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Silk fibroin (SF) is a natural protein largely used in the textile industry but also

in biomedicine, catalysis, and other materials applications. SF is biocompatible,

biodegradable, and possesses high tensile strength. Moreover, it is a versatile compound

that can be formed into different materials at the macro, micro- and nano-scales,

such as nanofibers, nanoparticles, hydrogels, microspheres, and other formats. Silk can

be further integrated into emerging and promising additive manufacturing techniques

like bioprinting, stereolithography or digital light processing 3D printing. As such,

the development of methodologies for the functionalization of silk materials provide

added value. Inorganic nanoparticles (INPs) have interesting and unexpected properties

differing from bulk materials. These properties include better catalysis efficiency (better

surface/volume ratio and consequently decreased quantify of catalyst), antibacterial

activity, fluorescence properties, and UV-radiation protection or superparamagnetic

behavior depending on the metal used. Given the promising results and performance

of INPs, their use in many different procedures has been growing. Therefore, combining

the useful properties of silk fibroin materials with those from INPs is increasingly relevant

in many applications. Two main methodologies have been used in the literature to

form silk-based bionanocomposites: in situ synthesis of INPs in silk materials, or the

addition of preformed INPs to silk materials. This work presents an overview of current

silk nanocomposites developed by these two main methodologies. An evaluation of

overall INP characteristics and their distribution within the material is presented for

each approach. Finally, an outlook is provided about the potential applications of these

resultant nanocomposite materials.

Keywords: natural polymers, silk, nanoparticles, bioactive biomaterials, regenerative medicine

INTRODUCTION

Silk is a natural polymer originating from various insect and spider species. It is composed of
two different proteins, sericin and fibroin, among which fibroin is an FDA-approved material
for some medical devices. Due to the remarkable mechanical properties, biocompatibility and
biodegradability, fibroin has been shaped into various scaffolds, including sponges, electrospun
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mats, microspheres, hydrogels, aerogels, foams, and 3D printed
structures. These silk-based scaffolds are particularly investigated
in various tissue engineering applications, including for bone,
nerve, skin, cartilage or corneal regeneration, but also as vehicles
for drug delivery. These materials are also studied in other
scientific areas such as for pollution control, electronics, optics,
and material science in general.

Moreover, silk fibroin can be blended with different
additives to form scaffolds with new properties. Among
these, nanocomposites which comprise silk polymers and
nanoparticles (NPs) have gained increasing interest due to the
outstanding properties of the NPs, which differ in their properties
from bulk materials. Accordingly, the development of silk-
NPs nanocomposites has triggered growing interest for both
academic and industrial research. Combining the assets of silk
fibroin materials with those from NPs is appealing to obtain
new properties that are unattainable by “classical” composites
consisting of the same bulk materials.

In this review, we present an overview of current
nanocomposites constituted of silk fibroin and NPs with
particular attention to inorganic NPs (INPs), typically metals,
oxides, and bioceramics. First, we present current knowledge
on silk-based scaffolds and their main applications. We then
describe the principal INPs (synthesis, properties) used to
produce these composites. Finally, we provide an outlook of the
potential applications of the resultant nanocomposite materials
and guidelines for tuning their properties and functions.

SILK

Silk Structure and Extraction
Silks are protein biopolymers produced by many members of the
arthropod family such as spiders, silkworms, flies, and silverfish.
Each arthropod produces silk components with a different amino
acid composition, resulting in different structural properties
(Xiong et al., 2018). Mechanical properties are different, with
some spider silks being stronger than silkworms silk. In
addition, silk properties are influenced by other parameters,
such as the environment and arthropod nutrition, giving rise
to different silk types produced by the same species (Koh
et al., 2015). Among existing silks, mulberry worm silks are the
most commonly used for textiles and biomedical applications.
Although some spider silks have greater tensile strength,
toughness and extensibility, the cannibalistic nature of spiders
makes the development of industrial production of spider silks
with high yield impossible. Bombyx mori silkworms, on the other
hand, were domesticated for industrial silk production centuries
ago. As such, silkworm silk is almost exclusively used for medical
and related applications, and for this reason only B. mori silk is
considered in the following sections.

Bombyx mori Silk Structure
Silk fibers consist of two main proteins form B. mori silk: fibroin
and sericin. Silk fibers are composed of fibroin microfibrils
assembled into filaments. Silk fibers consist of two fibroin
filaments each produced by one of the worm’s salivary glands
during spinning. Both filaments are then covered by sericin, an

adhesive and hydrophilic protein to form the structural unit
(Poza et al., 2002).

Fibroin is an hydrophobic protein formed by two chains: a
light chain (L-chain, ∼26 kDa); and a heavy chain (H-chain,
∼390 kDa). The two fibroin chains are covalently linked by a
disulfide bond between two cysteines, forming a H-L complex.
The formation of this complex is essential for the secretion of
silk fibroin from producing cells to the glands. The primary
structure of silk fibroin (SF) is formed by highly repetitive
sequences composed mainly of glycine (43%), alanine (30%) and
serine (12%). Other amino acids such as tyrosine (5%), valine
(2%), and tryptophan are present in smaller proportions (Koh
et al., 2015). The primary structure of the H-chain contains
12 repetitive hydrophobic domains interspersed with 11 non-
repetitive hydrophilic regions. Three different polymorphs of SF
(silk I, II, and III) have been reported; Silk I adopts a coiled
structure and is found in the silk stored in the arthropods’
glands. This conformation is also found in regenerated aqueous
dispersions in vitro. Silk II corresponds to the antiparallel β-
sheet crystal structure obtained once silk has been spun. In the
laboratory, this polymorph results from the exposure of silk I to
mechanical/physical and chemical treatments, such as stirring,
heating, exposure to methanol or water annealing procedures.
The formation of the β-sheet structure is possible due to the
rearrangement of the repetitive regions that form the H-chain
of SF, and the intra and intermolecular interactions by hydrogen
bonding, van Der Waals forces and hydrophobic interactions.
X-ray diffraction (XRD) analysis of the crystallinity regions of
SF found an antiparallel β-sheet structure. The non-repetitive
domains adopt a coiled conformation. Silk II excludes water
from the structure, giving strength to the protein filament and
making it insoluble in water and other solvents like mild acids or
bases. The third polymorph, silk III, adopts a helical structure at
air-water interfaces (Vepari and Kaplan, 2007).

Regenerated Silk Fibroin Extraction
Some studies have shown that sericin may induce an
immunogenic response in the human body while SF has
been approved by the FDA for medical use in the US (Zhang
et al., 2017). Sericin is therefore removed from silk for biomedical
applications (Rockwood et al., 2011). B. mori silk cocoons are
processed to obtain a regenerated SF solution. This procedure
differs from that used by the textile industry as the final objective
is not to obtain silk fibers but a SF solution. The goal is to bring
silk (polymorphs II and III) to the initial state found in the glands
of the worm (silk I) before being spun. This transformation can
be achieved by denaturing SF proteins, which result in protein
solution (Rockwood et al., 2011). Briefly, silk cocoons are boiled
in a sodium carbonate (Na2CO3) solution to remove the sericin
(soluble in hot water) that glues together the SF filaments.
Boiling time is a crucial parameter influencing the properties
of SF in solution. Longer times will disrupt SF chains to lower
molecular weight. Boiling silk cocoons for 30min will result in
∼100 kDa fibroin proteins (Rockwood et al., 2011). Once boiled,
the resulting entangled cotton-like fibers are abundantly rinsed
in distilled water (to remove any remaining sericin) to obtain the
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SF dispersion prior to solubilization in various, albeit limited,
salt and related systems.

Different solvents can be used for complete dissolution of the
SF, the most common being lithium bromide (LiBr) (Xiong et al.,
2018). Briefly, a LiBr solution is mixed with the extracted and
dried SF fibers and heated for a specific time (Rockwood et al.,
2011). LiBr allows the destabilization of hydrogen bonds found in
silk II polymorph; allowing the shift to the silk I structure (Xiong
et al., 2018). LiBr is a chemical hazard that can cause skin and
eye irritation, encouraging the search for alternative solutions.
Another solvent used to dissolve silk fibroin fibers is a ternary
system composed of calcium chloride, ethanol and water (Song
et al., 2017). Ionic liquids have also been used to dissolve silk, such
as 1-butyl-3-methylimidazolium chloride (BMIM Cl), 1-butyl-
2,3-dimethylimidazolium chloride (DMBIM Cl) and 1-ethyl-3-
methylimidazolium chloride (EMIM Cl) (Phillips et al., 2004).
The solution obtained in the above process must be dialyzed
with distilled water to remove the salts. Finally the protein
solution is centrifuged twice to remove any solid impurities
(Rockwood et al., 2011). The resultant solution is around 6–
8% w/v SF and can be further concentrated up to around 30%.
Regenerated SF dispersion should be handled with care, as many
procedures such as heating, stirring or pH variations will induce
protein rearrangement, forming β-sheet structures and resulting
in the gelation of the solution. Because of this, regenerated
SF dispersion should be stored at 4◦C and for no longer than
1 month.

Unlimited storage can be achieved by lyophilizing the SF
solution. Lyophilized product can be redissolved in water, formic
acid or 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (Rockwood
et al., 2011) at the desired concentration.

Silk-Based Materials
Silk is traditionally known for its wide use in the textile
industry given its lightweight, soft touch, and luster. The
β-sheet structure found in silk II polymorph is responsible
for silk’s mechanical properties, which are well-beyond most
known biopolymers. Because of its unique properties and its
versatility, a wide range of materials with various properties can
be obtained from a SF dispersion or its lyophilized powder.
Figure 1 shows some of the multiple materials that can be
obtained from silk fibroin. Most techniques used to construct
SF materials are based on the controlled formation of β-
sheet structures. Which enables tailoring mechanical properties,
rates of biodegradation, and the degree of solvent dissolution
of the silk.

Silk Fibroin Sponges
Silk fibroin sponges are 3D porous materials for which pore
size and interconnectivity can be controlled depending on the
production method. Silk fibroin sponges can be produced by
mixing the silk solution with a porogen (e.g., salt or sugar crystals,
polymer or mineral beads) and subsequently inducing silk
gelation. Many different procedures have been described, such
as the use of sodium chloride (salt leaching), freeze casting (Cai
et al., 2017a), or HFIP solvent (Rockwood et al., 2011). Silk fibroin
sponges can be used as scaffolds for bone tissue regeneration due

to their macroporous structure that can be tailored to promote
the enhanced formation of new and vascularized bone tissue
(Karageorgiou and Kaplan, 2005). Several in vitro and in vivo
studies have demonstrated the potential of cellularized scaffolds
or acellular silk materials for bone regeneration (Bhattacharjee
et al., 2017).

Electrospun Mats
Electrospinning is a simple technique that consists of using of an
electric field to spin a polymer solution into a non-woven mat
composed of nanometer diameter fibers. During electrospinning,
the polymer solution is placed in a syringe with a conductive
needle connected to a high voltage electric field (5–40 kV). A
grounded conductive collector is placed at a distance in front
of the needle. While the polymer solution is extruded through
the needle, the high voltage electric field induces its stretching,
allowing the formation of nanofibers. During the process, the
solvent evaporates at rates dependent on its intrinsic properties
and experimental conditions, and the fibers are deposited on the
collector due to the voltage difference (Rockwood et al., 2011).
The nature of the collector used impacts the fiber alignment.
If a flat static collector is used, fibers are randomly deposited.
A rotating mandrel used as a collector results in alignment of
the deposited fibers (Rockwood et al., 2011), useful for some
applications, such as direction control of growth in neural
regeneration (Belanger et al., 2018).

The fiber diameter obtained by electrospinning can
be modulated by adjusting extrinsic parameters: polymer
concentration, solvent, polymer extrusion flow rate, needle-to-
collector distance, and the applied voltage. The electrospinning
procedure may also be sensitive to intrinsic factors such as the
molecular weight of the silk. Silk fibroin electrospinning is also
dependent on humidity and temperature. A non-controlled
variation in one of these parameters will alter the characteristics
of final material. Electrospun mats can be used in the field of
wound dressings, textiles, wearable electrodes, nerve guides, and
other systems (Yukseloglu et al., 2015).

Microspheres
Silk microspheres can be produced by several methods;
encapsulation in fatty acids creating an emulsion, phase
separation of silk from another polymer such as poly(vinyl
alcohol) (PVA) (Rockwood et al., 2011), or adding potassium
phosphate to the aqueous silk solution (Lammel et al., 2010). Silk
has been extensively used for drug delivery, both as a vehicle and
due to its stabilizing effect on bioactive molecules and enzymes
(Li A. B. et al., 2015). Silk microspheres are of interest as an
encapsulating material in this field, because modulating their
degradation rate results in controlled release of the contents (Lan
et al., 2014; Li H. et al., 2017).

Hydrogels
Hydrogels are of interest due to their mechanical properties
akin to soft tissues in the body. In addition, their capacity to
swell and retain a high liquid volume renders them interesting
for depollution applications, such as in environmental hazard
removal (Hou et al., 2018). Hydrogels can be used to replace
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FIGURE 1 | Overview of the various biomaterials obtained from of silk fibroin extracted from silk cocoons (A). Silk cocoons (A), sponges (B), macroscopic and

microscopic images of electrospun mats (C,E), 3D printed structures (D), films (F), hydrogels (G), and aerogels (H).

damaged soft tissues such as cartilage, the intervertebral disc,
cornea and skin, among others. SF hydrogels can be found
in applications such as drug delivery (Niu et al., 2019),
tissue engineering (Vidal et al., 2019), regenerative medicine
(Fernández-García et al., 2016; Frauchiger et al., 2017; Li et al.,
2020), and catalysis (Luo and Shao, 2017).

The formation of hydrogels consists of the rearrangement of
SF molecules to form crystalline structures as physical crosslinks.
For this purpose, many protocols have been described in the
literature to control the characteristics of the gels. Physical-
, photochemical, and chemical-induced gelation methods have
been reported. “Physical gelation” occurs through the formation
of physical interactions, including electrostatic (coulombic) and
van der Waals. Physical gelation protocols include solution
sonication (Fernández-García et al., 2016), vortexing, the
application of an electrical current or a pH decrease below
the pI (Rockwood et al., 2011). “Chemical gelation” consists of
the formation of new covalent bonds (crosslinks) via enzymes,
chemical catalysts, or other chemical species. Protocols mostly
involve the use of enzymes, such as oxidases, phosphatases,
transglutaminases, or peroxidases (Nezhad-Mokhtari et al.,
2019).

Enzyme-assisted crosslinking
Enzymatic crosslinking offers in situ crosslinking and
interactions with the surrounding extracellular matrix (Nezhad-
Mokhtari et al., 2019). Moreover, enzymatic-catalyzed reactions

are specific and their rates are tunable, thus allowing a good
control over the reaction products. Although many enzymes
have been used to form such hydrogels, horseradish peroxidase
(HRP) is the most extensively used.

HRP-crosslinked hydrogels
Commercially available horseradish peroxidase is extracted from
the roots of Armoracia rusticana. In the plant, many different
isoenzymes have been identified, although the most common
one is HRP C. HRP is an oxidoreductase that catalyzes the
conjugation of phenol and aniline derivatives in the presence
of hydrogen peroxide (H2O2). In proteins, the action of HRP
results in the formation of dityrosine bonds between the phenol
groups present on tyrosine. The incorporation of tyramine in
enables crosslinking by HRP (Bang et al., 2017; Bi et al., 2019).
The use of this enzyme to crosslink peptides, polysaccharides
and polymers has been extensively described in the literature
(Hoang Thi et al., 2019; van Loo et al., 2020). In particular, HRP-
crosslinked SF hydrogels have been described (Partlow et al.,
2014), including the structure, crosslinking kinetics, rheological,
and mechanical properties, as well as the cytotoxicity and
biocompatibility of the hydrogels formed in the process. The
properties of these SF hydrogels were tunable depending on
several parameters, including silk fibroin molecular weight and
concentration. In addition, the all-aqueous procedure, together
with its biocompatibility and in vivo tolerance, makes this
hydrogel a good candidate for biomedical applications and the
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encapsulation of biological factors (growth factors, hormones,
cytokines), while preserving their activity.

Aerogels
Aerogels are open porous materials of very low density that
derive from replacing the liquid component of a gel by a gas. Silk
aerogels are generally produced by freeze drying a silk solution
or hydrogel. Similar to sponge materials, a 3D porous scaffold is
obtained (Xiong et al., 2018) and pore size and distribution can
be tuned by controlling the rate of freezing. One example of the
process is an ice templating technique that consists in controlling
ice crystal growth in the silk sample to obtain a desired structure.
Microchannel containing silk scaffolds can be obtained by this
technique (Qian and Zhang, 2011; Xiong et al., 2018). Aerogels
have been used as fire retardant materials, thermal insulators
(Maleki and Huesing, 2019), pollution control materials, and as
biomaterials (Mandal and Kundu, 2009).

3D Printed Structures
The development of 3D printing technologies has made it
possible to print polymer dispersions, including silk structures.
This approach controls the shape and dimensions of the
structures (Mu et al., 2020). Many silk-containing bioinks or 3D
printing techniques are being developed with silk inks. Some
approaches have focused on the properties of silk to obtain a
construct, for example, by printing in a saline bath to induce
hierarchical assembly of the silk proteins (Mu et al., 2020), or
using freeform printing in a bath of synthetic nanoclay and
polyethylene glycol (PEG) for a one-step process of printing
and in situ physical gelation (Rodriguez et al., 2018). Other
strategies have focused on mixing SF with other polymers and
thickening agents, such as PEG (Zheng et al., 2018), polyols (Jose
et al., 2015) or the polysaccharide Konjac glucomannan (Sommer
et al., 2016). 3D printed structures are of interest in the tissue
engineering field, as they allow the manufacturing of complex
and patient-tailored shapes with controlled macroporosity.

Silk Foams
Silk memory foams offer a promising and minimally invasive
solution for soft tissue regeneration. These materials can be
compressed prior to implantation, and then have the ability
to recover their volume post-injection or implantation (Brown
et al., 2017). In vivo, these materials have shown promise as soft
tissue fillers, colonized bymigrating cells and integrating with the
surrounding native tissue (Bellas et al., 2015). These foams can be
used as a drug delivery vehicles for bioactive molecules, and their
degradation has been tuned using pre-loaded enzymes (Chambre
et al., 2020). Likewise, these foams have been loaded with
Dinutuximab, a monoclonal antibody with clinical potential for
patients with high-risk neuroblastoma (Ornell et al., 2020). These
silk foams induced a significant decrease in tumor growth rate
in a mouse orthotopic tumor model. Overall, these materials are
extremely well-suited for soft tissue regeneration and localized
drug-delivery at an injury site.

Microneedles
The mechanical properties, biocompatibility, biodegradability,
benign processing conditions, and stabilizing effect of silk
on biological compounds has made it a important candidate

for the fabrication of microneedle systems for drug delivery.
The degradation rate of SF and the diffusion rate of the
entrained molecules can be controlled by adjusting post-
processing conditions (Yin et al., 2018). The microneedles can
be further combined with other materials to make composite
microneedles and further tune the drug release profile. These
microneedles have been prepared with insulin (Wang S. et al.,
2019), antibiotics (Tsioris et al., 2012), and vaccines (Demuth
et al., 2014; Boopathy et al., 2019). Products based on this
technology are currently being developed and commercialized
for therapeutic applications.

Hard Silk Materials
The mechanical properties of regenerated silk materials
can be tuned for orthopedic applications requiring hard
materials by controlling the fabrication process (Li et al.,
2016). Bulk regenerated silk-based materials with excellent
mechanical properties were generated through a biomimetic,
all-aqueous process. These materials replicated the nano-
scale structure of natural silk fibers and demonstrated excellent
machinability, allowing the fabrication of resorbable bone screws,
intermedullary nails and fixation plates. These devices allowed
functionalization with bioactive molecules like antibiotics,
morphogens, or micro RNAs (James et al., 2019). Recent work
developed a thermal processing method allowing the direct
solid-state molding of regenerated silk nanoparticles into bulk
“parts” or devices with tunable mechanical properties (Guo
et al., 2020). Thus, robust materials that retain biocompatibility,
degradability and machinability, without the time, cost, and
stability limitations of using silk solution-derived methods
represents a significant advance.

Films
Silk can be processed into thin films by air drying, methanol-
or water-annealing, or even electrogelation (Stinson et al., 2020).
Glycerol can be added to the formulation to obtain flexible silk
films (Lu et al., 2010). While silk films are promising in the
field of drug delivery (Zhou et al., 2014), or for the long-term
stabilization of vaccines (Stinson et al., 2020), they also have
direct applications in tissue engineering. Their interesting optical
transparency and thin format make them candidates for corneal
tissue models. The films sustain cell adhesion and growth; they
can also be physically and chemically patterned to mimic the
cellular and ECM organization of the cornea (Lawrence et al.,
2009). Pores can also be added in the films to enhance trans-
lamellar nutrient diffusion and cell-cell interactions. These films
can be further stacked into multi-lamellar, helicoidal structures,
and functionalized with RGD-peptides, allowing a biomimetic
3D corneal model (Gil et al., 2010).

APPLICATIONS

The versatility of silk materials and their tunable properties drive
interest for many applications, particularly in tissue engineering
(Kundu et al., 2013; Li G. et al., 2015), wearable electronics (Kim
et al., 2010), and pollution control (Ling et al., 2017; Gao et al.,
2018).
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Silk Fibroin Biocompatibility
Evaluating the biocompatibility of any medical device is a
crucial step during its development. Biocompatibility is the fact
that a biomaterial is “accepted” by the organism with minimal
cytotoxicity and immunogenicity with the aim to prevent
any rejection of the biomaterial. However, biocompatibility is
dependent on the shape and the time of contact and use of
the material. Therefore, every material should be tested in their
final form to assess their compatibility. Silk materials have long
been used as silk sutures; however, hypersensitivity has been
shown in some cases, even it remains scarce. Silk being a
foreign body material, when implanted, a mild inflammatory
response is generally observed. This immunogenic response has
been linked to the presence of sericin (residual or due to the
use of non-degummed silk) within the material (Kundu et al.,
2013). However, no immunogenicity has been found when using
materials composed of a single silk protein, either fibroin or
sericin (Bandyopadhyay et al., 2019). Many studies have shown
the biocompatibility of alkali heat degummed silk materials,
such as SF electrospun mats, films, gels, and microparticles.
Interestingly, in vivo studies showed that silk induced a lower
inflammatory response compared to type I collagen and PLA
(Rockwood et al., 2011). Finally, the FDA has approved the use
of silk for medical uses in the US (Zhang et al., 2017).

Biomedical Applications
Silk materials can match most of the challenges in the biomedical
field due to their mechanical robustness, biocompatibility,
and biodegradability. The various material formats obtained
from silk, as described above, can be used in many different
medical applications.

Silk sutures have been used in the medical field for a long
time, and were patented in 1966, thus establishing the possibility
to use silk in medicine. Silk sutures were first developed to
overcome the mechanical problems encountered with traditional
sutures. Surgical sutures require a great tensile strength to keep
both ends of the wound tight together even under physiological
movements such as heartbeat, stomach or intestinal peristalsis, or
muscle contraction and relaxation. In addition, surgeons should
be able to knot sutures. Silk was a suitable candidate fiber as it
met all these requirements. Since then, silk materials have been
developed for many applications in the biomedical field, such
as for wound dressings, skin, bone, cartilage, ocular, vascular,
neuronal, and tissue regeneration in general (Kundu et al., 2013).

Wound Dressing
After sutures, wound dressings are probably the most
common application of silk materials in the biomedical
field. Several studies have found that silk materials induce
faster reepithelization than conventional materials in skin burn
wounds. Functionalization of electrospun silk materials has
been pursued, such as with epidermal growth factor (EGF) and
silver sulfadiazine, improving the overall wound healing process
(Gil et al., 2013). Functionalization was also be achieved using
silk microparticles (Li X. et al., 2017), such as with insulin for
chronic wound healing applications. Insulin was chosen because
of its contribution to wound healing and its acceleration of

reepithelization. The overall wound healing effect was studied in
vivo in diabetic rats and the insulin-loaded SF materials resulted
in increased wound closure rates compared to non-loaded SF
materials and conventional gauze.

Skin Equivalents
Silk-based materials have emerged in the field of skin equivalents
due to the ability to improve wound closure, as well as its
biocompatibility and biodegradability properties. One model
of artificial skin was produced by silk electrospinning (Sheikh
et al., 2015). Three different electrospinning techniques were
compared: (i) traditional electrospinning (TE), (ii) salt leaching
electrospinning (SLE), and (iii) cold plate electrospinning
(CPE). CPE materials provided thicker materials, as ice crystals
preserved the conductivity of the deposited material, thus
enhancing the deposition of polymer depth. In addition, CPE-
obtained materials showed increased cell infiltration and the
possibility to generate an artificial skin substitute when culturing
keratinocytes at the air-liquid interface. Finally, CPE can be
used over curved surfaces, thus, making it easier to produce
personalized skin systems.

Cells were included in a silk-based skin equivalent (Vidal
et al., 2019). This complex skin equivalent included adipose
tissue, endothelial cells, keratinocytes, neural cells, immune cells,
and vascularization systems. The hypodermis was constructed
on a silk sponge by salt leaching. Dermis and epidermis layers
were shaped into a hydrogel containing complete cell culture
media, silk, collagen, and fibroblasts. The two layers of materials
were then combined to form a full-thickness skin equivalent.
The presence of silk in the material was crucial to overcome
the concerns about collagen skin equivalents, which is construct
contraction over time; this is prevented by the silk due to its
stable structure. In addition, the mechanical properties of silk-
containing hydrogels were closer to skin than pure collagen
materials. Moreover, silk-containing materials were useful for up
to 6 weeks in vitro, providing the possibility to study patient-
specific immune and neuronal responses for a longer period
of time.

Bone Regeneration
Bone tissue engineering materials have been described
(Bhattacharjee et al., 2017) with characteristics including:
mechanical properties comparable to bone, biocompatibility,
bioresorption and the capacity to deliver osteoprogenitor cells
and growth factors. In addition, scaffolds should be able to
provide mechanical integrity until the bone is completely
regenerated, as they have to support high mechanical loads and
stimuli. Resorbable materials are preferred as they avoid the
need for a second surgery to remove the devices or implant.
Collagen is the preferred material; however, a lack of mechanical
properties limits its utility, synthetic polymers are used as
alternatives. An extended review on silk-based materials for
bone tissue engineering has been published (Bhattacharjee et al.,
2017), and highlights the potential to exploit the versatility of silk
materials as cellularized scaffolds or acellular biomaterials for
bone tissue engineering. For example, guided bone regeneration
was successfully achieved with silk membranes (Cai et al.,
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2017a). The main objective was to generate a material able to
avoid connective tissue invasion into a bone defect after surgery.
Invasion of the defect by soft tissue makes bone regeneration
impossible, resulting in the local loss of function. In their in vivo
experiments, the material performed as well as commercially
available products.

Vascular Tissue Engineering
The gold standard for cardiovascular disease is autologous
transplantation (autografts). However, limited donor tissue
availability as well as donor site morbidity drive the need to
develop new materials and tissue engineering approaches. Some
synthetic materials are already used to construct vascular grafts,
namely expanded polytetratfluoroethylene (ePTFE, Teflon R©)
and polyethylene terephthalate (PET, Dacron R©). These materials
are largely used for large diameter vessels or artery replacement.
However, when replacing small diameter vessels (<6mm)
these materials fail when compared with autografts. Moreover,
clinical complications such as aneurysms, intimal hyperplasia
and thrombosis are associated with their use. Due to their
characteristic mechanical properties and biocompatibility, silk
materials have also been used in the field of vascular tissue
engineering. Small vessel graft were developed with silk, where
the diameter of the tube could be tailored and the graft was rich
in β-sheet-structure to confer appropriate mechanical properties
(Lovett et al., 2007). The incorporation of polyethylene oxide
into the silk dispersion resulted in optimal porosity once the
PEO was removed, enabling small protein transport but limiting
endothelial cell migration. Vessel grafts were produced by
combining two electrospun layers and an intermediate textile
layer (Alessandrino et al., 2019). The mechanical properties were
similar to native arteries, had biocompatibility, cell adhesion and
blood hemocompatibility (no complement activation). However,
further optimization is needed to reduce a foreign body response
in vivo in sheep and minipigs.

Nerve Regeneration
Neural guidance is a key factor for efficient nerve regeneration. A
three-layered silk electrospun material (aligned-random-aligned
fibers) was generated to address this need (Belanger et al.,
2018). The aligned electrospun silk material induced alignment
in Schwann cells in contrast to the random growth found when
cultured on glass coverslips. In vivo experiments in rats showed
successful nerve regeneration after 4 months, with mechanical
properties matching the tensile stress of the rat sciatic nerve (ca.
2.6 MPa). The insulating characteristics of silk materials may
impair electrical potential for neural action and communication,
thus composite approaches may be useful.

Drug Delivery
The controllable degradation rate of SF materials in the body
enables their use as drug delivery devices. Gentamicin sulfate
impregnated gelatin microspheres were embedded into silk
scaffolds obtained by freeze drying (Lan et al., 2014). Thematerial
showed a reduced inflammatory response and accelerated
reepithelization in vivo while exhibiting antibacterial properties.
Similarly, dual drug-loaded silk materials were developed (Li

H. et al., 2017). Silk microspheres containing curcumin were
prepared and blended into a silk dispersion with the drug
doxorubicin hydrochloride (DOX-HCl). By electrospinning,
nanofiber silkmaterials were obtained containing the hydrophilic
DOX-HCl in the shell and the hydrophobic curcumin in the core.
Silk hydrogels can also be used for drug delivery. Silk hydrogels
were loaded with bevacizumab, an anti-vascular endothelial
growth factor antagonist (Lovett et al., 2015). Bevacizumab is
a therapeutic agent for the treatment of age-related macular
degeneration, an eye disease characterized by the progressive loss
of vision. The intravitreal injection of hydrogels in rabbits’ eyes
showed sustained drug release for up to 90 days.

Other Applications
Although silk is increasingly being developed in the biomedical
field, interesting applications have also emerged in other areas,
such as for pollution control (Ling et al., 2017; Gao et al.,
2018), electronics (Kim et al., 2010), thermal insulators, and
fire retardants (Maleki et al., 2018). For example, silk adsorbs
many chemicals andmetals, which renders it interesting for water
and air pollution. With this objective, electrospinning has been
used to develop silk air filters (Gao et al., 2018) that have high
efficiency air filtration (up to 99.99%) for particles with mean
diameters from 0.3 to 10µm, and a decreased pressure drop
in comparison with state-of-the-art materials. In addition, silk
filters are biodegradable and can be involved in recycling or
sustainability processes.

NANO-OBJECTS

Nano-objects are objects with at least one of their three
dimensions at the nanoscale (smaller than 100 nm). Nano-
objects are classified into three groups: nanoplates, nanofibers,
and nanoparticles (NPs). According to the IUPAC, NPs are
“particles” of any shape with dimensions in the 1–100 nm range.
These nano-objects exhibit a high surface-to-volume ratio that is
particularly useful in many fields, such as in catalysis and sensing.
In addition, unexpected and tunable properties appear at the
nanoscale, differing from the bulk material.

NPs are rapidly coated by biomolecules, mostly proteins, when
injected into biological fluids, leading to the formation of a
“biomolecular corona” (Monopoli et al., 2012). The stability of
NPs in solution depends on the equilibrium of attractive and
repulsive forces between NPs, influenced by physicochemical
conditions including the ionic strength, nature of the ions, pH,
temperature, and the presence of bio-organic compounds (e.g.,
steric effects). Destabilization of the NPs solution may result
in aggregation and precipitation. Given these considerations
(protein corona formation and stability of NPs solution) it is
unlikely that NPs preserve their initial size over time in the body.
Large-sized NPs can be easily eliminated from the body through
conventional routes. The remaining NPs can be taken up, stored
and even degraded by cells to limit bioavailability (Van de Walle
et al., 2019; Balfourier et al., 2020; Plan Sangnier et al., 2020).

NPs can be synthesized by top-down or bottom-up methods.
Top-down synthesis consists of breaking down the bulk material

Frontiers in Chemistry | www.frontiersin.org 7 December 2020 | Volume 8 | Article 604398

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Belda Marín et al. Silk Polymers and Nanoparticles

until the obtention of nanosized particles, such as ball-
milling, laser ablation, and lithography. Bottom-up synthesis is
performed by building up the nanomaterial atom by atom or
molecule by molecule. Bottom-up methods are liquid synthesis
and include chemical precipitation, sol-gel processes andmicellar
and inverse micellar synthesis, hydro/solvo-thermal methods,
etc. (Su and Chang, 2017). Many different synthesis routes
are actually used for different materials as a standard and
consistent synthesis method for all NPs has not yet been found
to our knowledge.

Noble Metal Nanoparticles
Noble metal NPs are of particular interest in materials because
the reduction of material needed allows decreasing costs
and lower its environmental impact. Many noble metal NPs
are currently used in several applications such as catalysis,
biomedicine, environment depollution or electronics.

Gold NPs
GoldNPs are probably themost well-known type of NPs since the
preparation of the colloidal “ruby” gold byMichael Faraday in the
19th century. These NPs are used in many fields, from medicine
(imaging, diagnostics, therapeutics) to electronics, essentially due
to their unique reactivity and optical properties emerging only at
the nanoscale.

Gold NPs have been used for their surface plasmon
resonance (SPR) effect that results in an enhancement of the
electromagnetic field in the surface of the NPs and optical
extinction at the plasmon resonance frequency. SPR allows gold
NPs to be used as hyperthermia agents due to their capability to
absorb light at a given frequency and transforming the energy
into heat (Plan Sangnier et al., 2019; Balfourier et al., 2020). Gold
NPs have also been largely used in sensing systems (Zhou et al.,
2015; De Crozals et al., 2016; Szekeres and Kneipp, 2019), as
contrast agents for computed tomography (CT), as antibacterial
agents (Cui et al., 2012), and as catalyst (Alshammari, 2019;
Begum et al., 2019).

Silver NPs
Silver is known for its antibacterial action. The use of silver as an
antibacterial agent had decreased with the arrival of antibiotics.
However, the widespread use of these powerful molecules has led
to the apparition of antibiotic-resistant bacterial strains. Silver
NPs have broad spectrum activity against gram positive and gram
negative bacteria (Agnihotri et al., 2014), biofilms (Guo et al.,
2019), multidrug resistant bacteria (Lara et al., 2010a), fungi (Kim
et al., 2009; Chudasama et al., 2011), and even some virus (Lara
et al., 2010b). The antibacterial action of silver NPs is dependent
on their size and shape (Choi and Hu, 2008).

Silver was initially used it its ionic form for biomedical
applications, and, in particular, in surgical cloths and wound
dressings (Uttayarat et al., 2012). Although silver ions can be
toxic at high concentrations, great controversies exist regarding
the toxicity of silver NPs, as this property depends on their
size, shape, and surface functionalization. To our knowledge,
no silver NP toxicity has been proven except the one resulting
from the release of Ag+ ions. Therefore, silver NPs are actually

being widely used as antibacterial agents (Reidy et al., 2013).
Additionally, they can also be used for sensing applications
(Annadhasan et al., 2014), as conductive elements in electronics
(Cai et al., 2017b) and in environmental remediation applications
as they possessed also catalytical properties allowing the
degradation of several pollutants in water (Guerra et al., 2018).

Other Noble Metal NPs (Pd, Pt)
Platinum and palladiumNPs are well-known in the catalysis field.
Both metals are expensive which drives the industry interests
toward the reduction of metal needed to obtain the same
result. When used in their nanoparticulate form their catalytic
performance increases due to the higher surface-to-volume ratio.

Platinum is mainly used in hydrogenation/dehydrogenation
reactions, fuel cell applications, CO, and alcohol oxidations
(Martínez-Prieto et al., 2017). On the other hand palladium
NPs are used as catalyzers mainly in C-C coupling reactions
(Suzuki–Miyaura, Sonogashira and Mizoroki-Heck reactions),
reduction of nitroarenes, hydrogenation of alkenes and alkynes,
and oxidation of primary alcohols (Saldan et al., 2015). Both
metal NPs have been used as well for depollution applications
(Iben Ayad et al., 2020), photothermal treatments (Samadi et al.,
2018; Yang et al., 2019) and as antibacterial/antifungal agents
(Dumas and Couvreur, 2015; Pedone et al., 2017).

Quantum Dots
Quantum dots (QDs) are semiconductor NPs of small size
(usually smaller than 10 nm). Because of their tunable fluorescent
properties in a large light spectrum (from infrared to visible
light), cadmium selenide (CdSe), cadmium telluride (CdTe), and
cadmium sulfide (CdS) have been developed. In the biomedical
field, QDs are used as biosensors, imaging probes and for
diagnostics among others (Pandey and Bodas, 2020). QDs have
been also used in photocatalysis applications. For example,
the production of hydrogen using QD photocatalysis has been
studied. This possibility is interesting for the use of hydrogen as
an alternative combustible (Rao et al., 2019).

Metal Oxide Nanoparticles
Iron Oxide NPs
Iron oxide NPs are of special interest because of their magnetic
properties that differ from the bulk material. Similar to the LSPR
effect, iron oxide particles present superparamagnetic behaviors
in the nanoscale range (NPs of diameter below 20–30 nm).
Because of their small size, these NPs act as single domain
particles. They are magnetized in a uniform manner, with all
the spins aligned in the same direction when a magnetic field
is applied (Cardoso et al., 2018). Again, the magnetic properties
of iron oxide NPs strongly depend on their size and shape, as
well as their crystalline state (Demortière et al., 2011; Wu et al.,
2016). The use of iron oxide NPs in the biomedical field is
possible due to their biocompatibility and low toxicity. Because
of their magnetic properties and their relaxation times, iron oxide
NPs are good candidates for magnetic resonance imaging (MRI)
contrast agents. Iron oxide NPs are a type T2 contrast agent
resulting in a black contrast. These NPs are also used for protein,
molecule or cell separation thanks to their magnetic properties

Frontiers in Chemistry | www.frontiersin.org 8 December 2020 | Volume 8 | Article 604398

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Belda Marín et al. Silk Polymers and Nanoparticles

(Cardoso et al., 2018; Cheng et al., 2019). Iron oxide NPs can be
also used for hyperthermia treatments (Liang et al., 2019; Pires
et al., 2019), drug delivery (Benyettou et al., 2019), tissue adhesion
(Meddahi-Pellé et al., 2014) as magnetic stimulant (Santos et al.,
2015), and as pollutant sorbents (Gutierrez et al., 2017).

Titanium Oxide NPs
Titanium oxide (TiO2) is a semiconductor metal used as a
white pigment in paints, plastic, papers, cosmetics, food (E171),
toothpaste among many others. This white appearance is due to
its high refractive index (2.48–2.89) that results in the reflection
of 96% of light. In addition, the high opacity of TiO2 NPs places
it as the most used white pigment among industry. TiO2 is
also the active component of sunscreens due to its capacity to
absorb UV irradiation. Smaller NPs are preferred in this case
as they result in colorless and fluid products (Lan et al., 2013).
TiO2 NPs are also well-known because of their photocatalytic
activity. Under ultraviolet irradiation, TiO2 electrons are excited
and can be part of chemical reactions in the surface of the
material. This property is mainly used for water hydrolysis
to produce hydrogen, pollutant degradation (in air or water)
resulting in auto-cleanable surfaces and bactericidal effect due
to ROS production. Because of its biocompatibility, low cost,
and high photocatalytic activity, TiO2 NPs are the most used
photocatalyst (Haider et al., 2019), even if their reactivity in
aqueous media is impacted by aggregation (Degabriel et al.,
2018).

In the biomedical field, the photocatalytic activity of TiO2 NPs
has been used for photodynamic treatment of infections, cancers
and skin defects as psoriasis (Ahmad et al., 2015). However, this
application is limited due to UV irradiation-induced damage in
human tissues. To avoid direct use of UV radiation, NP surface
modifications can be made, resulting in a shift in light absorption
enabling the use of a different light source (Ni et al., 2017; Ziental
et al., 2020). TiO2 NPs have been the subject of a vast literature
regarding their toxicity, sometimes polemical (Horváth et al.,
2018; Suzuki et al., 2020), and their interaction with proteins
impacting cell behavior (Jayaram et al., 2017; Runa et al., 2017).

Other Metal Oxide NPs (Cu, Zn)
Other metal oxide NPs have been developed and are being
used in industry. This group of NPs is used in many
applications including antibacterial agents, gas sensors, catalysis,
and electronics (Chavali and Nikolova, 2019). Zinc and copper
oxide NPs are two of the most important ones aside from
titanium oxide, and widely used in catalysis and as antibacterial
agents (Stankic et al., 2016). Increasing research in the biomedical
field raises the applications of metal oxide NPs as anticancer
agents, anti-inflammatory and radiation protection among others
(Augustine and Hasan, 2020).

Hydroxyapatite, Bioactive Glass, and Silica
NPs
Bioceramics, including hydroxyapatite (HAP), present low
tensile strength and brittleness. This is an issue in bone tissue
engineering applications, where biomechanical loads, including
torsion, bending, compression, shear stress are frequently applied

to the implanted scaffold. Further, their limited remodeling
(Sun et al., 2009) and uncontrolled degradation in vivo can
lead to changes in the extracellular environment, which can
cause adverse effects including cell death (Ge et al., 2008).
Polymer/hydroxyapatite nanocomposites offer a promising
solution to these issues, by combining the tunable degradability of
polymers like silk with the osteoconductivity of ceramicmaterials
(Zhang et al., 2019). The composition of these composites can
be tuned to present mechanical properties closer to that of
native bone, while preserving biocompatibility and biosorption
properties. The nanoscale features of HAP NPs are particularly
advantageous because nanotopography modulates cell behaviors
like adhesion, differentiation, and proliferation, by promoting
greater protein interactions and therefore new bone formation
(Van Der Sanden et al., 2010).

Bioactive glasses and glass-ceramics stimulate a beneficial
response in vivo by bonding to the host bone tissue (Jones,
2013). Further, the controlled release of biologically active
calcium and silica ions from these materials leads to the
upregulation and activation of genes associated to osteoblastic
differentiation, encouraging rapid bone regeneration (Jones,
2013). The controlled release of ions from the dissolution
bioactive glasses can induce angiogenesis, opening up further
possibilities for enhanced bone or soft tissue regeneration
(Hench, 2009). Like with HAP, one of the primary limitations on
the clinical use of bioactive glasses is the unpredictable behavior
in complex physiological loading conditions. Incorporating
them as biologically active phases into composite systems is a
promising solution to overcome these challenges.

Graphene Oxide
Graphene is an interesting nanomaterial owing to its high
mechanical strength and outstanding electrical conductivity
among others. However, its low solubility reduces its utilization
possibilities. Instead, graphene oxide (GO) is easier to synthetize
and has better solubility, while matching the mechanical strength
of graphene. Further, the presence of chemical groups in GO
allows its functionalization and interaction with surrounding
molecules (Smith et al., 2019). Because of its electronic
configuration, GO nanosheets are impenetrable by many
different gases and so can be used as barriers for such molecules.
The same molecule exclusion principle together with the high-
water permeability of GO has been used to create water filters for
wastewater treatment (Thebo et al., 2018). For the same reason,
GO is also used as coating to avoid material corrosion (Smith
et al., 2019). GO conformation is easily altered when exposed to
humidity, light, or heat. This property allows the development
of stimuli-responsive materials. For example, the presence of
humidity results in GO swelling (Chen et al., 2017).

SILK-BASED BIONANOCOMPOSITES

The promising potential of combining silk andNPs for the design
of bionanocomposites with tailored properties and functions has
been pursued. Nanocomposites can present new properties that
are not achieved in a classical composite with the same materials.
Bionanocomposites are nanocomposites containing a biological
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material such as collagen, cellulose, alginate or silk. They have
been studied to develop replacement tissues, such as tendon
(Yang et al., 2016), corneal stroma (Watanabe et al., 2020), bone
(Raja and Yun, 2016) and dermis (Song et al., 2015).

However, these properties are only achieved if the NPs
are homogeneously distributed within the resultant material.
Therefore, when developing any type of nanocomposite, it is
crucial to consider the NP surface chemistry, stabilization within
the bulk material and homogeneous distribution. As previously
explained, NP stabilization can be easily altered by changing
the physicochemical conditions of their environment, such as
ionic strength. Mixing NPs with other material results in a new
environment so it is not surprising to observe NP aggregation
and precipitation within the material. These considerations are
particularly important for silk bionanocomposites as in this case
silk gelation can easily occur as well due to NP addition to
the solution.

Silk bionanomaterials have been generated using at least
three different methods. In situ synthesis was studied using
many different reducing agents (Table 1), including the ability
of silk to reduce metal ions (Yu et al., 2017; Zhou et al., 2020).
Figures 2B–D show silk electrospun biocomposites obtained by
in situ synthesis of gold (Au NPs) and iron oxide nanoparticles
(IONPs). Although this approach reduces the number of steps
needed to produce the bionanocomposite, the resultant NPs
can be polydisperse in size and shape. Moreover, the surface
chemistry of these NPs is unknown. These issues could result
in unpredictable properties and toxicity, which are highly
dependent on the characteristics of the NPs. Better control of
NP characteristics can be achieved by synthesis upstream and
subsequently incorporating them into silk materials. Figure 2
shows an example of silver NPs embedded in silk fibers
(Figures 2E–G) and sponges (Figure 2H) obtained by using the
latter procedure. However, in these cases it is important to
stabilize NPs in solution by controlling their surface chemistry.
Therefore, many studies have been conducted to further
understand the stability of NPs in the solution (Hotze et al.,
2010). Nevertheless, it is shown that, once included within the
bulk material, the confinement of NPs enhances their stability by
decreasing particle-particle interactions (Chandran et al., 2014).
In addition, in many situations, the direct incorporation of NPs
into regenerated silk solution induces silk gelation. Some studies
have focused on feeding the desired NPs directly to silkworms,
with incorporation in the silk cocoons, however, the efficiency of
incorporation is low due to the NP biodistribution in the worm
(Xu et al., 2019).

Antibacterial Activity
In the textile world of silk, the incorporation of antibacterial NPs
allows for improvement of luxury clothes and reduces odors.
In the biomedical field, the presence of such NPs avoids, or
at least delays, infections. Silver NPs are used for antibacterial
applications and silk materials have been functionalized with
silver NPs. UV irradiation was used to synthetize silver NPs
directly in silk solutions (Jia et al., 2017), films (Zhou et al.,
2019), sponges (Hu et al., 2020), fibers, textiles and electrospun
mats (Calamak et al., 2015; Jia et al., 2017; Ribeiro et al.,

2017; Zhou et al., 2019; Hu et al., 2020; Raho et al., 2020).
In situ synthesis of NPs in silk textiles was not uniform
over the fibers, likely due to a different silver ion adsorption
depending on the silk chemical groups. Silver ion release was
studied for electrospun mats and was dependent on β-sheet
content. Electrospun materials with low β-sheet content resulted
in cytotoxic effects in mammalian cells. Light was used as a
reducing agent for the in situ synthesis of silver NPs in silk (Patil
et al., 2015) and a gelling agent. The antibacterial activity of
the silver NPs demonstrated. However, no tests were performed
for the gel nanocomposite. The topical application of this gel
in animal skin wound models resulted in faster wound closure
in comparison with silk, silver NPs and Carbopol gels and
Soframycin gel, a commercially available product (Patil et al.,
2015). A difference was observed between silk and silver NPs/silk
gels, suggesting a synergistic effect of both components in
wound healing.

Silver NP-loaded silk hydrogels have been also used for bone
regeneration (Ribeiro et al., 2017). Silver NPs were synthesized
in situ using light as a reducing agent. Antibacterial activity
was found for hydrogels containing more than 0.5% silver NPs.
Cytocompatibility was assessed by seeding osteoblast cells on the
hydrogels, while a silver NPs concentration-dependent decrease
in cell viability was observed.

In situ NP synthesis in silk materials has also been developed
using caffeic acid, flavonoids, vitamin C, citrate, Rhizophora
apiculata leaf extracts, Streptomyces cell extracts or honeysuckle
extracts as reducing agents (Dhas et al., 2015; Meng et al., 2016;
Shahid et al., 2017; Zhou and Tang, 2018a,b; Baygar et al., 2019;
Gao et al., 2019). The materials acquired antibacterial activities
and showed no cytotoxic effects. Interestingly, the materials
synthetized using caffeic acid had UV irradiation protection,
suggesting applications in sun protective materials.

Silk sponges and films containing silver NPs have been
developed (Yu et al., 2012; Das and Dhar, 2014). Silk alone
was able to reduce Ag+ into Ag0 efficiently to form silver NPs.
The reduction ability of SF, sericin and peptides has also been
shown by others (Zhang et al., 2014; Yu et al., 2017; Zhou
et al., 2020). All these in situ synthesis procedures resulted
in NPs with uncontrolled sizes and shapes, parameters that
are crucial to control in order to evaluate NP properties. In
addition, no information about NP surface chemistry or the
presence of remaining toxic silver ions was described. Altogether,
materials obtained by this methodology may not possess the
desired antibacterial properties and may also present undesired
properties such as toxicity.

Mixing preformed NPs with silk has also been pursued
(Gulrajani et al., 2008; Karthikeyan et al., 2011). A two-step
functionalization of silk fabrics with silver NPs was reported
(Gulrajani et al., 2008). The silk fabric was soaked in silver
NPs solution and the effect of pH on NP uptake was assessed,
finding greater adsorbtion in acidic media. Silk uptake of NPs
was also temperature dependent, with improved adsorption at 40
vs. 80◦C.

A two-step method was developed to functionalize silk fabrics
with silver NPs (Zhou and Tang, 2018a). Interestingly the
resulting materials were inhibited the growth of both Escherichia

Frontiers in Chemistry | www.frontiersin.org 10 December 2020 | Volume 8 | Article 604398

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Belda Marín et al. Silk Polymers and Nanoparticles

TABLE 1 | Applications, NPs, functionalization method, and silk materials for silk-based bionanocomposites.

Application NPs type Functionalization

method

Silk material References

Antibacterial Ag In situ Degummed fibers Lu et al., 2014b; Meng et al., 2016

Electrospun Calamak et al., 2015

Film Yu et al., 2012, 2017; Raho et al., 2020

Silk dispersion Jia et al., 2017

Sutures Baygar et al., 2019

Textile Zhang et al., 2014; Shahid et al., 2017; Gao et al.,

2019; Velmurugan et al., 2020

In situ vs.

upstream

Degummed fibers Dhas et al., 2015

Upstream Electrospun Uttayarat et al., 2012

Fibers Karthikeyan et al., 2011

Textile Gulrajani et al., 2008; Zhou and Tang, 2018a

CuO In situ Yarn Abbasi et al., 2016

SeO In situ Electrospun Chung et al., 2016

ZnO Upstream Film Patil et al., 2018

Antibacterial/catalysis/dyeing Pt In situ Textile Zou et al., 2018

Antibacterial/photocatalysis Ag/AgCl Porous films Zhou et al., 2019

Antibacterial/tissue engineering Ag Au HAP In situ Sponge Ribeiro et al., 2017

Ag Hu et al., 2020

Antibacterial/wound healing Ag In situ Gel Patil et al., 2015

Antibacterial/UV protection Au In situ Textile Tang et al., 2014

CeO2 Upstream Degummed fibers Lu et al., 2014a

Antibacterial tissue protection Ag Upstream Textile Zhou and Tang, 2018b

Antibiotic dose reduction Au In situ Textile Zhou et al., 2020

Catalysis Au In situ Sponge Das and Dhar, 2014

Fe3O4 Hydrogel Luo and Shao, 2017

Pd Degummed fibers Ikawa et al., 2005

Depollution CuO In situ Silk dispersion Kim et al., 2017

Fe2O3 Upstream Cocoons Liu et al., 2018

TiO2 Upstream Electrospun Aziz et al., 2017

Hyperthermia Au Upstream Hydrogel Kojic et al., 2012

Nanofibers Wang J. et al., 2019

Fe3O4 Hydrogel Qian et al., 2020

Imaging NaYF4@SiO2 Worm feeding Cocoons Deng et al., 2020

C nanodots Fan et al., 2019

Au In situ Film Yin et al., 2009a,b

Silk dispersion Ranjana et al., 2020

C nanotubes/Au Upstream hydrogel Zhang et al., 2020

CdS In situ Fibers Han et al., 2010

CdTe Upstream Film Sohail Haroone et al., 2018

GO Silk GO paper Ma and Tsukruk, 2017

Graphene Film Wang et al., 2017

Ni nanodisc Textile Schmucker et al., 2014

Sensing SERS Au In situ Silk textile Liu et al., 2016

Upstream Film Guo et al., 2015

Tissue engineering Au Upstream Electrospun Cohen-karni et al., 2012; Das et al., 2015; Sridhar

et al., 2015; Akturk et al., 2016

Bioactive glass 3D printed Midha et al., 2018

Sponge Bidgoli et al., 2019

CoFe2O4/Fe3O4 Electrospun Brito-Pereira et al., 2018

(Continued)
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TABLE 1 | Continued

Application NPs type Functionalization

method

Silk material References

Cu bioactive glass Hydrogel Wu et al., 2019

Fe3O4 Sponge Aliramaji et al., 2017; Tanasa et al., 2020

GO Hydrogel Wang et al., 2020

HAP In situ 3D printed Huang et al., 2019

Compacted

powder

Zakharov et al., 2017

Silk dispersion Kong et al., 2004

Upstream 3D printed Sun et al., 2012

Fibers Heimbach et al., 2018

Hydrogel Ding et al., 2017

Sponge Kweon et al., 2011; Ye et al., 2017

HAP TiO2 Upstream Sponge Kim et al., 2016

Silica Film Mieszawska et al., 2010

Wearable electronics Au Upstream Film Tao et al., 2010

FIGURE 2 | Examples of silk bionanocomposites. Scanning Electron Microscopy view of electrospun silk fibers (A) with gold nanoparticles (Au NPs) (B), iron oxide

nanoparticles (IONPs) (C) or silver nanoparticles (Ag NPs) [(E–G), STEM-EDS with elemental mapping]. Macroscopic view of electrospun scaffolds (D) and sponges

(H) with gold (Au NPs) and iron oxide nanoparticles (IONPs).

coli and Staphylococcus aureus even after 30 washes, suggesting a
strong bond between the silk and silver NPs.

Other studies have focused on the antibacterial activity
of gold (Ribeiro et al., 2017; Zhou et al., 2020), platinum
(Zou et al., 2018), copper oxide (Abbasi et al., 2016), zinc
oxide (Patil et al., 2018), cerium oxide (Lu et al., 2014a),
selenium oxide NPs (Chung et al., 2016) in silk materials.

The in situ synthesis of gold NPs in a HAP-containing
silk hydrogel was carried out (Ribeiro et al., 2017). Once
the hydrogel formed, gold NPs were synthesized by heating
the solution to 60◦C. Significant antibacterial activity was
observed against S. aureus (Multidrug sensible and resistant
strains), E. coli and Pseudomonas aeruginosa, but not against
Staphylococcus epidermidis.
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The in situ synthesis of gold NPs in silk fabrics was
attained by heating to 85◦C (Tang et al., 2014). The result
was an antibacterial, UV irradiation blocking and thermal
conducting material v for textile applications. However, as for
the silver NPs, in situ synthesis does not allow tight control of
NP size.

Tissue Engineering
Different NPs containing silk materials have been developed
for tissue engineering. Gold NPs can be incorporated into the
silk electrospinning solution to obtain silk nanofibers with well-
dispersed gold NPs by traditional (Cohen-karni et al., 2012)
and wet (Akturk et al., 2016) electrospinning techniques. In
both cases, the incorporation of gold NPs into electrospun silk
materials resulted in improved mechanical properties. In vitro
tests showed no cytotoxicity to the materials, and a good cell
attachment to the scaffolds. In addition, cell attachment was
enhanced by functionalizing the gold NPs with the integrin
binding peptides RGD. The resultantmaterials were tested in vivo
for wound closure (Akturk et al., 2016). No significant differences
were found between silk with or without the gold NPs.

The incorporation of gold NPs into silk scaffolds has been
also used to increase material conductivity. Electrical stimuli
are crucial for nerve and cardiac tissues, thus, this modification
impacts the regeneration process for these tissues. For example,
electrospun silk containing gold NPs materials were rolled into
conduits to replace sciatic nerves in vivo (Das et al., 2015). As
a result, gold-containing silk materials outperformed pure silk
materials in term of nerve regeneration. The presence of gold
NPs in silkmaterials also supported better mesenchymal stem cell
differentiation toward the cardiac lineage (Sridhar et al., 2015).

Most silk-based bionanocomposites developed for biomedical
applications have focused on bone tissue regeneration. Because
of their osteoconductive properties, silk materials containing
HAP, bioactive ceramics and silica NPs have been studied.
Nanocomposite scaffolds of silk and HAP are particularly
interesting due to the ability of silk to “regulate” the
mineralization of calcium phosphates, presumably through
chemical interactions involving silk chemical groups (Kong
et al., 2004; Zakharov et al., 2017). Silk/HAP scaffolds were
manufactured using thermally induced phase separation (TIPS)
(Wei andMa, 2004) or lyophilization (Ye et al., 2017), to generate
highly porous silk/nHAP composite scaffolds. Other materials
used include silk sponges (Kweon et al., 2011), hydrogels (Ding
et al., 2017), or 3D printed constructs (Huang et al., 2019).

Studies with silk/HAP materials for bone regeneration have
shown promising results both in vitro and in vivo due to
their biocompatibility, mechanical properties, and chemical
composition similar to native bone. In a rabbit radial bone defect
the formation of new bone tissue with a density similar to native
bone was found using silk/chitosan/HAP biodegradable scaffolds
obtained by lyophilization (Ye et al., 2017). A significantly
higher rate of bone formation was also found in a rabbit
parietal model after 8 weeks using silk sponges loaded with
HAP (Kweon et al., 2011). Silk/HAP hydrogels have also been
explored for the treatment of irregular bone defects by injection
(Ding et al., 2017). In vitro, these hydrogels demonstrated good

cytocompatibility and osteogenic differentiation capacity. In vivo,
in a rat calvarial defect model, these hydrogels were able to
support the formation of new bone tissue, suggesting promising
applications for bone tissue engineering (Ding et al., 2017).

A bone replacement was developed using a silk hydrogel
functionalized with hydroxyapatite NPs (nano-HAP) (Ribeiro
et al., 2015). HAP is a calcium phosphate widely used in bone
tissue engineering as its composition is close to the mineral
phase of bone tissues. In vitro experiments showed that the nano-
HAP-containing materials enhanced osteoblastic phenotype. The
main challenge was to avoid nano-HAP aggregation during
silk gelation. The material containing 15 wt% of nano-HAP
showed a homogeneous dispersion in the silk hydrogel with no
visible aggregation. The aggregation state of nano-HAP remains,
however, the main constraint for the design of a silk-based
materials with a higher nano-HAP contents.

Adequately matching the morphology of the implant and the
surrounding bone is crucial for the proper integration of the
implant with the surrounding bone. Recent work has focused
on using or tuning the rheological properties of silk/HAP-
based pastes for 3D printing applications. These approaches
allow the formation of biomimetic and macroporous silk/HAP
nanocomposite scaffolds. Using sodium alginate (SA) as a
binder, 3D printed scaffolds with large, interconnected pores and
relatively high compressive strength were generated and human
bone marrow-derived mesenchymal stem cells (hMSCs) seeded
on the scaffolds adhered, proliferated and differentiated toward
an osteogenic lineage (Huang et al., 2019). Likewise, 3D printed
scaffolds composed of a gradient of silk/hydroxyapatite (HA)
were generated and supported the growth of hMSCs and human
mammary microvascular endothelial cells (hMMECs) (Sun et al.,
2012). These cells formed intricate networks of extracellular
matrices within the 3D scaffolds with vascular-like structures
following the scaffold morphology (Sun et al., 2012).

In addition to scaffold-based applications for bone
regeneration, silk/HAP/polylactic acid composites were
developed for the fabrication of high strength bioresorbable
fixation devices for clinical applications in orthopedics
(Heimbach et al., 2018). Bioactive glass NPs have been also
used in bone tissue engineering using silk-based materials.
For example, SF-bioactive glass composites were fabricated
with controlled architecture and interconnected structure by
combining indirect three-dimensional (3D) inkjet printing
and freeze-drying methods. The silk/bioglass composite
scaffolds possessed excellent mechanical properties and stability,
and supported the attachment of hMSCs and possessed
osteoinductive properties (Bidgoli et al., 2019). 3D printed
silk-gelatin-bioactive glass hybrids were generated with the
goal of developing patient-specific grafts for bone regeneration
(Midha et al., 2018). Two different bioactive glass compositions
were tested, with and without strontium, and the strontium-
containing constructs induced osteogenic differentiation of
MSCs. Further, ion release from bioactive glasses in the silk-
gelatin ink triggered the activation of signaling pathways
for in vivo bone formation (Midha et al., 2018). Bioactive
glass nanoparticles can be functionalized with different ions
before incorporation into silk matrices. For example, injectable

Frontiers in Chemistry | www.frontiersin.org 13 December 2020 | Volume 8 | Article 604398

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Belda Marín et al. Silk Polymers and Nanoparticles

composite hydrogels of chitosan, silk and glycerophosphate
were developed and were highly porous and could be used to
administer silica, calcium and copper ions in a sustained and
controlled manner (Wu et al., 2019). Further, these materials
were suitable for in situ injection and underwent rapid gelation
under physiological conditions of temperature and pH. In vitro,
these hydrogels supported the growth of MC3T3-E1 and human
umbilical vein endothelial cells, and induced them toward
osteogenesis and angiogenesis, respectively. In vivo, the copper-
functionalized hydrogels restored critical-size rat calvarial bone
defects with the newly formed bone tissue vascularized with
mineralized collagen deposition in 8 weeks (Wu et al., 2019).

In addition, incorporating silica NPs in silk matrices to confer
osteoinductive properties, silica-functionalized silk films were
prepared where hMSCs adhered, proliferated, and differentiated
toward an osteogenic lineage (Mieszawska et al., 2010). The
presence of silica led to upregulation of osteogenic gene
expression, including bone sialoprotein and collagen type 1.
Collagen fibers and apatite nodules were observed, indicating
the formation of new mineralized bone tissue (Mieszawska et al.,
2010).

Other NPs have also been incorporated into silk materials
for bone tissue engineering. For example TiO2 NPs or GO
have been used to increase the mechanical resistance of silk
sponges and hydrogels (Kim et al., 2016; Wang et al., 2020).
Magnetic NPs have interesting properties that can be used to
apply a magnetic stimuli to cells and tissues (Aliramaji et al.,
2017; Brito-Pereira et al., 2018; Tanasa et al., 2020). Recently a
silk chitosan magnetite bionanocomposite scaffold was prepared
by freeze casting (Aliramaji et al., 2017). They addition of
magnetite NPs to the silk/chitosan scaffold did not change the
porosity and no magnetite release was detected in a PBS solution
after 48 h, to support the stability of NPs in the scaffolds. The
combination of magnetite NPs within the scaffolds, together with
the static magnetic field applied resulted in no osteosarcoma cell
cytotoxicity and increased cell attachment.

Overall, the results described above demonstrate the
potential of NP incorporation in silk as a tool for material
functionalization; improving mechanical properties, and also
to serve as biochemical cues for the surrounding cells toward
bone tissue engineering. As our understanding of mechanisms
and signaling pathways progresses, the regeneration of complex
tissues may benefit from combinations of NPs in silk scaffolding,
including spatial patterning, to induce improved and perhaps
patterned regeneration outcomes.

Hyperthermia
Hyperthermia as a therapy for the treatment of cancer uses
various external energies, such as microwave, ultrasound,
infrared radiations, to locally increase the body temperature and
therefore destroy tumor cells. The heaters can be plasmonic
or superparamagnetic NPs (Chicheł et al., 2007; Kolosnjaj-Tabi
et al., 2017). Among hyperthermia modalities, phototheraphy is
an interesting non-invasive therapy, in which light is used to
induce local cell death. Due to the intrinsic light absorption of
biological tissues, photothermal therapies can be only achieved
in the near infrared region (NIR). State-of-the-art photothermal

agents, namely gold nanorods and nanostars, are not efficient in
the NRI II transparency window.

Silk nanofibers containing gold NPs were developed (Wang J.
et al., 2019). The specific assembly of NPs results in the broader
absorption of light in the NIR and a red shift of the maximum.
As a result, gold NP-containing silk nanofibers reached higher
temperatures than gold NPs alone under the same conditions.
Therefore, the ability to pattern how and where NPs adhere to
silk materials result in increased efficiency (Plan Sangnier et al.,
2020).

Differently, injectable silk hydrogels containing gold NPs have
also been developed for photothermal treatments of infections
(Kojic et al., 2012). Silk hydrogels were obtained by vortexing silk
solutions in which gold NPs were incorporated. The hydrogels
were injected in the infected site and heat was produced by laser
exposition. Interestingly heat was produced locally and was able
to reduce bacterial populations, thus, reducing infection. The
silk hydrogel assured spatial localization of the gold NPs at the
injection site. Light penetration limits in biological structures
can be overcome by using magnetic fields for hyperthermia
treatments. In this case magnetic nanoparticles are placed in the
treatment zone and heat is produced in an external magnetic
field (Sohail et al., 2017). Injectable silk hydrogels have been
formulated for intratumoral injection using this strategy (Qian
et al., 2020). The application of a magnetic field successfully
enabled deep tumor ablation while no damage was observed in
the surrounding healthy tissue. Furthermore, the magnetic field
can be used to direct the material to the target spot, reducing
systemic distribution of the magnetic NPs.

Imaging
The possibility to follow silk implants by non-invasive imaging
can be achieved by introducing fluorescent or contrast agents
into the material. As an example, the introduction of iron oxide
NPs into silk materials allows the use of MRI for visualization
in vivo (Qian et al., 2020). NIR emitting NaYF4@SiO2 NPs were
synthetized and silk cocoons were functionalized by directly
feeding silk worms with the NPs (Deng et al., 2020). The resultant
silk materials were visible by NIR II imaging once implanted
into mice. Similarly, silkworms were fed with fluorescent carbon
nanodots resulting in fluorescent silk fibers (Fan et al., 2019).
Although the materials showed no cytotoxicity, the fluorescent
capacity was not evaluated in vivo. These results are encouraging
for the in vivomonitoring of silk implants.

Electronics and Sensing
The transparency, flexibility, biodegradability and
biocompatibility properties of silk materials have been used
to develop wearable electrodes and sensors. In many cases, NPs
are incorporated to support increased detection sensitivity. As
in hyperthermia, gold NPs-containing silk materials have been
coupled to thermoelectric chips. By doing so and incorporating
the chip into an implantable device, light can be used as an
energy source (Tao et al., 2010).

Silk sensors have been developed to detect ammonia (Ranjana
et al., 2020) and immunoglobulin G (Sohail Haroone et al., 2018).
For example, the detection of ammonia was achieved with in
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situ-synthetized gold NPs in a silk dispersion with UV-B light
as reducing agent (Ranjana et al., 2020). Interestingly, the UV
absorption of gold NPs decreased as the ammonia concentration
increased. However, no control of the size and shape of the NPs
was observed, and absorbance is dependent on these features.
Silk materials have also been used to protect enzyme-mediated
biosensors for the detection of hydrogen peroxide (Yin et al.,
2009a), as well as methyl paraoxon, carbofuran and phoxim (Yin
et al., 2009b).

Gold NPs-embedded silk films have been developed to
enhance Surface-Enhanced Raman Spectroscopy (SERS) signals
(Guo et al., 2015). The signal enhancement factor from the
silk/gold NP films was around 150-fold. However, t light
absorption by the gold NPs was influenced by the presence of
the silk and red shifted by 20 nm. This result indicated a silk-
induced change in the optical properties of the gold NPs, possibly
due to the different refractive indexes of silk and the aqueous
solution. The results suggest a capability of these films to be used
as biosensors. Similar findings based on in situ-synthetized gold
NPs in silk fabrics have been reported (Liu et al., 2016).

Silk hydrogels containing carbon nanotubes have been
developed to respond to mechanical stimuli (Zhang et al.,
2020). The composites were able to sense pressure variations,
bending and compression forces. These abilities are interesting
for medical applications such as to monitor arterial pressure
and intracranial pressure. Gold NPs were integrated into the
system, resulting in a laser-mediated degradation due to heat
production. Altogether the silk hydrogels were able to trigger a
laser exposition-mediated degradation when detecting epileptic
episodes (mechanical stimuli). The incorporation of drugs into
the hydrogel allows for controlled therapy.

Microcircuits were printed on a silk/GO-based paper (Ma
and Tsukruk, 2017). The possibility to have a well-designed
circuit structure allows the fine-tuning of electrode responses
to external stimuli such as changes in relative humidity or
proximity sensing. Silk materials were also used to prevent
fluorescence quenching due to QD aggregation (Han et al.,
2010). The immobilization of CdTe QDs increased fluorescence
lifetime and IgG sensing capability. Silk fibers have also
been used to direct the arrangement and in situ synthesis
of CdS QDs for photoluminescence applications (Han et al.,
2010). Surprisingly, physical and chemical nanotags for anti-
counterfeiting applications have also been developed where
nickel nanodisc structures with or without chromophores were
embedded into silk textiles by electrospinning (Schmucker
et al., 2014). The unlimited combinations of structure
and chromophores enabled the generation of multiple tags
identifying different products.

Catalysis
Currently, nanocatalysts are used for industrial applications
due to the increased surface-to-volume ratio, allowing the
same catalytic activity as in bulk materials but requiring less
catalyst. However, because of their nanometric dimensions, their
collection for reutilization is particularly difficult. Therefore,
there is an increasing interest in immobilizing nanomaterials
into supports, and silk has been used for its biodegradation

and biocompatible features. Catalysis activities of platinum (Zou
et al., 2018), gold (Das and Dhar, 2014), palladium (Ikawa et al.,
2005), and iron oxide NPs (Luo and Shao, 2017) have been
studied in silk materials.

Silk sponges and films containing gold NPs were developed
for catalysis using the same preparation methodology used for
silk materials containing silver NPs (Das and Dhar, 2014). The
reduction of 4-nitrophenol catalyzed by gold NPs containing silk
materials was demonstrated. Iron oxide NPs were synthetized in
situ in silk materials using silk hydrogels (Luo and Shao, 2017). A
co-precipitation methodology was used to prepare the embedded
NPs-embedded by dipping the hydrogel into a solution
containing FeCl2 and FeCl3, and adding ammonium hydroxide
to trigger NP synthesis. The magnetic and catalytic activities of
magnetite were preserved in the silk materials. Such materials
could be used in environmental chemistry applications and be
easily separated by their magnetic properties; however, their
use in biological applications is compromised by the presence
of ammonium hydroxide. Interestingly, the immobilization
of palladium nanoparticles into silk materials conserved its
catalytic activity and also enhanced the chemoselectivity of the
hydrogenation catalyzed reaction (Ikawa et al., 2005).

Pollution Control
In addition to mechanical strength, biocompatibility and
biodegradability of silk, this material is also a good absorbent
for aromatic dyes. Therefore, the combination of absorbent
properties, dependent on pH and dye concentration, with
catalytical activity of several NPs has been explored.

The combination of silk electrospun nanofilters with TiO2

NPs for anionic dye removal was studied (Aziz et al., 2017).
Interestingly, the absorption capacities of the materials increased
as the NP content increased, and better absorption was
achieved at acidic pH. Similarly, silk iron oxide NPs materials
were developed for anionic dye removal (Liu et al., 2018).
The photocatalytic activity of CuO2 NPs embedded in silk
for dye removal has also been explored (Kim et al., 2017).
These results provide insights into wastewater treatments with
biodegradable materials like silk, functionalized with suitable
NPs. The combination of SF with hydroxyapatite was efficient
for water filtration and purification (Ling et al., 2017). The
material was able to remove efficiently dyes and heavy metal
ions from solution, a result not achieved with conventional
nanofiltration membranes. Silk can also be mixed with silica to
form insulating and fire retardant materials (Maleki et al., 2018).
These materials can be obtained by a one-step acid catalyzed sol-
gel reaction. The resulting silk/silica aerogel showed low density
(0.11–0.19 g/cm3), high surface area (311–798 m2/g), flexibility
in compression, and fire retardancy.

PERSPECTIVES AND FUTURE OUTLOOKS

The great versatility of silk bionanocomposites, due to the
possibility to design different material types and embed a variety
of inorganic nanomaterials, is at the origin of their outstanding
tailored properties and fucntion. Therefore, a better match
within the material and the specific requirements for a given
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application is possible. In the biomedical field, the development
of personalized silk bionanocomposite materials becomes more
and more feasible. However, many issues are still to be addressed,
particularly the long-term storage and batch-to-batch differences.
The fate of the materials for long-term applications deserve,
indeed, further investigations, to evaluate the evolution of
mechanical properties due to aging, the stability of NPs and
their possible release, etc. This requires in-depth physicochemical
characterizations, on the one hand, and a great number of
clinical trials, on the other hand. For the emerging applications,
such as pollution control, silk bionanocomposites are promising
as they enable the combination of pollutant adsorption and
catalysis procedures.

CONCLUSIONS

Our walkthrough of the state-of-the-art supports the versatility
of silk in a range of materials and applications for these materials.
Silk can be shaped into many different material formats in a
tunable manner. The versatility allows for easy adaptation to
each application, as well as the possibility to combine silk with
different NPs for new properties.

However, silk-based bionanocomposites still have some
drawbacks to overcome. Two main strategies for silk
bionanocomposite preparation are used: in situ synthesis
and the addition of previously synthetized NPs (upstream) to silk
materials. In situ synthesis methods are promising by reducing
the reaction steps to obtain the final functionalized materials,
such as the successful for HAP/silk bionanocomposites obtained
by controlled calcium phosphate mineralization. However,
silk-based bionanocomposites often fail to control NP size and
shape efficiently, which determine the function of the materials.
The synthesis of NPs prior to addition to silk materials raises
other questions inherent to NP synthesis, control of size, surface
functionality and dispersion. Although advances have been
made in NP synthesis methodologies, the synthesis of NPs
needs to: (i) have control over size and shape; (ii) stabilized

NPs in the surrounding media and avoiding NP aggregation or
precipitation; (iii) control of surface chemistry of NPs. Finally,
the addition of synthesized NPs can induce silk gelation. Overall,
the bionanocomposites should have NPs of controlled size, shape
and surface chemistry, and these NPs should be homogeneously
distributed within the silk matrix.

Silk bionanocomposites have been largely developed for
antibacterial and tissue engineering applications because
of their biocompatibility and biodegradation properties.
Antibacterial properties allow interesting textile conservation
and wound protection from infections. Moreover, the versatility
given by different silk materials and the combinations with
nanocomponents are well-adapted to many applications in tissue
engineering. Emerging applications of silk bionancomposites
have also been described in many other fields such as catalysis,
electronics, imaging and sensing devices.

In the future, different combinations of silk/NPs materials
may be developed for additional applications. In addition,
with the increasing concern on climate change and plastic
pollution, biodegradable materials based on silk should remain
in the spotlight to provide new materials for new functions
in medicine, for the environment, and for a range of
additional needs. Improved control of NP dimensions and
homogeneity will further drive this innovation in next generation
silk-based materials.
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