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Abstract: This review supplies a report on fresh advances in the field of silk fibroin (SF) biopolymer
and its blends with biopolymers as new biomaterials. The review also includes a subsection about
silk fibroin mixtures with synthetic polymers. Silk fibroin is commonly used to receive biomaterials.
However, the materials based on pure polymer present low mechanical parameters, and high
enzymatic degradation rate. These properties can be problematic for tissue engineering applications.
An increased interest in two- and three-component mixtures and chemically cross-linked materials has
been observed due to their improved physico-chemical properties. These materials can be attractive
and desirable for both academic, and, industrial attention because they expose improvements in
properties required in the biomedical field. The structure, forms, methods of preparation, and some
physico-chemical properties of silk fibroin are discussed in this review. Detailed examples are also
given from scientific reports and practical experiments. The most common biopolymers: collagen
(Coll), chitosan (CTS), alginate (AL), and hyaluronic acid (HA) are discussed as components of silk
fibroin-based mixtures. Examples of binary and ternary mixtures, composites with the addition of
magnetic particles, hydroxyapatite or titanium dioxide are also included and given. Additionally, the
advantages and disadvantages of chemical, physical, and enzymatic cross-linking were demonstrated.

Keywords: silk fibroin; biopolymers; polymer blends; biomaterials; polymer composites

1. Introduction

Biopolymeric materials are recurrently used in the biomedical field, e.g., for wound
healing, gene therapy, drug delivery, bone tissue engineering, cartilage, nerve, and eye
regeneration [1–6]. Increasing interest in new materials with potential use in the biomedical
field has been observed during the last few years [1–5,7]. In this manuscript, we re-
viewed different usages of silk fibroin-based materials blended with other biopolymers and
cross-linked with chemical agents, in biomedical applications based on previous research.
However, one area of biomedical applications deserves a greater introduction—bone tissue
engineering.

Most people in the world suffer from diseases related to muscles, joints, and bones.
Demographic studies indicate aging of the population. As a result of these predictions, it
is estimated that the number of people with joint and bone diseases will increase [8]. The
skeleton is the support of the whole human body, and the place where the muscles are
attached, it plays an important role in the movement process, transferring the strength of
the muscles and allowing for movement. It also protects the vital organs of the human body
from damage [9]. The bone system carries many important functions in the human body,
therefore, material engineering, including tissue engineering and reconstructive medicine,
is developing at an increasing rate. Treatment of bone defects resulting from diseases,
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injuries, or infections is a big challenge for modern science. All the time, we are searching for
the best materials for the production of scaffolds that support the regeneration of damaged
tissue. Tissue engineering is science, the aim of which is the use of medical and material
engineering knowledge to obtain functional substitutes for damaged human tissue [10,11].
In response to the needs of tissue engineering, the aim is to try to obtain new materials
with features needed to create the ideal material (in terms of bioactivity, bioresorbability,
biocompatibility, degradability to non-toxic degradation products). Nowadays bone-
cartilage implants are produced from different types of material: ceramic, metallic, and
polymeric [12–14]. Materials based on polymers are used to obtain implants for small bone
or cartilage tissue cavities. Such materials are called scaffolds [15]. Three-dimensional
artificial scaffolds supporting the regeneration of damaged tissue should fulfil the following
functions:
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Scaffolds should be characterized by a connection of mechanical, chemical, and bio-
logical properties [16–18]. One such feature is the porosity, whereby cells can penetrate
deep into the material. This leads to cell proliferation and the reconstruction of tissues [19].
Increasingly, natural polymers are used for this type of biomaterial because of their biocom-
patibility. Biomaterials based on biopolymers can be biodegradable due to several chemical
moieties in their structure. The implant slowly degrades while reconstituting the tissue.
When the biomaterial is biodegradable, degradation products are non-toxic and biomaterial
does not lead to immune-response, we can eliminate the need to remove the implant after
tissue reconstruction [7]. The ability of cells to penetrate the entire volume of the implant
(adhesion to the material) is determined by bioactivity of the natural polymers [20].

Macromolecules that occur in living organisms (or are produced by living organisms)
are called natural polymers [7]. A number of protein polymers (silk fibroin [21–25], colla-
gen [7,26–29], elastin [29], gelatin [30]) and polysaccharides (chitosan [31,32], chondroitin
sulphate [29], sodium alginate [31], hyaluronic acid [29,31,32]) are used in biomaterial pro-
duction. Polymers, derived from natural sources, are characterized by properties desired
in tissue engineering: biocompatibility, biodegradability, and lack of immune responses
after introduction into the human body [32,33]. In the last few years, silk fibroin-based
biomaterials have attracted increasing attention. By compiling the statistics of the articles
searched from the database of the Web of Science using the keywords of “silk fibroin”
and “tissue regeneration” it was found that the annual number of articles was less than 10
before 2006. The number of articles increased continually after 2006 and reached 155 in 2020
(Figure 1). This dependence indicates that silk fibroin-based biomaterials are becoming
more popular in basic research of tissue engineering.
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In this review, a brief introduction of silk fibroin and different physical forms of silk
fibroin-based materials are given. Then, mixing with other polymers and cross-linking of
silk fibroin-based materials, are summarized. Ultimately, an outlook of the directions of
the development of silk fibroin-based biomaterials for future applications is provided. It
is foreseen that this review can provide an exhaustive compendium regarding the main
aspects of silk fibroin-related research and, therefore, stimulate its future growth and
applications.

2. Silk Fibroin

Silk fibroin (SF) is a typical, natural polymer belonging to the group of proteins.
It shows unique chemical and physical properties [14,34]. It has excellent mechanical
properties. Silk fibroin is built of repetitive protein sequences, which result in providing
structural roles in arachnid and crustacean life: web formation, egg protection, cocoon
formation, building nest, and traps [34].

Silk fibroin was used as sutures in the biomedical field for decades [14]. Silk fibroin-
based materials are attractive and widely used for bone tissue regeneration due to prop-
erties such as slow degradability, remarkable mechanical strength, and thermal stability,
versatility in processing, easy modification [14,34]. They also show genetically tailorable
composition, sequence, and permeability to oxygen and water [14]. These are the advan-
tages of silk fibroin. Nevertheless, silk fibroin has some disadvantages, like necessity of
purification, because residual of sericin in the material can provide contamination and
problems with biocompatibility [14].

3. Silk Fibroin Sources

The two most common sources to obtain silk fibroin are: Bombyx mori cocoons and
Nephila clavipes webs. Bombyx mori (the domestic silk moth) is an insect from the moth
family Bombycidae. The silkworm is the larva or caterpillar of a silk moth [35]. Nephila
clavipes is generally famed as the golden silk orb-weaver or banana spider. These spiders
are excellent web-builders, producing and utilizing seven different types of silk [36].

3.1. Cocoon (Bombyx Mori) Silk

Mulberry silkworm (Bombyx mori) is the major producer of silk throughout the
world [37]. Thanks to the well-established sericulture process, about 400,000 tons of
dry silkworm Bombyx mori cocoons are available worldwide per annum for the textile
industry and thus for applications in the biomedical field [34]. The raw silk fiber forming
a Bombyx mori cocoon is composed of fibroin (75–83%) and sericin (17–25%). Fibroin is a
core of two fibers with 10 to 25 µm in diameter, coated with sericin, acting as glue, that
holds fibroin fibers together. Silk fibroin fibers consist of two proteins which are present
in a 1:1 ratio and linked by a single disulfide bond (light and heavy chain: ~26 kDa and
~390 kDa, respectively) [14,34,37]. Sericin is capable of causing allergic and immuno-
logic reactions in humans [34,37]. Sericin has to be removed by the de-gumming process
through boiling in water, soap, or acid treatments [37,38]. Silk fibroin is mainly made
of repeatable sequences of amino acids, such as serine (12%), alanine (30%), and glycine
(43%) [39,40]. It can arrange itself into two structural conformations: silk I (α-helix) and
silk II (β-sheets) [40]. Silk I can be soluble in water, but silk II can be dissolved using only
aqueous inorganic salt (LiBr, LiSCN) or concentrated acids. It is because those solutions
have the ability to break hydrogen bonds stabilizing a β-sheets silk fibroin structure [41–43].
The preparation process of silk fibroin from Bombyx mori cocoons is shown in Figure 2. The
procedure is similar as in Q. Lu, et al. [37,44] with small modifications. First, the cocoons
have to be boiled in a Na2CO3 aqueous solution (60 min; 100 ◦C; two times). Then, the
cocoons have to be boiled in an alkaline soap solution (30 min; 100 ◦C), washed in tap
and distilled water, and boiled in distilled water (20 min; 100 ◦C). This procedure must
be repeated three times. Subsequently, the degummed silk is dried at room temperature
and humidity for 48 h. Regenerated silk fibroin can be dissolved in an appropriate solvent
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system, such as 9.3 M lithium bromide, lithium thiocyanate aqueous solution, Ajisawa’s
reagent (CaCl2:H2O:C2H5OH; 1:8:2.5 molar ratio), N-methyl morpholine-N oxide, calcium
nitrate aqueous solution, hexafluoroisopropanol (HFIP), and ionic liquids. The time and
temperature of this process depend on the solvent and solubility power of the solvent [23].
After that, dissolved silk fibroin solution can be dialyzed against pure, distilled water, and
the aqueous solution of silk fibroin is obtained [37].Materials 2021, 14, x FOR PEER REVIEW 5 of 34 
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3.2. Spider (Nephila Clavipes) Silk

Silk derived from Nephila clavipes has been studied in detail. It does not have a sericin
coating, is safer than Bombyx mori silk, and elicits almost no immunological response [45].
It can be processed via formation of a spidroin solution or used in natural fiber form [46].
Spider silk is characterized by remarkable thermal stability and excellent mechanical
properties, especially high tensile strength [37,45]. In Nephile clavipes silk, two distinct
proteins with similar sequences can be found: MaSp1 (major ampullate spidroin 1) and
MaSp2 (major ampullate spidroin 2). They have different repeat units and possibly distinct
mechanical functions. Glycine (G) (above 42%) and alanine (A) (above 25%) are the main
amino acids in the spidroin core. Glutamine (Q), serine (S), leucine (L), valine (V) proline
(PR), and tyrosine (Y) are the remaining amino acids found in the core. The β-sheet
structure is mainly formed by alanine. MaSp1 consists GGX motif (where X = Y, L, or Q),
arranged in flexible 310-helical structures. MpSp2 have a GPGXX motif (where X = G, Q,
L, or Y), which consists repeatedly in sequence, and they arrange elastic β-turn spiral or
helical structures [47–49].

4. Types of Silk Fibroin Based Biomaterials

Silk fibroin is used in many fields of biomedicine. It is exploited in bone tissue
engineering, eye regeneration, nerve regeneration, skin tissue engineering, cartilage re-
generation, vascular tissue engineering, spinal cord tissue engineering, gene therapy, and
biological drug delivery [23,50,51] (Figure 3).
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Figure 3. Schematic of various silk fibroin applications.

Silk fibroin can be processed into different material morphologies: sponges, gels,
membranes, powders, and microspheres [34]. The fibers must first be dissolved in aqueous
systems, followed by reprocessing into desired material formats [34]. In this part of article,
the most common material morphologies will be described. The most relevant types of
morphologies with method processing and applications will be described in Table 1.

4.1. Fibres

Reeling from cocoons is the method to obtain silk fibroin fibers [34]. These fibers are
characterized as smooth, light, breathable, moisturizing, biocompatible, and degradable.
They are widely used in the textile industry, handicrafts, and so on [52]. However, these
type of silk fibroin fibers have some disadvantages—they are susceptible to aging and
mildew. A better way to obtain silk fibroin fiber is to prepare resolubilized silkworm
cocoon silk or to use genetically engineered variants of silk [53], which can be spun into
fibers. They are characterized by poor mechanical properties and weak cell attachment.
Pure silk fibroin promotes microbial growth. There is a way to improve the properties of
pure silk fibroin fibers—effective modification and treatment have to be applied. Figure 4A
shows the morphology of silk fibroin fiber obtained by a spinning method with formic acid
as solvent [54]. Electrospinning can be used to generate silk from the silkworm, spider, and
genetically engineered silks. The development in the scientific and industrial world has
led to the possibility of obtaining nanofibers (Figure 4B). They are attractive candidates for
biomedical applications, including tissue engineering, wound healing, and drug delivery
systems [52,53]. They are characterized by a new set of properties, e.g., excellent mechanical
and thermal properties, high specific surface area, increased surface energy, and enhanced
electrical conductivity [52,53]. Solubilized fibroin can also be transformed into films, mats,
gels, membranes, and porous scaffolds [52,53].
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Figure 4. (A) Silk fibroin fiber obtained by spinning method with an average diameter of 65.1 nm;
(B) Scanning Electron Microscope (SEM) image of electrospun silk fibroin nanofibers with diameter
400 ± 76 nm. Reprinted from [54] with permission from Elsevier.
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4.2. 3D Porous Structures

Silk fibroin three-dimensional porous structures, namely scaffolds, sponges, or foams,
are attractive for biomedical applications, especially for tissue engineering, because of
their mechanical and thermal properties, biocompatibility, and degradability [55]. They are
important for nutrient and waste transport, cell attachment, migration, and proliferation.
Silk fibroin 3D scaffolds can be prepared from fibroin solution by lyophilization method,
particulate-leaching, gas foaming, or electrospinning [24,55,56]. They can also be obtained
by 3D printing. Due to these methods, sponges are characterized by large interior surface
areas and interconnected pore spaces [24]. During the lyophilization process, pore size can
be controlled by adjusting the pH of the solution, the freezing temperature and the amount
of organic solvents [41] (Figure 5). Particulate-leaching is a simple method where sucrose
or salt particles of a specific diameter, as porogens, are added to a polymer solution [56].
This technique and gas foaming method, give better control over pore structure than
freeze-drying [51]. Electrospinning is a very popular method to obtain nanofibers. It is also
a common technique to prepare tissue engineering scaffolds because it could provide a
nanosize structure, which is desirable for cell migration and proliferation [57]. 3D printing
can be used to fabricate the most ideal porous scaffolds with high porosity and good
pore quantity and morphology. It is a computer-controlled layer-by-layer fabrication
technique [57]. 3D porous silk fibroin-based scaffolds have been used in cartilage and
bone tissue regeneration, due to success in achieving good control over pore size and
porosity [53].
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Figure 5. Silk fibroin scaffolds obtained by lyophilization method (freeze dryer, ALPHA 1–2 LDplus, CHRIST, −20 ◦C,
100 Pa, 48 h), (A) photograph from optical microscope (Keyence VHX-900F); (B) SEM image with magnification 500 µm
(LEO Electron Microscopy Ltd., England, UK).

4.3. Particles

Silk fibroin is an ideal candidate for drug delivery systems because of its biocompati-
bility and controlled degradation. Microspheres, nanolayers, nanocoatings, nanoparticles,
and microcapsules have been studied and reported as materials used in the biomedical
field, especially in the controlled release of drugs [58]. Biodegradable silk microspheres
are widely proposed for use in controlled-release drug delivery systems. Microspheres
can be obtained by spray drying, water in oil (W/O) emulsion solvent evaporation, or
water in oil emulsion solvent diffusion and ball-milling methods [59]. Silk micro and
nanoparticles can be processed directly from fibers without using any chemicals [41] by the
milling silk fiber method. They are being used in scaffolds for reinforcing and improving
mechanical and biological properties [41]. Silk micro and nanoparticles can be produced
by a lot of various methods, e.g., freeze-drying and grinding [60], spray drying [61], self-
assembly [62], freeze-thawing [63], jet breaking [64], desolvation [65] or PVA blending
(Figure 6) [66]. Regenerated silk particles are widely used in drug delivery systems [41].
Drug delivery systems via silkworm silk-based nanoparticles, with a size smaller than
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100 nm, have been reported. They were used in anticancer therapy and they showed
stability and non-toxicity [55]. There is a big challenge to connect two functions of silk
fibroin particles. Work is underway to create particles that can simultaneously improve the
functional properties of scaffolds and be drug carriers [41]. The biggest task is to prepare
very fine and uniform silk particles, which is difficult in the milling method. The proper-
ties and application possibility of silk fibroin particles are dependent on the preparation
method. The modification of method conditions results in different particle profiles. They
can have various size, shape, charge, and lipophilicity [67].
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Figure 6. Silk particles fabricated with addition of PVA (VPVA = 2Vsilk + ethanol): (A) Vsilk/Vethanol = 20;
(B) Vsilk/Vethanol = 5; (C) Vsilk/Vethanol = 2.5; (D) silk sedimentation formed with addition of PVA,
Vsilk/Vethanol = 0.5. Reprinted from [68] with permission from Elsevier.

4.4. Films

Silk fibroin-based films can be produced by the casting method [34,41,53,64]. In this
process, Bombyx mori silk fibroin is widely used. It has to be degummed, washed with
distilled water, dried, and dissolved in a suitable solvent. As a solvent, 9.3M LiBr [69,70],
10M LiSCN [71], Ca(NO3)2 x 4H2O [72], CaCl2/H2O/C2H5OH (molar ratio: 1:8:2.5) [37,73]
solutions can be used. After that, dialysis against distilled water has to be prepared and
an aqueous solution has to be poured onto glass or polystyrene Petri dishes. The film is
obtained after the evaporation of the solvent. Figure 7 shows silk fibroin-based film (A)
and a topographic image of it with a roughness of 5.1 ± 0.3 nm (B). CaCl2/H2O/C2H5OH
mixture was used to dissolve dry silk fibroin. A rough surface is desirable in biomedical
applications of films—it is advantageous for cell attachment [34]. To modify properties,
such as mechanical properties and degradability and solubility of silk fibroin films, treat-
ment with 50% methanol can be used [74]. This is the Langmuir-Blodgett (LB) process. The
disadvantage of this treatment is the fact that materials embrittle with time [53]. To pre-
pare more flexible materials, methanol treatment was avoided and an all-water annealing
process for the films was utilized [75]. However, there are other silk fibroin film obtaining
techniques, such as spin coating [76], vertical deposition [77], manual or spin assisted layer
by layer assembly [78], and centrifugal casting [79].
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Figure 7. (A) Silk fibroin-based film obtained by casting method and (B) Atomic Force Microscopy
(AFM) picture of silk fibroin-based film acquired at fixed resolution (512 × 512 data points) using
scan width 5 µm with a scan rate of 1.97 Hz (microscope with a Nanoscope IIIa controller, Digital
Instruments, Santa Barbara, CA, USA).

4.5. Hydrogels

Hydrogels as three-dimensional polymer networks, which are able to swell in aqueous
solutions but do not dissolve in these solutions, can be used in the biomedical field [41,53,65]. Silk
fibroin hydrogels have been reported as materials for the delivery of cells and cytokines,
drug release, cell encapsulation, fabrication of prosthesis for soft tissues, matrices for
repairing and regenerating tissues and organs [41,55,65]. It was reported that silk fibroin
hydrogels have suitable mechanical properties to prepare scaffolds for load bearing tissue
engineering, such as cartilage regeneration [80]. They can be obtained by the sol-gel
transition of aqueous silk fibroin solution in the presence of acids, ions, or other additives,
by lyophilization and sonication techniques [41,81]. Some parameters during silk fibroin
hydrogels obtained by the sol-gel transition can be controlled to regulate physico-chemical
parameters of the final product. If protein concentration, temperature, pH, and amount of
Ca2+ are higher, the rate of gelation is higher. However, the overall rate of gelation has to
be controlled by osmotic stress [82]. The mechanical properties, morphology, and structure
of silk fibroin hydrogel are dependent on the extension and rate of water removal [82].
Types of silk and specific salts are also relevant to gelation, therefore, calcium plays a role
with silkworm silk and potassium with spider dragline silk [53].

4.6. Aerogels

Aerogels are ultralight materials comprised of a microporous solid in which the dis-
persed phase is a gas [83]. They are characterized by fine, open-pore structure resulting
in low densities (0.003–0.15 kg/m3), large surface areas (500–1000 m2/g) and high poros-
ity [84]. The surface area, pore size, mechanical and physico-chemical properties of aerogels
can be tailored [84]. A few drying technologies for aerogel production can be outlined—
ambient drying (ambient pressure, room or slightly elevated temperature), freeze drying
(vacuum with p < 100 mbar; −70 < T<−20 ◦C), and direct supercritical drying (high tem-
perature), supercritical drying by CO2 extraction (T > 31 ◦C, p > 74 bar) [84–88]. Aerogels
can find application in many fields, including packaging materials, cosmetics and medicine
in particular drug delivery systems, tissue engineering, and implants. There are only a few
literature reports on silk fibroin-based aerogels. Li et al. [87] and Baldino et al. [89] reported
silk fibroin-based aerogels and silk fibroin aerogels loaded with ascorbic acid, for nerve
regeneration and nanomedicine applications, respectively. Najberg et al. [90] reported that
aerogel sponges of silk fibroin, hyaluronic acid, and heparin can be used for soft tissue engi-
neering. Goimil et al. [91] prepared and reported silk fibroin aerogel/poly(ε-caprolactone)
scaffolds containing dexamethasone for bone regeneration. According to Li et al. [92], silk
fibroin/gelatin nanoparticles aerogel is a promising bone tissue engineering material.
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Table 1. The most relevant types of morphologies with processing methods and applications.

Morphology Type Processing Method Applications Source

fibers reeling, spinning,
electrospinning

tissue engineering,
wound healing, nerve

guides, stents and drug
delivery systems

[34,52–54]

3D structures
(scaffolds, sponges,

foams)

lyophilization,
particulate-leaching, gas
foaming, electrospinning,

3D printing

bone tissue engineering,
cartilage tissue

engineering, drug
delivery, skin tissue

engineering,
intervertebral disc,

meniscus liver

[24,54,55]

particles
(microspheres,

nanolayers,
nanocoatings,
nanoparticles,

microcapsules)

spry drying, water in oil
(W/O) emulsion solvent
evaporation, water in oil

emulsion solvent
diffusion, ball-milling

method, milling,
freeze-drying and

grinding, spray drying,
self-assembly,

freeze-thawing, jet
breaking, desolvation,

PVA blending

controlled-release drug
delivery systems,

bioactive molecule
delivery, vaccine delivery,

tissue engineering

[57–65]

films

casting,
Langmuir-Blodgett (LB)

process, spin coating,
vertical deposition,

manual or spin assisted
layer by layer assembly,

centrifugal casting

wound dressing/skin
repair, biosensors,

coating materials, bone,
corneal, vascular tissue

engineering

[53,64,74–79]

hydrogels

sol-gel transition in the
presence of acid, ions or

other additives,
sonication, lyophilization

cartilage tissue
engineering, guided bone

repair, drug
release/delivery

[41,53,65,80–
82]

aerogels

ambient drying, freeze
drying, direct

supercritical drying,
supercritical drying by

CO2 extraction.

nerve regeneration, soft
tissue engineering, bone

tissue engineering,
[87,89–92]

5. Blending

A new approach in biomedical science involves obtaining composite materials. Com-
ponent materials usually have several disadvantages, including their mechanical properties
or poor stability in an aqueous environment, because they swell and then dissolve [93,94].
It is, therefore, necessary to modify polymer-based materials by the addition of different
natural or synthetic polymers [7,95]. In an aim to produce biomaterials characterized
by unique structural and mechanical properties, with better physico-chemical properties,
mixtures of two or more polymers can be used. The natural polymers, which are blend
components, can be combined in the molten state (also known as melt mixing) [96] or they
can be mixed as aqueous solutions in appropriate solvents [97–99]. If it is about melt mixing,
the reaction between solids at high pressure and high temperature can be devastating to
natural polymers, belonging to the protein group. The result of these high parameters may
be denaturation and degradation of natural polymers [7]. The blending of biopolymers as
aqueous solutions in appropriate solvents can be a solution of the above problem. However,
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some of the natural polymers are insoluble in common solvents. For this reason, miscibility
studies can be desired and used. Four main groups of miscibility studies can be pointed
out: methods based on the determination of optical homogeneity of the mixture; methods
for the determination of glass transition temperatures; methods for the direct determina-
tion of interactions on molecular levels; indirect methods for the miscibility [7]. Fourier
transform infrared spectroscopy (FTIR), viscometry and differential scanning calorimetry
(DSC) are listed as the most common and easy techniques to investigate miscibility [7].
FTIR spectroscopy is used to study specific molecular bonding interactions in polymer
blends. The changes in IR spectra (new bands, disappearance of some component bands,
shifts in the specific bands) are characteristic for miscible systems. For immiscible blends,
spectrum can reflect two individual components [7]. In viscometry method, experimental
parameters of the mixture (b) and intrinsic viscosity (η) are comparing with their ideal
(calculated) values, according to Krigbaum et al. [100] and Garcia et al. [101]. DSC is the
most commonly used technique for determination of glass transition temperature (Tg).
Determination of the number of Tg is the main method for investigation of the number
of amorphous phases in polymer systems. Each Tg corresponds to one amorphous phase
and DSC provides determination of the number of the phases that coexist in a polymer
mixture [7]. This part of the review is focused on silk fibroin complexes with other natural
polymers used in biomaterial science. The peptide and polysaccharide additives are listed,
and their influence on the properties of materials based on silk fibroin materials has been
reported.

5.1. Collagen

Collagen (Coll) is one of the most abundant proteins in human and animal bodies. It
is the main protein of the connective tissue and it is responsible for the strength of skin,
tendons, cartilage tissue, and bones [7]. Silk fibroin/collagen materials as solutions, films
and 3D scaffolds have been reported in the literature [37,95,97,102–105]. Miscibility of silk
fibroin/collagen solutions has been studied [97]. The positive miscibility parameter for all
the blends indicates good miscibility for all prepared blends (Table 2). This is due to the
electrostatic interactions between chains and calcium ions from the solvent, which makes
the whole mixture more stable [97].

Table 2. Theoretical (by Krigbaum and Wall [100] and Garcia et al. [101] methods) and experimental
values silk fibroin/collagen mixtures. Adapted from Ghaeli I. et al., Phase Behavior and Miscibility
Studies of Collagen/Silk Fibroin Macromolecular System in Dilute Solutions and Solid State [97].

WSF/WColl
bexp

m
[dL/g]2

bid*
m

[dL/g]2 ∆bm*
bid**

m
[dL/g]2 ∆bm** Miscibility

25/75 72.41 30.04 42.37 21.64 50.77 4

50/50 75.91 20.87 55.04 9.67 66.24 4

75/25 39.54 10.94 28.60 2.54 37.00 4

WSF—percentage fraction of silk fibroin in mixture; WColl—percentage fraction of collagen in mixture; b—polymer–
polymer interactions term at finite concentration related to the Huggins coefficient; bid*m: determined according
to Krigbaum and Wall; bid**m: determined according to Garcia et al.; ∆bm = bexp

m − bid
m.

Regarding silk fibroin/collagen films, it has been observed that mechanical properties
were much better than for pure silk fibroin films [37]. Surface parameters were also different
for silk fibroin/collagen mixture films than for pure silk fibroin films. Roughness increased
with the addition of collagen into the silk fibroin matrix and the surface of mixed films was
characterized by more hydrophobic characteristics (Table 3).
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Table 3. Parameters describing the mechanical properties and surface of silk fibroin/collagen films.
Adapted from Sionkowska A. et al., Polymer films based on silk fibroin and collagen—the physico-
chemical properties [37].

%SF
Contact Angle [o] γS

[mJ/m2]
γS

P/
γS

D
Emod
[GPa]

Fmax
[MPa]

Rq
[nm]D GL

100 51.4 ± 0.3 88.7 ± 0.4 33.13 0.026 0.43 ± 0.06 4.12 ± 0.94 5.10
90 50.8 ± 0.1 89.4 ± 0.2 33.55 0.020 0.92 ± 0.26 4.99 ± 1.34 5.90
70 49.6 ± 0.1 85.0 ± 0.3 33.97 0.046 1.02 ± 0.30 9.63 ± 2.51 7.60
50 49.9 ± 1.8 82.4 ± 0.7 33.82 0.071 0.82 ± 0.52 21.9 ± 10.7 6.70
30 48.0 ± 0.2 83.6 ± 0.3 34.83 0.050 0.79 ± 0.15 1.70 ± 1.06 7.40
10 44.3 ± 0.8 80.9 ± 0.3 36.80 0.058 2.55 ± 0.41 66.1 ± 4.93 33.00
0 44.4 ± 0.2 80.4 ± 0.4 36.76 0.063 2.41 ± 0.74 81.2 ± 1.87 26.60

%SF—percentage fraction of silk fibroin in mixture; D—diiodomethane; GL—glycerol; γS—surface free energy;
γS

P/ γS
D—the ratio of polar to dispersive components of surface free energy; Emod—Young’s modulus, Fmax—

tensile strength; Rq—roughness parameter.

For skin tissue engineering, 50/50 and 75/25 silk fibroin/collagen porous membranes
without and with TiO2 addition were studied [106]. It was found that 75/25 SF/Coll
material without and with the addition of TiO2 was the best candidate for skin tissue regen-
eration. Silk fibroin/collagen 3D porous membranes were characterized by lower porosity
and lower swelling degree than SF material. The reactions of S. aureus and E. coli bacteria
and fibroblast cells to materials were studied. The materials inhibit the growth of bacteria
and cell studies showed good biocompatibility and cell proliferation on fibroblasts [106].
Lin et al. prepared composite membranes of silk fibroin/collagen to use as material for
cartilage repair in 50/50, 70/30, and 90/10 percentage fraction [104]. Cell proliferation
was analyzed and the treatment of live/dead double staining simultaneous fluorescence
staining of viable and dead cells was performed to assess the viability on chondrocytes
(ATDC-5). Silk fibroin/collagen 70/30 film showed the suitable morphology, physical
stability, and biological functionality to promote the proliferation of cells—a promising
scaffold material for cartilage repair [104]. In turn, a double-layered collagen/silk fibroin
composite scaffold was prepared by Wang et al. [107]. It was incorporated by TGF-β1/poly-
L-lysine nanoparticles and the material was implanted into full-thickness articular cartilage
defects of rabbits. It is expected that this composite can be a potential scaffold for cartilage
tissue engineering material [107]. For silk fibroin/collagen 50/50 3D scaffolds, porosity,
density, swelling ratio, and moisture content were investigated [108] (Table 4). It was found
that SF/Coll materials had a lower density than pure biopolymer scaffolds, higher swelling
ratio than silk fibroin material, and a higher amount of water than silk fibroin and collagen
materials. The porosity was higher than silk fibroin and lower than collagen scaffold [108].
The microstructure of silk fibroin and silk fibroin/collagen 3D scaffolds was shown in
Figure 8.

Table 4. The result of porosity, density, swelling ratio and moisture content of silk fibroin, collagen
and their 50/50 mixture based scaffolds. Adapted from Grabska-Zielińska et al., Physico-Chemical
Characterization and Biological Tests of Collagen/Silk Fibroin/Chitosan Scaffolds Cross-Linked by
Dialdehyde Starch [108].

Sample Porosity [%] Density
[mg/cm3]

Swelling Ratio
[%]

Moisture Content
in 100 g of Dry Sample [g]

SF 95 ± 1.7 33.0 ± 0.4 1511 ± 147 7.09 ± 1.03
Coll 88 ± 0.5 16.9 ± 2.2 Nd 14.17 ± 1.36

SF/Coll 97 ± 1.0 14.8 ± 2.1 1891 ± 236 19.27 ± 0.92
Nd—not determined.
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To promote bone regeneration, Apinun et al. [109] obtained silk fibroin and silk
fibroin with 0.05% and 0.01% addition of collagen with a surfactant as a substance to
gelation [109]. Collagen combined in the hydrogels yielded a positive effect on proliferation
and matrix formation. However, authors expected more, and they suggested further studies
to better understand and optimize the system as a scaffold and cell carrier in bone tissue
regeneration [109]. On the other hand, materials-based silk fibroin/collagen 40/60 and
60/40 were good materials for bone tissue engineering in the research of Zeng et al. [110].
The in vitro cell proliferation using MG-63 cells was studied. The rate of degradation
was steady, the pore sizes and porosity (above 90%) were suitable for the growth of
osteoblasts [110].

5.2. Chitosan

Chitosan (CTS) is a polysaccharide, which is constructed ofβ-(1-4)-linked D-glucosamine
(deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit) (Figure 9). It can be ob-
tained from chitin by the deacetylation process [7]. Chitosan is characterized by sufficient
biological properties, and promotes normal tissue regeneration [111].
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Figure 9. The chitosan structure.

A lot of articles, where silk fibroin is mixed with chitosan can be found in the lit-
erature [99,110,112–118]. Miscibility was studied for 3 various weight ratios of silk fi-
broin/chitosan mixtures: 20/80; 50/50; 80/20 [99]. From the results it could be observed
that silk fibroin and chitosan were miscible, except in the 20/80 SF/CTS mixture, where
∆bm was negative (Table 5). Miscibility is a result of a specific interaction between silk
fibroin and chitosan. The same result was gained using the dynamic mechanical thermal
analysis (DMTA). This method is very sensitive to the glass transition of a polymer system,
which is the most general criterion for miscibility in polymer blends. Silk fibroin/chitosan
blends were miscible when WSF ≥ 50 [119].



Materials 2021, 14, 1510 13 of 31

Table 5. Theoretical (by Krigbaum and Wall [100] and Garcia et al. [101] methods) and experimental
values silk fibroin/chitosan mixtures. Adapted from Sionkowska A. et al., Miscibility and physical
properties of chitosan and silk fibroin mixtures [99].

WSF/WCTS
bexp

m
[dL/g]2

bid*
m

[dL/g]2 ∆bm*
bid**

m
[dL/g]2 ∆bm** Miscibility

20/80 115 147 −32 147 −32 ×
50/50 58 58 0 57 1 4

80/20 36 10 26 9 27 4

WSF—percentage fraction of silk fibroin in mixture; WCTS—percentage fraction of chitosan in mixture; b—polymer–
polymer interactions term at finite concentration related to the Huggins coefficient; bid*

m: determined according
to Krigbaum and Wall; bid**

m: determined according to Garcia et al.; ∆bm = bexp
m − bid

m.

Silk fibroin/chitosan-based films for the weight fraction of silk fibroin WSF ≥ 50 were
characterized by lower tensile strength (above 68 MPa for WSF = 50 and above 66 MPa
for WSF = 80) than chitosan films (above 100 MPa). For materials with WSF ≥ 20, Young’s
modulus was higher (above 1.2 GPa for WSF = 20; above 1.6 GPa for WSF = 50; above
2.5 GPa for WSF = 80) and tensile strain at break was lower (above 3.6% WSF = 20; above
2.0% for WSF = 50; above 0.4% for WSF = 80) than pure chitosan films (Young’s modulus
≈ 0.9 GPa; tensile strain at brake ≈ 4.6%) [99]. Additionally, the dispersive component of
surface free energy decrease, and polar component increase with an increasing amount
of chitosan in the mixture. The surface is less rough for SF/CTS material than for SF
scaffold [112]. Silk fibroin/chitosan 50/50 films can be used as a wound dressing and
artificial skin. This is because of good mechanical properties and good water vapor and
oxygen permeabilities [120]. Silk fibroin/chitosan 3D porous scaffolds were characterized
by more than 90% of porosity, high water absorption, and high swelling ratio (up to
70.44 ± 1.13%) [110]. This is a good scaffold material for bone tissue engineering, especially
SF/CTS 40/60 mixture because it has good biocompatibility and can promote the biological
function of MG-63 cells [110]. According to other research, SF/CTS scaffolds were studied
with 3T3 fibroblast cells, and sponges were biocompatible [118]. The best mechanical
properties, taking into account the different compositions, were observed in SF/CTS 20/80
mixture [117]. The SF/CTS 50/50 scaffold was selected to test the inflammatory response
in vivo. There was no obvious inflammatory response in vivo. After two and four weeks
of observations, components and structure of the SF/CTS scaffold were beneficial for
cell adherence, ingrowth, and the formation of new blood vessels [117]. This was the
result for materials prepared by the lyophilization method. The electrospun SF/CTS
nanofibrous membrane scaffolds for bone tissue engineering could be also fabricated by the
electrospinning method [121]. The results of Lai et al. studies suggest that CTS and SF are
excellent candidates for proliferation and osteogenic differentiation of hMSCs (human bone
marrow mesenchymal stem cells), respectively. A SF/CTS blend preserved the osteogenesis
nature of CTS without diminishing the cell proliferative effect of SF [121]. Sun et al. [122]
decided to compare SF/Coll and SF/CTS scaffolds. SF/Coll showed better characteristics,
and they claim that these mixtures can be served as new materials for scaffolds for cartilage
and bone tissue engineering [122].

5.3. Alginate

Alginate (AL) is a polysaccharide of linear chain composed of β-D-mannuronic acid
and α-L-glucuronic acids (Figure 10). It can be extracted from brown algae. Alginate and
its salts, e.g., sodium alginate (SA) are promising natural substances to use in blends with
silk fibroin [123]. In recent years some articles about silk fibroin/sodium alginate materials
have been published [123–129].
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Miscibility and physical characteristic were described by de Moraes et al. [123]. It was
found that blends where an aqueous solution of sodium alginate was used were heteroge-
neous and the blending solutions did not mix well. The same result was observed for all
belonging ratios. For this reason the authors decided to use an alkaline solution of sodium
alginate. It was better because no macroscopic phase separation was detected. For further
research, 25/75 SF/SA mixture was used, because only for this weight ratio, a film without
silk fibroin fibril formation could only be obtained. Silk fibroin/sodium alginate 25/75 film
was characterized by better mechanical properties than pure silk fibroin films. Additionally,
higher swelling capacity, good permeability allowing fluid exchange with the environment,
and non-cytotoxicity were observed for two-component films [123]. Biodegradable silk
fibroin microsphere modified with sodium alginate were fabricated and studied to use
as potential biocompatible and biodegradable embolic agents for transcatheter arterial
embolization (TAE) [130]. The microspheres had a porous structure, spherical shape, and
desirable particle size for the injection through a catheter for TAE treatment. Additionally,
hemolysis assay in vitro showed the microspheres exhibited good blood compatibility, cyto-
toxicity analysis showed almost had no cytotoxicity on the cells [130]. Silk fibroin/sodium
alginate composite porous scaffolds were observed by in vitro enzymatic degradation in
Collagenase IA [131]. The degradation rate of the composites can be controlled by changing
the blend ratio. SF/SA 50/50 kept integrating pore structure after degrading for 18 days.
As the degradation time increased, the weight of the composites decreased. It was also
observed that more than half of the SF/SA 3D porous scaffold composite were degraded
after subcutaneous implantation in Sprague Dawley rats for three weeks, meanwhile,
these materials were well tolerated by the animals [131]. Silk fibroin/sodium alginate
films for use as promising wound dressing material with excellent cytocompatibility and
proangiogenesis action for wound healing were also researched [132]. Biomimetic SF/SA
composite scaffolds for soft tissue engineering were characterized by regular and uniform
pore morphology, promoting cellular attachment and proliferation for tissue regenera-
tion [133]. Regarding SF/SA hydrogels, they degraded quickly after incubating in protease
XIV solution than in PBS solution at 37 ◦C, compressive stress decreased slightly with
increasing of sodium alginate content, and after 12 day of cultivating, human mesenchymal
stem cells proliferated [134].

5.4. Hyaluronic Acid

Hyaluronic acid (HA) is a glycosaminoglycan which belongs to the polysaccharide
group. It is present in the body as the main component of the cellular matrix. It reveals
hydration capacity and excellent hygroscopic properties [111]. Hyaluronic acid is composed
of D-glucuronic acid and N-acetyl-D-glucosamine, linked via alternating β-(1-4) and β-(1-3)
glycosidic bonds (Figure 11).
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Combining the properties of natural protein and polysaccharides can be a promis-
ing strategy to obtain bioactive materials with a controlled structure in the biomedical
field [135–145]. In silk fibroin/hyaluronic acid scaffolds, increasing hyaluronic acid content
significantly enhanced the water binding capacity and flexibility [140]. The flexibility and
water-absorbing quality of silk fibroin/hyaluronic acid hydrogels were improved due to
the hydrophilicity of hyaluronic acid addition [140]. However, high amounts of hyaluronic
acid in mixtures reduced the water stability [141]. The silk fibroin/hyaluronic acid hybrid
hydrogel exhibited gel-sol transition under shear stress, which suggests potential appli-
cation as an injectable material [142]. The studies on fibroblast vitality and morphology
showed that silk fibroin/hyaluronic acid hydrogels can support cell adhesion, differentia-
tion, proliferation in vitro, and present better biocompatibility in comparison to pure SF
hydrogels [140]. In in vivo studies, the hydrogels based on silk fibroin/hyaluronic acid
blends presented good histocompatibility and promoted vascular-like tissue regeneration
when were implanted subcutaneously in Sprague Dawley rats [143]. Regarding micro-
spheres to the application on controlled release, the microspheres having higher silk fibroin
content showed slower degradation rate and more stability [144]. Curcumin, used as an
antioxidant with anticancer activity, was adsorbed in the microspheres and all microspheres
released curcumin in a controllable manner. This was possible because of the hydrophobic
interaction between curcumin and the crystalline domain of silk fibroin [144]. The silk
fibroin/hyaluronic acid porous scaffolds have promise as a dermal substitute because
results of Zhang et al. in vitro studies showed that scaffolds could support the fibroblast
cell adhesion and proliferation and showed good cytocompatibility [145]. The pore radius
and porosity decreased with a decrease in the freezing temperature and increase in the
hyaluronic acid ratio. In vivo, after implantation of silk fibroin/hyaluronic acid scaffolds
to Sprague Dawley rats, a new dermal layer was formed, as determined by histological
analysis [145].

5.5. Other Polymers

Silk fibroin can be mixed also with other polymers (Table 6). It can be mixed with
natural polymers, as in the examples described above, and with synthetic polymers. In
addition to biopolymers described above, the group of natural polymers with which the
mixtures of silk fibroin were tested are gelatin [146–148], cellulose [149,150], agarose [151],
keratin [152], elastin [153], chitin [154], heparin [155], and carrageenan [156]. They can be
obtained as liquid states, films, 3D porous sponges, particles, and hydrogels, and they can
be used in the broadly understood biomedical field. The same is true for synthetic poly-
mers. These can be mixed with silk fibroin and can create various structures: liquid states,
membranes, scaffolds, hydrogels, micro, and nanoparticles. Silk fibroin-based mixtures
with poly(ethylene glycol) [157], poly(vinyl alcohol) [158], polyacrylamide [159], polycapro-
lactone [160], poly(lactic-co-glycolic acid) [161], polyurethane [162] and polylactide [163]
have been reported.



Materials 2021, 14, 1510 16 of 31

Table 6. List of silk fibroin-based composite materials with natural and synthetic polymers to use in
the biomedical field.

Scaffold Composition Reference

Natural polymers

Silk Fibroin + Gelatin [146–148]
Silk Fibroin + Cellulose [149,150]
Silk Fibroin + Agarose [151]
Silk Fibroin + Keratin [152]
Silk Fibroin + Elastin [153]
Silk Fibroin + Chitin [154]

Silk Fibroin + Heparin [155]
Silk Fibroin + Carrageenan [156]

Synthetic polymers

Silk Fibroin + Poly(ethylene Glycol) (PEG) [157]
Silk Fibroin + Poly(vinyl Alcohol) (PVA) [158]

Silk Fibroin + Polyacrylamide (PAM) [159]
Silk Fibroin + Polycaprolactone (PCL) [91,160]

Silk Fibroin + Poly(Lactic-co-glycolic Acid) (PLGA) [161]
Silk Fibroin + Polyurethane (PUR) [162]

Silk Fibroin + Polylactide (PLA) [163]

5.6. Three-Component Blends

To improve the specific parameters useful in tissue engineering, three components
can be blended (Table 7). Many three-component mixtures with the presence of natu-
ral polymers have already been investigated: carrageenan/chitosan/gelatin [164], algi-
nate/chitosan/collagen [165], or chitosan/collagen/hyaluronic acid [98,166,167]. This
review is describing silk fibroin-based materials. There are many papers regarding triple
blends with the presence of silk fibroin. Table 7 summarizes the compositions of ternary
mixtures with the presence of silk fibroin, which can be found in the literature.

Table 7. The different silk fibroin-based materials compositions with their morphology.

Composition Morphology Reference

Silk Fibroin + Chondroitin Sulphate + Hyaluronic Acid 3D scaffold [21]
Silk Fibroin + Polylactide + Gelatin 3D scaffold [50]

Silk Fibroin + Poly(lactic-co-glycolic Acid) + Collagen 3D scaffold [50]
Silk Fibroin + Nanochitosan + Hyaluronic Acid 3D scaffold [168]

Silk Fibroin + Polyethylene Glycol + Keratin 3D scaffold [169]
Silk Fibroin + Hyaluronic Acid + Sodium Alginate 3D scaffold [21,170]

Silk Fibroin + Hyaluronic Acid + Heparin 3D scaffold [90]
Silk Fibroin + Chitosan + Collagen 3D scaffold [108,171,172]

Silk Fibroin + Chitosan + Polylactide 3D scaffold [50]
Silk Fibroin + Chitosan + Heparin 3D scaffold [50]

Silk Fibroin + Collagen + Hyaluronan 3D scaffold [50]
Silk Fibroin + Collagen + Heparin 3D scaffold [173]

Silk Fibroin + B-Cyclodextrin + Polyethyleneimine hydrogel [21]
Silk Fibroin + Calcium Alginate + Carboxymethyl

Cellulose hydrogel [21]

Silk Fibroin + Chitosan + Alginate Dialdehyde film [174]
Silk Fibroin + Chitosan + Polylactide film [175]

Silk Fibroin + Cellulose + Chitin fibers [176]

Silk Fibroin + Poly(caprolactone) + Hyaluronic Acid nanofibrous
matrices [21]

Silk Fibroin + Hyaluronic acid + Heparin aerogel [90]
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5.7. Inorganic Additives

Biocomposites are materials containing biopolymers and ceramics, for example, ti-
tanium dioxide, hydroxyapatite, or magnetic particles [111]. They can be named the
‘hard’ phase [7]. Silk fibroin materials with the addition of inorganic additives can be
characterized by biocompatibility, biodegradability, and good mechanical properties. The
degradation process of materials containing inorganic additives is longer, and materials
are not easily resorbed in a short time. There is not easy to obtain polymeric material
with inorganic particles, because it should be characterized by three main features, they
must: be non-toxic; have excellent mechanical properties to fulfill their role as support
for tissue reconstruction; and have the degradation rate proper for the tissue regeneration
ability [32,111]. One, two, or three-component materials with the addition of inorganic
particles have been reported (Table 8). Several research groups are working on the develop-
ment of new polymeric biomaterials on the blends, which contain inorganic particles [7].
This kind of new material can be used as a biomaterial in hard and soft tissue appli-
cations. Materials with additives are prepared by the incorporation in the polymeric
matrix. Hydroxyapatite (Ca10(PO4)6(OH)2; HAp) is the major inorganic component of
natural bone [32]. It is biocompatible, bioactive, osteoconductive, non-toxic, and non-
immunogenic. It is widely used in orthopedic and dental materials because of its excellent
bioactive and biocompatibility abilities [32,111]. Hydroxyapatite was successfully added
or precipitated in silk fibroin-based matrices [95,177–180]. Titanium dioxide (TiO2) is
characterized by light weight and resistance toward corrosion and it is frequently used in
the fabrication of bone implants [181]. The addition of titanium dioxide to the polymeric
matrix favorably influences adhesion, proliferation, and differentiation of osteoblast [181].
Physico-chemical characterization of polymeric materials with the addition of titanium
dioxide has been reported [106,181–185]. Bioactive glass, zinc oxide, and magnetic particles
can also be added also to silk fibroin-based materials [7,111]. Biocompatibility, bioactivity,
and osteoconductive characterize bioactive glasses. Silk fibroin, silk fibroin/chitosan, silk
fibroin/poly(vinyl alcohol), alginate-poloxamer/silk fibroin composites with the presence
of bioactive glasses have been reported as nanoparticles, films, hydrogels, and scaffolds
to use in biomaterials applications [186–191]. Zinc oxide particles have received grow-
ing interest as a promising material, because of their non-toxicity, cost-effectiveness, and
high adsorption capacity [192]. Chitosan/silk fibroin/zinc oxide nanocomposites, silk
fibroin-modified disulfiram/zinc oxide nanocomposites, and hyaluronic acid-based silk
fibroin/zinc oxide dressing have been described in the literature [192–194]. Magnetite par-
ticles are characterized by high affinity to many chemical substances and chemical stability.
They are biocompatible, biodegradable, non-toxic, and thanks to the above properties, they
are commonly used in biomedical applications (tissue repair, drug delivery, cellular ther-
apy) [195]. There are very few reports of silk fibroin materials with the presence of magnetic
particles: magnetic silk fibroin composite nanofibers, magnetic silk fibroin e-gel scaffolds,
silk fibroin films decorated with magnetic particles, and silk fibroin/chitosan/magnetite
scaffolds have been studied [196–199]. Silk fibroin-based materials with addition of noble
metals (tetrachloropalladate (II) (Na2PdCl4), potassium tetrachloroplatinate (II) (K2PtCl4),
gold chloride trihydrate (HAuCl4·3H2O), silver nitrate (AgNO3), tetrachloroauric acid
(HAuCl4)) also can be found in the literature [200,201]. They can be used for biolog-
ical sensing, energy storage applications, and in biotechnology such as immunoassay,
biosensor, DNA identification and inspection, gene therapy, and will emerge in further
research [200,201].
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Table 8. The list of polymeric-based materials with presence of inorganic additives.

Inorganic Additives Material Reference

Hydroxyapatite

Silk Fibroin/Hydroxyapatite
Silk Fibroin/Nanohydroxyapatite

Silk Fibroin/Collagen/Hydroxyapatite
Silk Fi-

broin/Collagen/Nanohydroxyapatite
Silk Fi-

broin/Chitosan/Nanohydroxyapatite
Hydroxyapatite/Gelatin/Silk Fibroin

Poly (vinyl Alcohol) /Silk
Fibroin/Nano-Hydroxyapatite

Silk Fibroin/Titanium
Dioxide/Hydroxyapatite

Hydroxyapatite/Silk
Fibroin/Polycaprolactone

Silk Fibroin/Nano-
Hydroxyapatite/Polyethylene Glycol
Silk Fibroin-Alginate-Hydroxyapatite

[50,95,177–180,202–204]

Titanium dioxide

Silk Fibroin/Titanium Dioxide
Silk Fibroin/Titanium

Dioxide/Hydroxyapatite
Chitin/Silk Fibroin/Titanium Dioxide

Silk Fibroin/Collagen/Titanium
Dioxide

[106,181–185]

Bioactive glass

Silk Fibroin/Bioactive Glass
Silk Fibroin/Poly (vinyl Alcohol)

/Bioactive Glass
Chitosan/Silk Fibroin/Bioactive Glass

Bioactive
Glass/Chitosan/Silk Fibroin

Bioactive
Glass/Alginate-Poloxamer/Silk Fibroin

[186–191]

Zinc oxide

Chitosan/Silk Fibroin/Zinc Oxide
Hyaluronic Acid/Silk Fibroin/Zinc

Oxide
Silk Fibroin/Disulfiram/Zinc Oxide

[192–194]

Magnetic particles

Magnetic Silk Fibroin Composite
Magnetic Silk Fibroin E-Gel Scaffolds

Silk Fibroin Films Decorated With
Magnetic Particles

Silk Fibroin/Chitosan/Magnetite
Scaffolds

[196–199]

Noble metals

Silk–Palladium Aerogel Fibers
Silk-Platinum Aerogel Fibers

Silk fibroin-Gold Colloid
Silk fibroin-Silver Colloid

[200,201]

6. Cross-Linking

Modification of silk fibroin, by addition of second and third components, was de-
scribed above. In addition, such mixtures can be subjected to the cross-linking process,
to improve several parameters, for example, stability in water conditions and regularity
of pores. One component material and non-cross-linked blended material can be charac-
terized by non-elastic and poor stability in an aqueous environment (they swell and then
dissolve) [93,94]. After the cross-linking process, biomaterials should not be affected by
changes in biodegradability and biocompatibility. From this type of modification, it is
expected to improve the mechanical properties of materials, stability in water conditions
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and to improve degradation resistance [205]. Due to the availability of amine and acid
side chains, silk fibroin can be easily modified to suit a wide range of biomedical field
applications [34]. Crosslinking is the most common approach to modifying polymeric
materials. Three types of cross-linking can be classified: enzymatic, physical, and chemical
cross-linking [206–208] (Figure 12).
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The mechanisms of various cross-linking processes are shown in Figure 13. The
advantages and disadvantages of three kinds of cross-linking are highlighted in Table 9.
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with permission from Elsevier.
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Table 9. The advantages (+) and disadvantages (−) of enzymatic, physical and chemical cross-linking.
Adapted from [207–209].

(+) (−)

Enzymatic cross-linking

Unlike many chemical agents, enzymes are
most active under mild aqueous reaction

conditions
Crosslinking process can often be controlled by
modifying temperatures, pH, or ionic strength

The most expensive crosslinker
Substrate specificity

Physical cross-linking

Safe
Less toxic for cells than chemical agents

Inexpensive
Minimum tissue reaction after crosslinking

process

Bonds are weaker than the chemical
crosslinkers

May alter the properties of the materials
Needs more time for crosslinking

Lack of control over the reaction kinetics of
crosslinking

Lower degrees of crosslinking

Chemical cross-linking

+ Forming very strong bonds

Cell toxicity remains to be tested
Needs washing to remove the residual

cross-linker
More expensive than physical cross-linking

The modification and crosslinking of polymers and biopolymers using enzymes
has captured high interest among research groups [207]. Reactions with enzymes are
characterized by high specificity, lack of side products, and low energy demand. Trans-
glutaminase, tyrosinase, and horseradish peroxidase can be used for enzymatic cross-
linking [208,210]. A physical cross-linking modification usually leads to the change of
physico-chemical properties of the polymer through the action of physical factors. This
kind of cross-linking includes different techniques, e.g., gamma radiation, laser treatment,
UV irradiation, dehydrothermal treatment [206–208]. Physical modification is a simpler
and cheaper method compared to other processes of polymer modification [211]. Chem-
ical cross-linking is the process used to covalently bridge polymeric chains to improve
polymer properties [207,212] The chemical-cross-linking method is considered to be the
most effective and predictable [205]. It provides for formation of very strong bonds. The
disadvantages of chemical cross-linking is the high price (chemical cross-linking is more
expensive than physical cross-linking), necessity to toxicity testing and necessity to remove
the residual of cross-linker [209]. Some detoxifying strategies have been proposed to ex-
clude toxic effects of cross-linker residual. For instance, if the cross-linker has aldehyde
groups (e.g., glutaraldehyde), washing of cross-linked scaffolds with solutions containing
free amino groups or amino acid solutions (e.g., glycine) can be used which leads to the
removal of free aldehyde groups [207,209]. Regarding carbodiimide agents (e.g., N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride—EDC), all of the residues are
water soluble and they can be washed out of the cross-linked scaffold construct easily by
distilled water after the completion of the cross-linking reaction [207]. The concentration
of cross-linking agent also has a big influence on the toxicity effect of the cross-linking
process [213]. For example, concentration up to 8% of glutaraldehyde has shown no tox-
icity for cross-linking [209]. According to literature, the fabrication process is also very
important [214]. For instance, glutaraldehyde can be added to collagen/chitosan material
before the freeze-drying procedure to obtain better properties after cross-linking process,
however the toxicity effect of glutaraldehyde in this manner can be higher than during the
protocol when glutaraldehyde was added after the freeze-drying stage [209,214]. To sum
up, the type and amount of material, concentration of cross-linker and fabrication protocol
affect the biocompatibility of material [207,209]. There are a lot of cross-linking agents used
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for chemical cross-linking [206–208], e.g., glutaraldehyde [215], genipin [59,179], dialde-
hyde starch [108], glyoxal [171], EDC (N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride, NHS (N-hydroxysuccinimide), EDC/NHS mixture [102,172,180]. The struc-
tural formulas of some chemical cross-linkers are placed in Figure 14.
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carbodiimide hydrochloride (EDC); (G) N-hydroxysuccinimide (NHS); (H) squaric acid.

7. Conclusions

This review can be used by wide group of scientists and researchers, who are working
to obtain appropriate material useful in broadly understood biomedicine. The methods
of physico-chemical and biological properties silk-based materials improvement were
reported and discussed. Blending with other polymers and cross-linking can be used to
improve silk fibroin-based materials properties, which can be desirable in the biomedical
field, especially in tissue engineering. Blending includes natural and synthetic polymers,
cross-linking includes enzymatic, physical, and chemical processes. There are many articles
regarding silk fibroin and complexes based on silk fibroin modified by the addition of
second and third polymer or cross-linking process and it is hard to compare results reported
by different research groups. The published results are rather consistent in the presented
papers. Variability may result from the fact that working with polymers obtained from
natural sources is not easy. The physico-chemical properties of obtained silk fibroin are a
little bit different in each batch of cocoons or source material. In addition, as for the results
of mixtures of silk fibroin with polysaccharides, the differences in properties are probably
caused by differences in the polymer molecular weight and deacetylation degree.

Some features make silk fibroin a promising base to obtain biomaterials for many clin-
ical functions: the unique structure, biocompatibility, versatility in processing, availability
of different morphologies (fibers, films, 3D porous structures, particles, hydrogels), options
for genetic engineering of variations of silks, thermal stability, the ease of sterilization,
surface chemistry for facile chemical modifications, and controllable degradation. Each
of the silk fibroin-based systems has shown promising features for different biomedical
applications. More research will have to be done before silk fibroin can be used for clinical
trials and commercialized for tissue engineering applications, especially for bone tissue
engineering because there are few in vivo studies with silk fibroin materials and these
studies were done mostly with small animals (e.g., rats) that do not sufficiently predict their
performance in humans. A better understanding is needed regarding silk fibroin systems to
create tissues which will be able to remodel similar to bone. The long-term biocompatibility,
biodegradability, and degraded products, along with the ability to tune silk morphologies
for tissue-specific requirements also need to be better understood. It can be expected that
with novel processing techniques, new silk fibroin-based composites will be developed in
the future and open up even more possibilities for tissue engineering applications. The
future for silk fibroin biomaterials to impact clinical needs appears promising and has
potential to bring about viable strategies and innovations.
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Abbreviations

%SF percentage fraction of silk fibroin in mixture
3D three dimensional
A alanine
AFM Atomic Force Microscopy
AL alginate
ATDC-5 chondrogenic cell line

b
polymer–polymer interactions term (at finite concentration related to the
Huggins coefficient); bid*

m: determined according to
Krigbaum and Wall; bid**

m: determined according to Garcia et al.
b viscometry experimental parameter of the mixture
bid*

m polymer–polymer interactions term determined according to Krigbaum and Wall
bid**

m polymer–polymer interactions term determined according to Garcia et al.
Coll collagen
CTS chitosan
D diiodomethane
DMTA dynamic mechanical thermal analysis
DSC differential scanning calorimetry
EDC N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
Emod Young’s modulus
Fmax tensile strength
FTIR Fourier transform infrared spectroscopy
G glycine
GL glycerol
HA hyaluronic acid
HAp Hydroxyapatite
HFIP hexafluoroisopropanol
hMSCs human bone marrow mesenchymal stem cells
L leucine
LB Langmuir-Blodgett process
MaSp1 major ampullate spidroin 1
MaSp2 major ampullate spidroin 2
MG-63 human osteosarcoma cell line
NHS (N-hydroxysuccinimide)
P pressure
PR proline
PAM Polyacrylamide
PBS Phosphate Buffered Saline
PEG Poly(ethylene Glycol)
PLA Polylactide
PLGA Poly(Lactic-co-glycolic Acid)
PUR Polyurethane
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PVA Poly(vinyl Alcohol)
PVCL Polycaprolactone
Q glutamine
Rq roughness parameter
S serine
SA sodium alginate
SEM Scanning Electron Microscopy
SF silk fibroin
T temperature
TAE transcatheter arterial embolization
Tg glass transition temperature
TGF-β1 transforming growth factor β1
UV ultraviolet
V valine
w/o water in oil emulsion
WColl percentage fraction of collagen in mixture
WCTS percentage fraction of chitosan in mixture
WSF percentage fraction of silk fibroin in mixture
Y tyrosine
γS surface free energy
γSP/γSD the ratio of polar to dispersive components of surface free energy
η intrinsic viscosity

References
1. Kashirina, A.; Yao, Y.; Liu, Y.; Leng, J. Biopolymers as Bone Substitutes: A Review. Biomater. Sci. 2019, 7, 3961–3983. [CrossRef]

[PubMed]
2. Aderibigbe, B.A.; Buyana, B. Alginate in Wound Dressings. Pharmaceutics 2018, 10, 42. [CrossRef] [PubMed]
3. Aguilar, A.; Zein, N.; Harmouch, E.; Hafdi, B.; Bornert, F.; Offner, D.; Clauss, F.; Fioretti, F.; Huck, O.; Benkirane-Jessel, N.; et al.

Application of Chitosan in Bone and Dental Engineering. Molecules 2019, 24, 3009. [CrossRef] [PubMed]
4. Zhang, J.; Xia, W.; Liu, P.; Cheng, Q.; Tahi, T.; Gu, W.; Li, B. Chitosan Modification and Pharmaceutical/Biomedical Applications.

Mar. Drugs 2010, 8, 1962–1987. [CrossRef] [PubMed]
5. Pollini, M.; Paladini, F. Bioinspired Materials for Wound Healing Application: The Potential of Silk Fibroin. Materials 2020, 13,

3361. [CrossRef] [PubMed]
6. Nosrati, H.; Pourmotabed, S.; Sharifi, E. A Review on Some Natural Biopolymers and Their Applications in Angiogenesis and

Tissue Engineering. Appl. Biotechnol. Rep. 2018, 5, 81–91. [CrossRef]
7. Sionkowska, A. Current Research on the Blends of Natural and Synthetic Polymers as New Biomaterials: Review. Prog. Polym.

Sci. 2011, 36, 1254–1276. [CrossRef]
8. Agrawal, C.M. Reconstructing the Human Body Using Biomaterials. JOM 1998, 50, 31–35. [CrossRef]
9. Clarke, B. Normal Bone Anatomy and Physiology. CJASN 2008, 3, S131–S139. [CrossRef] [PubMed]
10. Langer, R.; Vacanti, J.P. Tissue Engineering. Science 1993, 260, 920–926. [CrossRef] [PubMed]
11. Kneser, U.; Schaefer, D.J.; Munder, B.; Klemt, C.; Andree, C.; Stark, G.B. Tissue Engineering of Bone. Minim. Invasive Ther. 2002,

11, 107–116. [CrossRef] [PubMed]
12. McEntire, B.J.; Bal, B.S.; Rahaman, M.N.; Chevalier, J.; Pezzotti, G. Ceramics and Ceramic Coatings in Orthopaedics. J. Eur. Ceram.

Soc. 2015, 35, 4327–4369. [CrossRef]
13. Goriainov, V.; Cook, R.; Latham, J.M.; Dunlop, D.G.; Oreffo, R.O.C. Bone and Metal: An Orthopaedic Perspective on Osseointe-

gration of Metals. Acta Biomater. 2014, 10, 4043–4057. [CrossRef]
14. Puppi, D.; Chiellini, F.; Piras, A.M.; Chiellini, E. Polymeric Materials for Bone and Cartilage Repair. Prog. Polym. Sci. 2010, 35,

403–440. [CrossRef]
15. Ma, L. Collagen/Chitosan Porous Scaffolds with Improved Biostability for Skin Tissue Engineering. Biomaterials 2003, 24,

4833–4841. [CrossRef]
16. Xu, Y.; Xia, D.; Han, J.; Yuan, S.; Lin, H.; Zhao, C. Design and Fabrication of Porous Chitosan Scaffolds with Tunable Structures

and Mechanical Properties. Carbohydr. Polym. 2017, 177, 210–216. [CrossRef] [PubMed]
17. Suesca, E.; Dias, A.M.A.; Braga, M.E.M.; de Sousa, H.C.; Fontanilla, M.R. Multifactor Analysis on the Effect of Collagen

Concentration, Cross-Linking and Fiber/Pore Orientation on Chemical, Microstructural, Mechanical and Biological Properties of
Collagen Type I Scaffolds. Mater. Sci. Eng. C 2017, 77, 333–341. [CrossRef]

18. Ke, D.; Bose, S. Doped Tricalcium Phosphate Bone Tissue Engineering Scaffolds Using Sucrose as Template and Microwave
Sintering: Enhancement of Mechanical and Biological Properties. Mater. Sci. Eng. C 2017, 78, 398–404. [CrossRef] [PubMed]

19. Nerem, R.M.; Sambanis, A. Tissue Engineering: From Biology to Biological Substitutes. Tissue Eng. 1995, 1, 3–13. [CrossRef]
[PubMed]

http://doi.org/10.1039/C9BM00664H
http://www.ncbi.nlm.nih.gov/pubmed/31364613
http://doi.org/10.3390/pharmaceutics10020042
http://www.ncbi.nlm.nih.gov/pubmed/29614804
http://doi.org/10.3390/molecules24163009
http://www.ncbi.nlm.nih.gov/pubmed/31431001
http://doi.org/10.3390/md8071962
http://www.ncbi.nlm.nih.gov/pubmed/20714418
http://doi.org/10.3390/ma13153361
http://www.ncbi.nlm.nih.gov/pubmed/32751205
http://doi.org/10.29252/JABR.05.03.01
http://doi.org/10.1016/j.progpolymsci.2011.05.003
http://doi.org/10.1007/s11837-998-0064-5
http://doi.org/10.2215/CJN.04151206
http://www.ncbi.nlm.nih.gov/pubmed/18988698
http://doi.org/10.1126/science.8493529
http://www.ncbi.nlm.nih.gov/pubmed/8493529
http://doi.org/10.1080/136457002320174177
http://www.ncbi.nlm.nih.gov/pubmed/16754059
http://doi.org/10.1016/j.jeurceramsoc.2015.07.034
http://doi.org/10.1016/j.actbio.2014.06.004
http://doi.org/10.1016/j.progpolymsci.2010.01.006
http://doi.org/10.1016/S0142-9612(03)00374-0
http://doi.org/10.1016/j.carbpol.2017.08.069
http://www.ncbi.nlm.nih.gov/pubmed/28962760
http://doi.org/10.1016/j.msec.2017.03.243
http://doi.org/10.1016/j.msec.2017.03.167
http://www.ncbi.nlm.nih.gov/pubmed/28576001
http://doi.org/10.1089/ten.1995.1.3
http://www.ncbi.nlm.nih.gov/pubmed/19877911


Materials 2021, 14, 1510 24 of 31

20. Kaczmarek, B.; Sionkowska, A.; Osyczka, A.M. Collagen-Based Scaffolds Enriched with Glycosaminoglycans Isolated from Skin
of Salmo Salar Fish. Polym. Test. 2017, 62, 132–136. [CrossRef]

21. Chouhan, D.; Mandal, B.B. Silk Biomaterials in Wound Healing and Skin Regeneration Therapeutics: From Bench to Bedside.
Acta Biomater. 2020, 103, 24–51. [CrossRef] [PubMed]

22. Saleem, M.; Rasheed, S.; Yougen, C. Silk Fibroin/Hydroxyapatite Scaffold: A Highly Compatible Material for Bone Regeneration.
Sci. Technol. Adv. Mater. 2020, 21, 242–266. [CrossRef] [PubMed]

23. Nguyen, T.P.; Nguyen, Q.V.; Nguyen, V.-H.; Le, T.-H.; Huynh, V.Q.N.; Vo, D.-V.N.; Trinh, Q.T.; Kim, S.Y.; Le, Q.V. Silk Fibroin-Based
Biomaterials for Biomedical Applications: A Review. Polymers 2019, 11, 1933. [CrossRef]

24. Asakura, T.; Tanaka, T.; Tanaka, R. Advanced Silk Fibroin Biomaterials and Application to Small-Diameter Silk Vascular Grafts.
ACS Biomater. Sci. Eng. 2019, 5, 5561–5577. [CrossRef] [PubMed]

25. Bandyopadhyay, A.; Chowdhury, S.K.; Dey, S.; Moses, J.C.; Mandal, B.B. Silk: A Promising Biomaterial Opening New Vistas
Towards Affordable Healthcare Solutions. J. Indian Inst. Sci. 2019, 99, 445–487. [CrossRef]

26. Meyer, M. Processing of Collagen Based Biomaterials and the Resulting Materials Properties. Biomed. Eng. Online 2019, 18, 24.
[CrossRef]

27. Lin, K.; Zhang, D.; Macedo, M.H.; Cui, W.; Sarmento, B.; Shen, G. Advanced Collagen-Based Biomaterials for Regenerative
Biomedicine. Adv. Funct. Mater. 2019, 29, 1804943. [CrossRef]

28. Shekhter, A.B.; Fayzullin, A.L.; Vukolova, M.N.; Rudenko, T.G.; Osipycheva, V.D.; Litvitsky, P.F. Medical Applications of Collagen
and Collagen-Based Materials. CMC 2019, 26, 506–516. [CrossRef]

29. Popescu, M.C.; Vasile, C.; Macocinschi, D.; Lungu, M.; Craciunescu, O. Biomaterials Based on New Polyurethane and Hydrolyzed
Collagen, k-Elastin, Hyaluronic Acid and Chondroitin Sulfate. Int. J. Biol. Macromol. 2010, 47, 646–653. [CrossRef] [PubMed]

30. Liu, Y.; Ng, S.C.; Yu, J.; Tsai, W.-B. Modification and Crosslinking of Gelatin-Based Biomaterials as Tissue Adhesives. Colloids Surf.
B Biointerfaces 2019, 174, 316–323. [CrossRef]

31. Seal, B. Polymeric Biomaterials for Tissue and Organ Regeneration. Mater. Sci. Eng. R Rep. 2001, 34, 147–230. [CrossRef]
32. Swetha, M.; Sahithi, K.; Moorthi, A.; Srinivasan, N.; Ramasamy, K.; Selvamurugan, N. Biocomposites Containing Natural

Polymers and Hydroxyapatite for Bone Tissue Engineering. Int. Journal of Biological Macromolecules 2010, 47, 1–4. [CrossRef]
33. Porter, B.D.; Oldham, J.B.; He, S.-L.; Zobitz, M.E.; Payne, R.G.; An, K.N.; Currier, B.L.; Mikos, A.G.; Yaszemski, M.J. Mechanical

Properties of a Biodegradable Bone Regeneration Scaffold. J. Biomech. Eng. 2000, 122, 286–288. [CrossRef] [PubMed]
34. Vepari, C.; Kaplan, D.L. Silk as a Biomaterial. Prog. Polym. Sci. 2007, 32, 991–1007. [CrossRef] [PubMed]
35. Arunkumar, K.P.; Metta, M.; Nagaraju, J. Molecular Phylogeny of Silkmoths Reveals the Origin of Domesticated Silkmoth,

Bombyx Mori from Chinese Bombyx Mandarina and Paternal Inheritance of Antheraea Proylei Mitochondrial DNA. Mol.
Phylogenet. Evol. 2006, 40, 419–427. [CrossRef] [PubMed]

36. Babb, P.L.; Lahens, N.F.; Correa-Garhwal, S.M.; Nicholson, D.N.; Kim, E.J.; Hogenesch, J.B.; Kuntner, M.; Higgins, L.; Hayashi,
C.Y.; Agnarsson, I.; et al. The Nephila Clavipes Genome Highlights the Diversity of Spider Silk Genes and Their Complex
Expression. Nat. Genet. 2017, 49, 895–903. [CrossRef] [PubMed]

37. Sionkowska, A.; Grabska, S.; Lewandowska, K.; Andrzejczyk, A. Polymer Films Based on Silk Fibroin and Collagen—The
Physico-Chemical Properties. Mol. Cryst. Liq. Cryst. 2016, 640, 13–20. [CrossRef]

38. Melke, J.; Midha, S.; Ghosh, S.; Ito, K.; Hofmann, S. Silk fibroin as biomaterial for bone tissue engineering. Acta Biomater. 2016, 31,
1–16. [CrossRef]

39. Sangkert, S.; Meesane, J.; Kamonmattayakul, S.; Chai, W.L. Modified Silk Fibroin Scaffolds with Collagen/Decellularized Pulp for
Bone Tissue Engineering in Cleft Palate: Morphological Structures and Biofunctionalities. Mater. Sci. Eng. C 2016, 58, 1138–1149.
[CrossRef]

40. Hashimoto, T.; Taniguchi, Y.; Kameda, T.; Tamada, Y.; Kurosu, H. Changes in the Properties and Protein Structure of Silk Fibroin
Molecules in Autoclaved Fabrics. Polym. Degrad. Stab. 2015, 112, 20–26. [CrossRef]

41. Kundu, B.; Rajkhowa, R.; Kundu, S.C.; Wang, X. Silk Fibroin Biomaterials for Tissue Regenerations. Adv. Drug Deliver. Rev. 2013,
65, 457–470. [CrossRef] [PubMed]

42. Chen, J.; Vongsanga, K.; Wang, X.; Byrne, N. What Happens during Natural Protein Fibre Dissolution in Ionic Liquids. Materials
2014, 7, 6158–6168. [CrossRef] [PubMed]

43. Kundu, B.; Kurland, N.E.; Yadavalli, V.K.; Kundu, S.C. Isolation and Processing of Silk Proteins for Biomedical Applications. Int.
J. Biol. Macromol. 2014, 70, 70–77. [CrossRef]

44. Qiang, L.; Chuan-Bao, C.; Ying, Z.; He-Sun, Z. Preparation and Properties of Insoluble Fibroin Films by Novel Method. Chem. J.
Chin. Univ. 2004, 25, 1752–1755.

45. Huemmerich, D.; Helsen, C.W.; Quedzuweit, S.; Oschmann, J.; Rudolph, R.; Scheibel, T. Primary Structure Elements of Spider
Dragline Silks and Their Contribution to Protein Solubility. Biochemistry 2004, 43, 13604–13612. [CrossRef]

46. Zhao, Z.; Li, Y.; Xie, M.-B. Silk Fibroin-Based Nanoparticles for Drug Delivery. IJMS 2015, 16, 4880–4903. [CrossRef] [PubMed]
47. Hu, X.; Vasanthavada, K.; Kohler, K.; McNary, S.; Moore, A.M.F.; Vierra, C.A. Molecular Mechanisms of Spider Silk. Cell. Mol. Life

Sci. CMLS 2006, 63, 1986–1999. [CrossRef] [PubMed]
48. Lewis, R.V. Spider Silk: Ancient Ideas for New Biomaterials. Chem. Rev. 2006, 106, 3762–3774. [CrossRef] [PubMed]
49. Humenik, M.; Smith, A.M.; Scheibel, T. Recombinant Spider Silks—Biopolymers with Potential for Future Applications. Polymers

2011, 3, 640. [CrossRef]

http://doi.org/10.1016/j.polymertesting.2017.06.022
http://doi.org/10.1016/j.actbio.2019.11.050
http://www.ncbi.nlm.nih.gov/pubmed/31805409
http://doi.org/10.1080/14686996.2020.1748520
http://www.ncbi.nlm.nih.gov/pubmed/32489483
http://doi.org/10.3390/polym11121933
http://doi.org/10.1021/acsbiomaterials.8b01482
http://www.ncbi.nlm.nih.gov/pubmed/33405687
http://doi.org/10.1007/s41745-019-00114-y
http://doi.org/10.1186/s12938-019-0647-0
http://doi.org/10.1002/adfm.201804943
http://doi.org/10.2174/0929867325666171205170339
http://doi.org/10.1016/j.ijbiomac.2010.08.013
http://www.ncbi.nlm.nih.gov/pubmed/20800612
http://doi.org/10.1016/j.colsurfb.2018.10.077
http://doi.org/10.1016/S0927-796X(01)00035-3
http://doi.org/10.1016/j.ijbiomac.2010.03.015
http://doi.org/10.1115/1.429659
http://www.ncbi.nlm.nih.gov/pubmed/10923298
http://doi.org/10.1016/j.progpolymsci.2007.05.013
http://www.ncbi.nlm.nih.gov/pubmed/19543442
http://doi.org/10.1016/j.ympev.2006.02.023
http://www.ncbi.nlm.nih.gov/pubmed/16644243
http://doi.org/10.1038/ng.3852
http://www.ncbi.nlm.nih.gov/pubmed/28459453
http://doi.org/10.1080/15421406.2016.1255084
http://doi.org/10.1016/j.actbio.2015.09.005
http://doi.org/10.1016/j.msec.2015.09.031
http://doi.org/10.1016/j.polymdegradstab.2014.12.007
http://doi.org/10.1016/j.addr.2012.09.043
http://www.ncbi.nlm.nih.gov/pubmed/23137786
http://doi.org/10.3390/ma7096158
http://www.ncbi.nlm.nih.gov/pubmed/28788183
http://doi.org/10.1016/j.ijbiomac.2014.06.022
http://doi.org/10.1021/bi048983q
http://doi.org/10.3390/ijms16034880
http://www.ncbi.nlm.nih.gov/pubmed/25749470
http://doi.org/10.1007/s00018-006-6090-y
http://www.ncbi.nlm.nih.gov/pubmed/16819558
http://doi.org/10.1021/cr010194g
http://www.ncbi.nlm.nih.gov/pubmed/16967919
http://doi.org/10.3390/polym3010640


Materials 2021, 14, 1510 25 of 31

50. Kasoju, N.; Bora, U. Silk Fibroin in Tissue Engineering. Adv. Health Mater. 2012, 1, 393–412. [CrossRef] [PubMed]
51. Jao, D.; Mou, X.; Hu, X. Tissue Regeneration: A Silk Road. J. Funct. Biomater. 2016, 7, 22. [CrossRef] [PubMed]
52. Liu, L.; Zhang, S.; Huang, J. Progress in Modification of Silk Fibroin Fiber. Sci. China Technol. Sci. 2019, 62, 919–930. [CrossRef]
53. Babu, M.K. Developments in the processing and applications of silk. In Silk: Processing, Properties and Applications, 2nd ed.;

Elsevier Ltd.: Amsterdam, The Netherlands, 2019; pp. 129–142. ISBN 978-0-08-102540-6.
54. Yukseloglu, S.M.; Sokmen, N.; Canoglu, S. Biomaterial Applications of Silk Fibroin Electrospun Nanofibres. Microelectron. Eng.

2015, 146, 43–47. [CrossRef]
55. Numata, K.; Kaplan, D.L. Silk-Based Delivery Systems of Bioactive Molecules. Adv. Drug Deliv. Rev. 2010, 62, 1497–1508.

[CrossRef] [PubMed]
56. Park, H.J.; Lee, O.J.; Lee, M.C.; Moon, B.M.; Ju, H.W.; Lee, J.M.; Kim, J.-H.; Kim, D.W.; Park, C.H. Fabrication of 3D Porous

Silk Scaffolds by Particulate (Salt/Sucrose) Leaching for Bone Tissue Reconstruction. Int. J. Biol. Macromol. 2015, 78, 215–223.
[CrossRef]

57. Yu, Y.; Hua, S.; Yang, M.; Fu, Z.; Teng, S.; Niu, K.; Zhao, Q.; Yi, C. Fabrication and Characterization of Electrospinning/3D Printing
Bone Tissue Engineering Scaffold. RSC Adv. 2016, 6, 110557–110565. [CrossRef]

58. Mathur, A.B.; Gupta, V. Silk Fibroin-Derived Nanoparticles for Biomedical Applications. Nanomedicine 2010, 5, 807–820. [CrossRef]
59. Imsombut, T.; Srisuwan, Y.; Srihanam, P.; Baimark, Y. Genipin-Cross-Linked Silk Fibroin Microspheres Prepared by the Simple

Water-in-Oil Emulsion Solvent Diffusion Method. Powder Technol. 2010, 203, 603–608. [CrossRef]
60. Yoshimizu, H.; Asakura, T. Preparation and Characterization of Silk Fibroin Powder and Its Application to Enzyme Immobilization.

J. Appl. Polym. Sci. 1990, 40, 127–134. [CrossRef]
61. Yeo, J.-H.; Lee, K.-G.; Lee, Y.-W.; Kim, S.Y. Simple Preparation and Characteristics of Silk Fibroin Microsphere. Eur. Polym. J. 2003,

39, 1195–1199. [CrossRef]
62. Lammel, A.S.; Hu, X.; Park, S.-H.; Kaplan, D.L.; Scheibel, T.R. Controlling Silk Fibroin Particle Features for Drug Delivery.

Biomaterials 2010, 31, 4583–4591. [CrossRef]
63. Cao, Z.; Chen, X.; Yao, J.; Huang, L.; Shao, Z. The Preparation of Regenerated Silk Fibroin Microspheres. Soft Matter 2007, 3,

910–915. [CrossRef] [PubMed]
64. Wenk, E.; Wandrey, A.J.; Merkle, H.P.; Meinel, L. Silk Fibroin Spheres as a Platform for Controlled Drug Delivery. J. Control.

Release 2008, 132, 26–34. [CrossRef] [PubMed]
65. Wongpinyochit, T.; Uhlmann, P.; Urquhart, A.J.; Seib, F.P. PEGylated Silk Nanoparticles for Anticancer Drug Delivery. Biomacro-

molecules 2015, 16, 3712–3722. [CrossRef] [PubMed]
66. Wang, X.; Yucel, T.; Lu, Q.; Hu, X.; Kaplan, D.L. Silk Nanospheres and Microspheres from Silk/Pva Blend Films for Drug Delivery.

Biomaterials 2010, 31, 1025–1035. [CrossRef] [PubMed]
67. Tomeh, M.A.; Hadianamrei, R.; Zhao, X. Silk Fibroin as a Functional Biomaterial for Drug and Gene Delivery. Pharmaceutics 2019,

11, 494. [CrossRef] [PubMed]
68. Shi, P.; Goh, J.C.H. Self-Assembled Silk Fibroin Particles: Tunable Size and Appearance. Powder Technol. 2012, 215–216, 85–90.

[CrossRef]
69. Jin, H.-J.; Park, J.; Karageorgiou, V.; Kim, U.-J.; Valluzzi, R.; Cebe, P.; Kaplan, D.L. Water-Stable Silk Films with Reduced β-Sheet

Content. Adv. Funct. Mater. 2005, 15, 1241–1247. [CrossRef]
70. Perry, H.; Gopinath, A.; Kaplan, D.L.; Dal Negro, L.; Omenetto, F.G. Nano- and Micropatterning of Optically Transparent,

Mechanically Robust, Biocompatible Silk Fibroin Films. Adv. Mater. 2008, 20, 3070–3072. [CrossRef]
71. Rajkhowa, R.; Levin, B.; Redmond, S.L.; Li, L.H.; Wang, L.; Kanwar, J.R.; Atlas, M.D.; Wang, X. Structure and Properties of

Biomedical Films Prepared from Aqueous and Acidic Silk Fibroin Solutions. J. Biomed. Mater. Res. Part A 2011, 97A, 37–45.
[CrossRef]

72. Kweon, H.; Um, I.C.; Park, Y.H. Structural and Thermal Characteristics of Antheraea Pernyi Silk Fibroin/Chitosan Blend Film.
Polymer 2001, 42, 6651–6656. [CrossRef]

73. Sionkowska, A.; Planecka, A. The Influence of UV Radiation on Silk Fibroin. Polym. Degrad. Stab. 2011, 96, 523–528. [CrossRef]
74. Asakura, T.; Yoshimizu, H.; Kakizaki, M. An ESR Study of Spin-Labeled Silk Fibroin Membranes and Spin-Labeled Glucose

Oxidase Immobilized in Silk Fibroin Membranes. Biotechnol. Bioeng. 1990, 35, 511–517. [CrossRef]
75. Muller, W.S.; Samuelson, L.A.; Fossey, S.A.; Kaplan, D.L. Formation and Characterization of Langmuir Silk Films. Langmuir 1993,

9, 1857–1861. [CrossRef]
76. Terada, D.; Yokoyama, Y.; Hattori, S.; Kobayashi, H.; Tamada, Y. The Outermost Surface Properties of Silk Fibroin Films Reflect

Ethanol-Treatment Conditions Used in Biomaterial Preparation. Mater. Sci. Eng. C 2016, 58, 119–126. [CrossRef] [PubMed]
77. Sagnella, A.; Pistone, A.; Bonetti, S.; Donnadio, A.; Saracino, E.; Nocchetti, M.; Dionigi, C.; Ruani, G.; Muccini, M.; Posati, T.; et al.

Effect of Different Fabrication Methods on the Chemo-Physical Properties of Silk Fibroin Films and on Their Interaction with
Neural Cells. RSC Adv. 2016, 6, 9304–9314. [CrossRef]

78. Wang, X.; Kim, H.J.; Xu, P.; Matsumoto, A.; Kaplan, D.L. Biomaterial Coatings by Stepwise Deposition of Silk Fibroin. Langmuir
2005, 21, 11335–11341. [CrossRef] [PubMed]

79. Lee, M.C.; Kim, D.-K.; Lee, O.J.; Kim, J.-H.; Ju, H.W.; Lee, J.M.; Moon, B.M.; Park, H.J.; Kim, D.W.; Kim, S.H.; et al. Fabrication of
Silk Fibroin Film Using Centrifugal Casting Technique for Corneal Tissue Engineering. J. Biomed. Mater. Res. B 2016, 104, 508–514.
[CrossRef]

http://doi.org/10.1002/adhm.201200097
http://www.ncbi.nlm.nih.gov/pubmed/23184771
http://doi.org/10.3390/jfb7030022
http://www.ncbi.nlm.nih.gov/pubmed/27527229
http://doi.org/10.1007/s11431-018-9508-3
http://doi.org/10.1016/j.mee.2015.04.008
http://doi.org/10.1016/j.addr.2010.03.009
http://www.ncbi.nlm.nih.gov/pubmed/20298729
http://doi.org/10.1016/j.ijbiomac.2015.03.064
http://doi.org/10.1039/C6RA17718B
http://doi.org/10.2217/nnm.10.51
http://doi.org/10.1016/j.powtec.2010.06.027
http://doi.org/10.1002/app.1990.070400111
http://doi.org/10.1016/S0014-3057(02)00359-2
http://doi.org/10.1016/j.biomaterials.2010.02.024
http://doi.org/10.1039/b703139d
http://www.ncbi.nlm.nih.gov/pubmed/32900086
http://doi.org/10.1016/j.jconrel.2008.08.005
http://www.ncbi.nlm.nih.gov/pubmed/18761384
http://doi.org/10.1021/acs.biomac.5b01003
http://www.ncbi.nlm.nih.gov/pubmed/26418537
http://doi.org/10.1016/j.biomaterials.2009.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19945157
http://doi.org/10.3390/pharmaceutics11100494
http://www.ncbi.nlm.nih.gov/pubmed/31561578
http://doi.org/10.1016/j.powtec.2011.09.012
http://doi.org/10.1002/adfm.200400405
http://doi.org/10.1002/adma.200800011
http://doi.org/10.1002/jbm.a.33021
http://doi.org/10.1016/S0032-3861(01)00104-5
http://doi.org/10.1016/j.polymdegradstab.2011.01.001
http://doi.org/10.1002/bit.260350509
http://doi.org/10.1021/la00031a038
http://doi.org/10.1016/j.msec.2015.07.041
http://www.ncbi.nlm.nih.gov/pubmed/26478294
http://doi.org/10.1039/C5RA20684G
http://doi.org/10.1021/la051862m
http://www.ncbi.nlm.nih.gov/pubmed/16285808
http://doi.org/10.1002/jbm.b.33402


Materials 2021, 14, 1510 26 of 31

80. Chao, P.-H.G.; Yodmuang, S.; Wang, X.; Sun, L.; Kaplan, D.L.; Vunjak-Novakovic, G. Silk Hydrogel for Cartilage Tissue
Engineering. J. Biomed. Mater. Res. 2010, 95, 84–90. [CrossRef]

81. Wang, Y.; Kim, H.-J.; Vunjak-Novakovic, G.; Kaplan, D.L. Stem Cell-Based Tissue Engineering with Silk Biomaterials. Biomaterials
2006, 27, 6064–6082. [CrossRef] [PubMed]

82. Kim, U.-J.; Park, J.; Li, C.; Jin, H.-J.; Valluzzi, R.; Kaplan, D.L. Structure and Properties of Silk Hydrogels. Biomacromolecules 2004,
5, 786–792. [CrossRef]

83. Alemán, J.V.; Chadwick, A.V.; He, J.; Hess, M.; Horie, K.; Jones, R.G.; Kratochvíl, P.; Meisel, I.; Mita, I.; Moad, G.; et al.
Definitions of terms relating to the structure and processing of sols, gels, networks, and inorganic-organic hybrid materials
(IUPAC Recommendations 2007). Pure Appl. Chem. 2007, 79, 1801–1829. [CrossRef]

84. Smirnova, I.; Gurikov, P. Aerogel Production: Current Status, Research Directions, and Future Opportunities. J. Supercrit. Fluids
2018, 134, 228–233. [CrossRef]

85. Baldino, L.; Cardea, S.; Scognamiglio, M.; Reverchon, E. A New Tool to Produce Alginate-Based Aerogels for Medical Applications,
by Supercritical Gel Drying. J. Supercrit. Fluids 2019, 146, 152–158. [CrossRef]

86. Baldino, L.; Cardea, S.; Reverchon, E. Natural Aerogels Production by Supercritical Gel Drying. Chem. Eng. Trans. 2015, 43,
739–744. [CrossRef]

87. Li, Z.H.; Wang, L.; Dai, H.L.; Wang, X.Y.; Li, J.S.; Zhao, Z. Fabrication, characterization, and in vitro evaluation of biomimetic silk
fibroin porous scaffolds via supercritical CO2 technology. J. Supercrit. Fluids 2019, 150, 86–93. [CrossRef]

88. Baldino, L.; Concilio, S.; Cardea, S.; Reverchon, E. Interpenetration of Natural Polymer Aerogels by Supercritical Drying. Polymers
2016, 8, 106. [CrossRef] [PubMed]

89. Baldino, L.; Cardea, S.; Reverchon, E. Loaded Silk Fibroin Aerogel Production by Supercritical Gel Drying Process for
Nanomedicine Applications. Chem. Eng. Trans. 2016, 49, 343–348. [CrossRef]

90. Najberg, M.; Haji Mansor, M.; Taillé, T.; Bouré, C.; Molina-Peña, R.; Boury, F.; Cenis, J.L.; Garcion, E.; Alvarez-Lorenzo, C.
Aerogel Sponges of Silk Fibroin, Hyaluronic Acid and Heparin for Soft Tissue Engineering: Composition-Properties Relationship.
Carbohydr. Polym. 2020, 237, 116107. [CrossRef] [PubMed]

91. Goimil, L.; Santos-Rosales, V.; Delgado, A.; Évora, C.; Reyes, R.; Lozano-Pérez, A.A.; Aznar-Cervantes, S.D.; Cenis, J.L.; Gómez-
Amoza, J.L.; Concheiro, A.; et al. ScCO2-Foamed Silk Fibroin Aerogel/Poly(ε-Caprolactone) Scaffolds Containing Dexamethasone
for Bone Regeneration. J. CO2 Util. 2019, 31, 51–64. [CrossRef]

92. Li, D.; Chen, K.; Duan, L.; Fu, T.; Li, J.; Mu, Z.; Wang, S.; Zou, Q.; Chen, L.; Feng, Y.; et al. Strontium Ranelate Incorporated
Enzyme-Cross-Linked Gelatin Nanoparticle/Silk Fibroin Aerogel for Osteogenesis in OVX-Induced Osteoporosis. ACS Biomater.
Sci. Eng. 2019, 5, 1440–1451. [CrossRef]

93. Buckley, C.T.; Vinardell, T.; Thorpe, S.D.; Haugh, M.G.; Jones, E.; McGonagle, D.; Kelly, D.J. Functional Properties of Cartilaginous
Tissues Engineered from Infrapatellar Fat Pad-Derived Mesenchymal Stem Cells. J. Biomech. 2010, 43, 920–926. [CrossRef]
[PubMed]

94. Yang, L. Tissue Engineered Cartilage Generated from Human Trachea Using DegraPol®Scaffold. Eur. J. Cardio-Thorac. Surg. 2003,
24, 201–207. [CrossRef]

95. Sionkowska, A.; Michalska, M.; Walczak, M. Preparation and Characterization of Silk Fibroin/Collagen Sponge with Nanohy-
droxyapatite. Null 2016, 640, 106–112. [CrossRef]

96. Rogovina, S.Z.; Vikhoreva, G.A. Polysaccharide-Based Polymer Blends: Methods of Their Production. Glycoconj. J. 2006, 23, 611.
[CrossRef]

97. Ghaeli, I.; de Moraes, M.; Beppu, M.; Lewandowska, K.; Sionkowska, A.; Ferreira-da-Silva, F.; Ferraz, M.; Monteiro, F. Phase
Behaviour and Miscibility Studies of Collagen/Silk Fibroin Macromolecular System in Dilute Solutions and Solid State. Molecules
2017, 22, 1368. [CrossRef] [PubMed]

98. Lewandowska, K.; Sionkowska, A.; Grabska, S.; Kaczmarek, B.; Michalska, M. The Miscibility of Collagen/Hyaluronic
Acid/Chitosan Blends Investigated in Dilute Solutions and Solids. J. Mol. Liq. 2016, 220, 726–730. [CrossRef]

99. Sionkowska, A.; Lewandowska, K.; Płanecka, A. Miscibility and Physical Properties of Chitosan and Silk Fibroin Mixtures. J. Mol.
Liq. 2014, 198, 354–357. [CrossRef]

100. Krigbaum, W.R.; Wall, F.T. Viscosities of Binary Polymeric Mixtures. J. Polym. Sci. 1950, 5, 505–514. [CrossRef]
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