spin coating
Spin coating
Spin coating

Spin coating

Spin coating

Dip coating

Dip coating

Dip coating

Dip coating
Dip coating

Dip coating

Animal model

Bone-defect diabetic 
sheep model

NA
NA
NA

NA
NA
NA
NA

NA
Subcutaneous-implantation 

rat model
NA

NA

NA

NA

Subcutaneous-implantation 
rat model

NA

Sciatic nerve-dissected 
rat model

NA

NA
NA

NA
NA
NA

NA

NA

Bone-defect rabbit model

Osteoporotic rat model

ACL-reconstruction 
rabbit model

NA
NA

NA

Application

Biomedical implants

Bone regeneration
Bioresorbable stent
Breast prosthesis 

implantation
Nerve regeneration
Bone regeneration
Ligament regeneration
Breast prosthesis 

implantation
Skin regeneration
Skin, mucosa, and 

ligament regeneration
Bone regeneration

Dental implant surface 
modification

Dental implant surface 
modification

Cell therapies, 3D printing, 
and preservation

Wound healing

Dental implant surface 
modification

Nerve regeneration

Breast prosthesis 
implantation

Biomedical implants
Biomedical implants

Bone regeneration
Bone regeneration
Biomedical implants

Biomedical implants

Biomedical implants

Biomedical implants

Dental implant surface 
modification

Nerve regeneration

Bone regeneration
Bone regeneration

Tissue engineering

Reference

Ma et al., 2021

Watanabe et al., 2021
Xu et al., 2020
Joseph et al., 2021

Ziemba et al., 2020
Unalan et al., 2016
Jiang et al., 2016
Carrasco-Torres et al., 

2019
Arasteh et al., 2016
Bi et al., 2020

Aydogdu et al., 2016

Qu et al., 2019

Saha et al., 2019

Hasturk et al., 2020

Qian et al., 2018

Sharma et al., 2016

Sun BB et al., 2019

Valencia-Lazcano 
et al., 2018

Zhou et al., 2021
Rahman et al., 2021

Sun YM et al., 2019
Wang CY et al., 2018a
Xiong et al., 2019a

Xiong et al., 2019b

Xiong et al., 2018

Zhou et al., 2020

Barik et al., 2020

Ai et al., 2017

Yao et al., 2016
Wang et al., 2016

Ye et al., 2017

SF: silk fibroin; NA: not available; LBL: layer-by-layer; HAM: human amniotic membrane; SIS: small intestinal submucosa; PULL: pullulan; 
EPD: electrophoretic deposition; 3D: three-dimensional; HA: hydroxyapatite; AgNPs: silver nanoparticles; VEGF: vascular endothelial growth 
factor; ACL: anterior cruciate ligament; EDC: N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride; NHS: N-hydroxysuccinimide; 
DOPA: dopamine; PEI: polyethylenimine.
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spinning, electrospinning, layer-by-layer (LBL) assem‐
bly, and electrophoretic deposition (EPD) techniques, 
which are widely used in the field of biomedicine.

For application in bone regeneration, Wang et al. 
(2016) prepared a promising scaffold, wherein dopa‐
mine (DOPA) was introduced onto a strontium-doped 
calcium polyphosphate scaffold and subsequently mod‐
ified by SF. The resulting SF-coated scaffold pre‐
sented suitable biomechanical properties, angiogenesis-
stimulating ability, and biocompatibility. For the appli‐
cation of ligament regeneration, Jiang et al. (2016) 
coated polyethylene terephthalate (PET) ligaments 
with SF, which enhanced the “ligamentization” pro‐
cess in vivo. Ye et al. (2017) developed a membrane 
based on cellulose nanofibrous substrates that were 
modified with multiple layers of positively charged 
polyethylenimine (PEI) and negatively charged SF. 
The results of mouse lung fibroblast cell culture indi‐
cated that the PEI/SF-coated membrane supported the 
adherence and spreading of cells, which demon‐
strated that this new membrane may be an ideal sub‐
stitute for tissue engineering (Ye et al., 2017). More‐
over, Ziemba et al. (2020) provided a novel method to 
increase the neuroregenerative capacity of electros‐
pun scaffolds using thin-film SF coatings. In addition, 
Wang CY et al. (2018a) reported an osteopromotive 
polyetheretherketone (PEEK) implant coated with SF 
and bone-forming peptide, and their results showed 
that composite coatings can hasten the osteogenic dif‐
ferentiation and maturation of osteoblasts, suggesting 
the potential of SF coatings in orthopedics and dentistry.

Due to its tunable drug loading and release prop‐
erties, SF has been used as a carrier for bioactive drug 
delivery in several therapeutic applications (Bayraktar 
et al., 2005; Tan et al., 2019). Notably, SF coating acts 
as a carrier of antibiotics for drug delivery and con‐
trolled release, and enhances the anti-inflammatory 
and anti-infective properties of composites, which is 
beneficial for the application of biomaterials. However, 
designing coatings that can accurately control the drug 
release kinetics remains a major challenge. Cheng 
et al. (2020) proposed a simple assembly strategy for 
EPD polymer coatings to improve drug release, which 
could prevent infections around transdermal orthopedic 
percutaneous orthopedic implants. Furthermore, a two-
layer SF-coating system was constructed using sequen‐
tial EPD technology. Dissolved B. mori SF molecules 
and pre-made SF nanospheres were used as substrates 

and then covered by a top layer of Antheraea pernyi 
SF molecules that are rich in arginine to improve the 
cellular response of the two-layer coating. The results 
demonstrated that the dose and kinetics of the loaded 
drugs can be controlled quantitatively by nanoparticle 
concentration and deposition time as the main pro‐
cessing parameters (Cheng et al., 2021). Overall, the 
above results indicate the high utility of SF as a novel 
controlled-release coating material (Cao et al., 2017).

Based on these data, SF coatings have great po‐
tential for the surface modification of biomedical ma‐
terials. In this review, we demonstrated the isolation 
process of SF from B. mori cocoons, followed by the 
discussion of various methods for coating SF onto the 
substrate biomaterials. Furthermore, we reviewed the 
applications of SF coatings in biomaterial surface 
modification, which can be beneficial for the better 
transformation of SF coating into clinical practice 
(Fig. 2).

2 Preparation methods of SF coatings 

2.1 Isolation of SF from B. mori cocoons

SF-coating biomaterials are fabricated using re‐
generated SF solutions by dissolution in aqueous or 
organic solvents (Qu et al., 2019). Silk is mainly com‐
posed of two proteins, SF (fibrous protein) and sericin 
(globular protein) (Melke et al., 2016). It has been 
verified that sericin can facilitate the formation of 
β-sheet (hydrophobic region), with a strong affinity 
for adsorption proteins to induce the long-term recruit‐
ment of inflammatory cells (Zhang et al., 2021; Boni 
et al., 2022). Hence, the preparation of SF from silk 
requires a degumming process to remove the sericin, 
in order to decrease the undesired immune response. 
Due to its higher hydrophilicity compared to SF, seri‐
cin can be easily removed by boiling silk in alkaline 
solutions (Altman et al., 2003). This degumming step 
eliminates inflammatory reactions and enables suc‐
cessful cell culture and biomaterial implantation. Fur‐
ther processing through dissolution in aqueous so‐
lutions or other solvents permits the production of 
regenerated SF (Yucel et al., 2014). A common method 
to isolate SF from B. mori cocoons and the way of 
SF coating facilitating bone regeneration are shown in 
Fig. 3. Nowadays, many researchers have improved 
and innovated ways of obtaining SF (Yamano et al., 

946



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2023 24(11):943-956    |

2022). A previous report presented silk powder fabri‐
cation from B. mori cocoons through cryogenic mill‐
ing, and the results indicated that silk powders re‐
tained the dominant β-sheet structure. This new milled 
form of silk can form coatings without using harsh 
solvents, making them more biologically friendly 
(Baranowska-Korczyc et al., 2021). Zhu et al. (2022) 
reviewed environmentally friendly and green degum‐
ming processes of silk, including enzymes, supercrit‐
ical CO2, acids, steaming, and ultrasonic degumming. 
The applications of such degumming techniques, 

however, still carry major challenges. At the same 
time, reducing production cost and lower environ‐
mental impact will be crucial factors in widening the 
applicability of this material.

2.2 Methods for coating SF onto substrate 
biomaterials

Several techniques are available for coating SF 
onto the substrate biomaterials, including dipping, 
spinning, electrospinning, LBL assembly, and EPD 
techniques (Table 1), with each process having its 

Fig. 2  The overview of application of SF coatings in the modification on biomaterial surface. B. mori: Bombyx mori; SF: 
silk fibroin.

Fig. 3  A common method to isolate SF from Bombyx mori cocoons and the way of SF coating facilitating bone regeneration. 
(a) A typical method isolates SF from B. mori cocoons. (b) SF coating facilitates bone regeneration by promoting matrix 
mineralization owing to the β-sheet domains that provide nucleation sites for the deposition of HA crystals. SF: silk 
fibroin; HA: hydroxyapatite.
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own advantages and drawbacks (Fan et al., 2018; 
Wang SG et al., 2018).

Although dip coating is a simple operation that 
can keep the active ingredient when the substrate ma‐
terial is a type of polymer, this method has several limi‐
tations, such as inadequate coating rate and the lack 
of precise control over the coating outcome (Barik 
et al., 2020; Ziemba et al., 2020; Joseph et al., 2021).

The traditional spinning technique is convenient 
for coating on metal substrates, particularly when other 
components are added to co-functionalize the sub‐
strates. Only a small amount of solution is required 
for spinning, the coating formation speed is higher 
compared to dip coating, and the fibrous structure is 
uniform. However, the strength and elasticity of the 
coating are lower than those of the electrospinning, 
and fiber breakage is common in the process, so that 
the continuity is relatively poor (Xiong et al., 2019b).

Electrospinning is a controllable process capable 
of spinning diverse materials to produce coatings with 
good uniformity, continuity, and porosity. SF coatings 
can be obtained as electrospun nanofibers through 
this technique (Valencia-Lazcano et al., 2018). How‐
ever, the influencing factors of the electrospinning 
technique are much more complicated than those of 
the traditional spinning method, and the formation pro‐
cess may be unstable. That is, many parameters could 
affect the morphology and properties of the electros‐
pun materials, including voltage, the distance between 
the spinneret and collector, the solution feed rate, the 
rotating speed of the drum collector, and ambient par‑
ameters such as temperature and humidity (Arasteh 
et al., 2016; Ojah et al., 2020).

Alternatively, SF molecules can be enriched 
on the biomaterial surface through hydrophobic–
hydrophobic interactions to form an LBL self-assembled 
coating (Qiao et al., 2017). SF coatings can resist en‐
zymatic hydrolysis, thereby defending the bioactivity 
of biomolecules and lengthening the residence time of 
the substrate materials. For example, Bi et al. (2020) 
observed that controlling the layer number (ten layers) 
of the SF-LBL coating provided a small intestinal sub‐
mucosa (SIS) membrane with tunable degradation and 
mechanical retention properties. The LBL technique 
is easy to operate but is time-consuming, and the 
bonding strength of the two layers has yet to be veri‐
fied (Hasturk et al., 2020).

EPD is advantageous for producing SF-coated 
biopolymers, because it homogeneously deposits SF 

on surfaces with complex geometries and efficiently 
controls the coating thickness and morphology (Luo 
et al., 2019). However, it may produce inner stress 
when preparing multilayer coatings; the coating pro‐
duced is relatively thick and the adhesion to the sub‐
strate material is rather poor, which makes it easy to 
peel off the coating (Qu et al., 2019; Saha et al., 2019).

In recent years, some scholars have proposed 
new methods of SF-coating preparation. For example, 
Arkhangelskiy et al. (2021) developed a versatile 
room-temperature process for the deposition of SF on 
different materials. The coatings of thin SF films were 
achieved using an atmospheric plasma torch and the 
aerosol solution of SF as working gas. This technique 
enhances the adhesion of the protein to the substrate 
and can even be deposited on non-planar and flexible 
substrates (Arkhangelskiy et al., 2021).

Based on the nature of the substrate materials 
and the applications of the products, it is necessary to 
try different preparation methods and either choose 
the best one or combine several techniques.

3 Applications of SF coatings 

SF has been used in bioengineering via various 
techniques when fabricated into films, hydrogels, and 
scaffolds (Ealla et al., 2022). Herein, we focused on 
the surface modification of biomaterials using SF 
coatings, and then discussed the diverse applications 
of SF coatings for biomedicine, including bone, liga‐
ment, skin, mucosa, and nerve regeneration, and den‐
tal implant surface modification (Fig. 4).

3.1 SF coatings for bone regeneration

Bones are rigid tissues composed of organic com‐
ponents (collagen), inorganic constituents (carbonated 
hydroxyapatite (HA)), non-collagenous proteins, and 
growth factors. Employing artificial methods is a prom‐
ising strategy for regenerating native bones. However, 
providing an appropriate bone extracellular matrix 
(ECM) that mimics the mechanical properties of nat‐
ural bones and the microenvironment of bone cells for 
bone regeneration in vivo remains challenging (Chen 
et al., 2017; Holzapfel et al., 2017).

SF have shown favorable effects on bone regen‐
eration, including biocompatibility, biodegradability, 
porosity, and ease of processability (Bharadwaz and 
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Jayasuriya, 2020). In bone regeneration, osteoprogeni‐
tor adhesion and mineralized matrix deposition on 
three-dimensional (3D) scaffolds are considered vital 
steps that the various properties of SF can promote 
(Midha et al., 2016). Sun YM et al. (2019) fabricated 
osteoid-like calcium titanate (CT) nanorods by ano‑
dization and a hydrothermal method. Subsequently, 
the functional fibroin and peptide layers on CT (PFCT) 
were used to provide binding sites and bioactive mole‐
cules for osteogenesis. These in vitro results suggested 
that PFCT can efficiently improve osteoblast adhe‐
sion, proliferation, and differentiation, making it a 
promising strategy for bone defect repair. For biomedi‐
cal implants, another research proposed that SF-coated 
titanium implants (STIs) can alleviate diabetes-induced 
compromised osteointegration (Ma XY et al., 2021). 
To confirm this hypothesis, Ma XY et al. (2021) 
performed an in vivo study on diabetic sheep with 
crista iliaca defect using TIs or STIs. It was demon‐
strated that the SF coating improved the clinical treat‐
ment effect of TIs under diabetic conditions, possibly 
via the suppression of the nuclear factor-κB (NF-κB) 
pathway.

Microcarrier systems provide a simple method 
for bone regeneration as an injectable cell carrier. 
In a recent study, pullulan (PULL) microspheres were 
prepared as cell carriers for repairing bone defects (Bi 
et al., 2020). Coating with SF and biomimetic miner‐
alization via incubation in simulated body fluid im‐
proved the cytocompatibility of PULL. As observed 

from the degradation analysis, SF-coated microspheres 
lost approximately 12% of their weight after 14 d, 
which indicated that the covalent bonding between SF 
and surface-oxidized PULL caused slower weight 
loss. Moreover, in vitro experiments with Saos-2 cells 
revealed that SF-coated PULL microspheres were bio‐
compatible for bone regeneration. The cell viability 
was higher on SF-coated microspheres on the 7th day, 
and alkaline phosphatase activity was also higher than 
that on uncoated ones under dynamic conditions, 
which was achieved by an orbital shaker platform ro‐
tating at 120 r/min in a CO2 incubator (Bi et al., 2020).

The characteristics of the biomaterial strongly in‐
fluence the behavior of adherent cells on its surface. 
In the case of bone tissues, cells attach to the ECM-
binding sites via integrins, which can mediate cell sig‐
naling and affect cell migration, proliferation, and dif‐
ferentiation. The porosity of SF favors cell adhesion 
and induces cell migration in the coating pores, thereby 
promoting osteogenesis. Midha et al. (2016) showed 
that human osteoblasts develop firm adhesions to SF 
films, and their in vitro study also reported cell adhe‐
sion, which was featured by extended filopodia and 
lamellipodia. As mentioned above, the stable β-sheets 
of SF proteins have amorphous links similar to the 
anionic nature of non-collagenous proteins, acting as 
nucleation sites for the deposition of HA-nanocrystals 
(Fig. 3b). Furthermore, SF downregulates the expres‐
sion of Hairy/enhancer of split (Hes) and Hes-related 
repressor protein (Hey) by inhibiting the Notch signaling 

Fig. 4  Diverse applications of silk fibroin (SF) coatings for biomedicine, including bone, ligament, skin, mucosa, and nerve 
regeneration, and dental implant surface modification.
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pathway, thereby activating Runt-related transcription 
factor 2 (Runx2) and promoting osteogenic differen‐
tiation (Sethi and Kang, 2012; Jung et al., 2013). In 
this way, type I collagen (Col I), alkaline phosphatase 
(ALP), osteocalcin (OCN), and osterix (OSX) expres‐
sion levels were upregulated (Fig. 5). In conclusion, 
due to their specific biomaterial characteristics, SF coat‐
ings facilitate bone regeneration by inducing cell ad‐
hesion and migration, promoting HA deposition and 
matrix mineralization, as well as inhibiting the Notch 
signaling pathway.

The addition of components other than SF can 
promote the osteogenic, antibacterial, or mechanical 
properties of the coated materials (Table 1). Specifi‐
cally, Sharma et al. (2016) fabricated antibiotic 
(gentamicin)-loaded SF nanoparticles and deposited 
them on a titanium surface for sustained drug release 
in vitro, and their results confirmed that SF-coated sur‐
faces were superior to bare titanium for osteoblast ad‐
hesion, proliferation, and differentiation. Barik et al. 
(2020) developed an SF-based localized drug delivery 
system on a titanium surface. Osteoporosis was artifi‐
cially induced in rats by bilateral ovariectomy, fol‐
lowed by the placement of implants, to evaluate 
the effect of localized delivery of tibolone via STIs. 
Tibolone released from SF-coated implants could sig‐
nificantly facilitate peri-implant bone growth (Barik 
et al., 2020).

Accordingly, SF coating is a promising candidate 
for bone regeneration because of its biocompatibility, 
biodegradability, and osteoinductivity, and the perfor‐
mance of the coated materials can be improved by 
adding components other than SF.

3.2 SF coatings for ligament regeneration

Ligaments are hypocellular connective tissues 
that resist tension and stabilize joints during move‐
ment. They are subject to high physiological loads, 
making them prone to injury. Conventional treatments 
through surgical repair and grafting are ineffective, 
with high rates of reinjury. Thus, ligament regenera‐
tion via artificial approaches is a promising strategy 
for healing after injury (Lim et al., 2019).

PET is commonly utilized in reconstructing the 
anterior cruciate ligament (ACL) due to its optimal 
mechanical behavior in vivo; however, the poor bio‐
compatibility and hydrophilicity of PET impede the 
“ligamentization” process. Thus, the surface modifica‐
tion of PET is considered suitable for ligament regen‐
eration. A study by Jiang et al. (2016) showed that 
mouse fibroblasts displayed better adhesion and pro‐
liferation on the SF-coated PET (PET+SF) ligament 
than on the PET ligament. Moreover, the amount of de‐
posited collagen on PET and PET+SF ligaments was 
determined at 1, 3, 5, and 7 d. The fibroblast cells of 
PET+SF ligament produced more collagen than those 
of PET ligament at the same time intervals (P<0.05). 
This indicated that the PET+SF ligament showed bet‐
ter biocompatibility and a higher quantity of collagen 
than the PET ligament. Based on these results, SF 
coating is recommended as an efficient strategy for 
PET ligament surface modification and the “ligamen‐
tization” process (Jiang et al., 2016).

The ultra-high-molecular-weight polyethylene 
(UHMWPE) has been a widely used material to pre‐
pare artificial ligaments in orthopedics due to its good 
mechanical properties and chemical stability. However, 
the wear particles of UHMWPE can induce postopera‐
tion osteolysis around the artificial ligament, and the 
lack of osseointegration may lead to a poor bone–graft 
healing interface. With the aim to overcome this pro‑
blem, Ai et al. (2017) loaded vascular endothelial 
growth factor (VEGF) and SF on the UHMWPE sur‐
face. The chromic acid-treated UHMWPE was placed 
in VEGF/SF-mixed solution to obtain the coating, 
and the resulting composite material was assessed 

Fig. 5  Silk fibroin downregulated the expression of Hes/
Hey protein by inhibiting the Notch signaling pathway, 
thereby activating Runx2 and promoting osteogenic 
differentiation, which led to the upregulation of the Col I, 
ALP, OCN, and OSX expression. Runx2: Runt-related 
transcription factor 2; NICD: Notch intracellular domain; 
Hes: Hairy/enhancer of split; Hey: Hes-related repressor 
protein; Col I: type I collagen; ALP: alkaline phosphatase; 
OCN: osteocalcin; OSX: osterix.
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using both in vitro and in vivo experiments. The find‐
ings showed that bone marrow mesenchymal stem 
cells cultured on the SF/VEGF-coated UHMWPE 
had better proliferation than the pristine UHMWPE 
when cultured for 3 and 7 d. Moreover, experiments 
with the ACL reconstruction rabbit model demon‐
strated that graft-bone healing could be significantly 
promoted in the SF/VEGF-coated UHMWPE group. 
This research highlighted that the SF coating plays 
an important role in the biological performance of 
UHMWPE and has great application potential in 
ACL reconstruction (Ai et al., 2017). Thus, new SF-
coated composite scaffolds can be considered as a 
prospective candidate for ligament regeneration in 
the future.

3.3 SF coatings for skin and mucosa regeneration

Achieving full-thickness wound healing with min‐
imal scarring and physiological restoration is difficult 
in clinical practice (Vig et al., 2017). SF coatings 
have been proven to enhance the mechanical proper‐
ties of substrate materials and render integral stability 
to the dressing material during the regeneration of skin 
and mucosa, thus giving time to infiltrate and synthe‐
size the surrounding tissue and ECM (Chouhan and 
Mandal, 2020).

Arasteh et al. (2016) fabricated a bilayer alterna‐
tive to mimic the ECM microstructure of the skin by 
combining human amniotic membrane (HAM) and SF. 
De-epithelization increased the Young’s modulus and 
ultimate tensile strength of the amniotic membrane 
from 68.46 to 108.03 MPa and 16.14 to 108.03 MPa, 
respectively. Also, the mechanical properties of the 
de-epithelized amnion were significantly improved 
due to the SF nano-fiber coating. Furthermore, in vitro 
study on mouse embryonic fibroblasts suggested that 
the HAM/SF scaffolds could sustain cell adhesion 
and proliferation. Thus, the HAM/SF nanofibrous 
bilayer composite can be a promising substitute 
for applications in skin regeneration (Arasteh et al., 
2016).

Although naturally derived ECM scaffolds can 
accelerate tissue repair due to their excellent bioac‐
tivity, their rapid degradation in vivo limits their 
application. SIS is a type of ECM substitute widely 
utilized in regenerating tissues such as the bladder, ab‐
dominal wall, and skin, and has been popular in clin‐
ical trials. Bi et al. (2020) modified SIS by an SF-LBL 

assembly process to improve its mechanical and 
structural stabilities. From the experimental results, it 
was suggested that the mechanical properties and deg‐
radation rate of the SF-coated SIS scaffold can be ad‐
justed by changing the number of SF-coating layers. 
Furthermore, the cultivation of NIH3T3 fibroblasts 
on the scaffolds showed that the SF coating did not 
affect the biocompatibility of SIS. The implantation 
of biomaterials into the host results in a foreign body 
reaction (FBR) that brings about material degrada‐
tion. To evaluate the FBR and structural retention of 
membranes in vivo, SF-coated SIS and glutaraldehyde-
crosslinked SIS membranes were applied in the 
subcutaneous implantation rat model. The results 
demonstrated that the SF modification could induce a 
more moderate FBR than the traditional glutaralde‐
hyde chemical crosslinking, thus effectively prolong‐
ing the residence time of the biomaterial. This SF-LBL 
modification provides a potential strategy for apply‐
ing high-performance ECM-based scaffolds with tun‐
able biodegradability.

As seen above, SF coating has been extensively 
employed in skin and mucosa regeneration due to 
its good biocompatibility, hemostasis, and promo‐
tion of collagen formation in fibroblasts and tissue 
reconstruction.

3.4 SF coatings for nerve regeneration

Peripheral nerve repair remains among the great‐
est challenges in tissue engineering, for it is limited by 
tissue availability, donor-site morbidity, and scar tis‐
sue formation that insulates the electrodes. Hence, SF 
is a promising biomaterial to accelerate nerve regener‐
ation, thanks to its biocompatibility, biodegradability, 
dielectric properties, mechanical flexibility, and pro‐
motion of angiogenesis (Muangsanit et al., 2018; Wang 
CY et al., 2018b).

Electrospun poly-L-lactic acid (PLLA) fibers are 
commonly used for tissue repair owing to their uni‐
form morphology. Ziemba et al. (2020) aimed to pro‐
mote neurite outgrowth along electrospun fibers with 
an SF coating. These thin-film SF coatings were found 
to offer a novel method to increase the neuroregenera‐
tive capacity of electrospun scaffolds. However, in re‐
cent years, more researchers would rather choose SF-
based composites than SF-coated materials for the 
nerve conduit application because of the natural struc‐
ture of SF fibers.
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3.5  SF coatings for dental implant surface 
modification

The theory of osseointegration proposed by 
Brånemark (1983) laid the foundation of modern oral 
implantology. Since denture restoration by implant‑
ation became an alternative for patients with poor al‐
veolar bone conditions, new developments and chal‐
lenges have been proposed for bone augmentation 
and implant surface treatment. In recent years, implant 
surface modification technology to promote early os‐
teogenesis around implants has become the main focus 
in implantology research (Schünemann et al., 2019; 
Sun BB et al., 2019).

Titanium is a commonly used material for manu‐
facturing implants and has many clinical applications. 
Saha et al. (2019) coated nano-TiO2-modified Ti6Al4V 
surfaces with SF to enhance the osteoconductive and 
osteogenic properties of Ti6Al4V to improve implant 
performance. Their in vitro experiments revealed 
that the SF-coated TiO2 modified the Ti6Al4V sur‐
face, increasing the osteogenic potential for implant 
application.

Zirconia is a favored material in the field of 
dental implantology for its several benefits. Qu et al. 
(2019) developed SF electro-gel-coated zirconia im‐
plants for controlled drug delivery and evaluated the 
mechanical and biological properties of the coating. 
The wettability of the coated implants was close to 
that of standard sandblasted and acid-etched (SLA)-
treated zirconia. Additionally, cell culture experiments 
showed that it was nontoxic to osteoblast-like cells. 
Therefore, SF electro-gel coating can be a potential 
drug delivery material for zirconia implants.

The two primary complications restricting bio‐
medical implant applications are the lack of bone 
tissue integration and biomedical device-associated 
infections, for which solutions must be found. Zhou 
et al. (2017) built silver nanoparticles (AgNPs)/
gentamicin (Gen)-embedded SF-based biomimetic coat‐
ings on orthopedic titanium with the assistance of poly‐
dopamine, and demonstrated the sustained release 
of Ag+ (28 d) and a tenfold improvement in antibacter‑
ial efficiency for the novel AgNPs- and Gen-embedded 
SF coatings. Moreover, their team fabricated a structure-
controlled drug-loaded SF coating (α-helices 32.7%), 
which could achieve the release control of AgNPs and 
highly efficient osteogenesis. These novel biofunctional 
coatings are expected to have promising applications 

in orthopedic and dental TIs because of their excellent 
antibacterial, biocompatible, and osteogenic activity 
(Zhou et al., 2020).

In conclusion, SF coating is a promising strategy 
for improving the biocompatibility and osseointegra‐
tion of dental implants made from different materials.

4 Future perspectives 

Although several advances have been made in 
the research of SF coatings, there are still many prob‐
lems to be overcome (Fig. 6). Exploring the interac‐
tion between SF and the substrate material is import‑
ant for explaining the effects that SF may have on the 
biological and physicochemical properties. However, 
few studies have attempted to explain the interaction 
and bonding strength between SF and substrate mater‑
ials, and consider whether the bond is strong enough 
for tissue engineering applications. Besides, few re‐
searchers have regarded the thickness of the SF coat‐
ing applied to the substrate material. Thus far, it 
seems that reducing the thickness of SF coating while 
ensuring the bonding strength is more conducive to 
product transformation.

In addition, most of the studies are still in the 
stage of novel material development and cytological 
experiments, and few studies have focused on the ef‐
fects of these new materials in vivo. Existing studies are 
limited to small animal models, such as subcutaneous-
implantation rat model, osteoporosis rat model, and 
ACL reconstruction rabbit model. Researchers should 
establish more suitable animal models especially with 
large mammals, conduct more in vivo experiments, and 
compare the new materials with existing ones to reflect 
their advantages in clinical applications.

The bone–implant interface and soft tissue inte‐
gration at the trans-mucosal region are important for 
the success of dental implants. Many studies have 
shown that the surface of materials loaded with SF 
coatings has a reticular structure, with increased rough‐
ness and hydrophilicity, which is conducive to bone 
regeneration and peri-implant osseointegration (Saha 
et al., 2019; Sun BB et al., 2019). However, for soft 
tissue regeneration, a smooth interface is more favor‐
able. Overcoming this contradiction or preparing a 
two-phase material may be one of the future research 
directions for SF-coated biomaterials.
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Moreover, SF itself has no antibacterial function, 
while for many biomaterials to be implanted in vivo, 
their anti-inflammatory and antibacterial properties 
must be taken into consideration. Some researchers 
have attempted to add antimicrobial components when 
preparing composite materials, but this makes the op‐
eration method cumbersome and not universally appli‐
cable. Therefore, the preparation of new SF-coated 
biomaterials with optimal advantages still requires fur‐
ther research.

5 Conclusions 

This review focused on the applications of SF 
coatings in biomedicine where a wide group of re‐
searchers are working to develop appropriate bio‐
materials. SF is a natural biopolymer with good cell 
adhesion and cell growth performance, and excellent 
mechanical properties. Moreover, its minimal immuno‑
genicity, tunable biodegradability, and high biocom‐
patibility make it a potential material for biomedical 
applications. The variety of techniques for coating SF 
onto biomaterials include dipping, spinning, electro‐
spinning, LBL assembly, and EPD coating. SF facili‐
tates osteogenesis by promoting matrix mineralization 
owing to the β-sheet domains that provide nucleation 
sites for the deposition of HA crystals. Furthermore, 
SF can downregulate Hes/Hey protein expression 
by inhibiting the Notch signaling pathway, thereby 

activating Runx2 and promoting osteogenic differenti‐
ation. Although the clinical application of SF-coated 
biomaterials is still burdened with challenges, these 
kinds of materials have shown remarkable potential in 
biomedicine, and will continue to contribute to the 
dramatic new developments in bone, ligament, skin, 
mucosa, and nerve regeneration, and dental implant 
surface modification.
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