
nanomaterials

Review

Hybrid Spider Silk with Inorganic Nanomaterials

Aleksandra P. Kiseleva 1, Grigorii O. Kiselev 1, Valeria O. Nikolaeva 1, Gulaim Seisenbaeva 2 ,
Vadim Kessler 2,* , Pavel V. Krivoshapkin 1 and Elena F. Krivoshapkina 1,*

1 SCAMT Institute, ITMO University, Lomonosova St. 9, 191002 Saint Petersburg, Russia;
aleksandra_kiseleva@scamt-itmo.ru (A.P.K.); kiselev@scamt-itmo.ru (G.O.K.);
nikolaeva@scamt-itmo.ru (V.O.N.); krivoshapkin@scamt-itmo.ru (P.V.K.)

2 Department of Molecular Sciences, Biocenter, Swedish University of Agricultural Sciences, P.O. Box 7015,
SE-75007 Uppsala, Sweden; gulaim.seisenbaeva@slu.se

* Correspondence: vadim.kessler@slu.se (V.K.); kef@scamt-itmo.ru (E.F.K.); Tel.: +46-186-71-541 (V.K.);
+7-981-951-18-92 (E.F.K.)

Received: 12 August 2020; Accepted: 14 September 2020; Published: 16 September 2020
����������
�������

Abstract: High-performance functional biomaterials are becoming increasingly requested. Numerous
natural and artificial polymers have already demonstrated their ability to serve as a basis for
bio-composites. Spider silk offers a unique combination of desirable aspects such as biocompatibility,
extraordinary mechanical properties, and tunable biodegradability, which are superior to those of most
natural and engineered materials. Modifying spider silk with various inorganic nanomaterials with
specific properties has led to the development of the hybrid materials with improved functionality.
The purpose of using these inorganic nanomaterials is primarily due to their chemical nature, enhanced
by large surface areas and quantum size phenomena. Functional properties of nanoparticles can be
implemented to macro-scale components to produce silk-based hybrid materials, while spider silk
fibers can serve as a matrix to combine the benefits of the functional components. Therefore, it is not
surprising that hybrid materials based on spider silk and inorganic nanomaterials are considered
extremely promising for potentially attractive applications in various fields, from optics and photonics
to tissue regeneration. This review summarizes and discusses evidence of the use of various kinds of
inorganic compounds in spider silk modification intended for a multitude of applications. It also
provides an insight into approaches for obtaining hybrid silk-based materials via 3D printing.

Keywords: spider silk; hybrids; functional materials; inorganic nanoparticles; carbon nanotubes;
quantum dots; gold nanoparticles; silver nanoparticles; 3D printing

1. Introduction

Nanoparticle incorporation in the design and development of new materials has been an area of
vigorous research in recent decades [1]. Such materials have earned considerable interest in many areas
of science and technology due to their remarkable changes in properties, namely mechanical [2], thermal,
and magnetic [3], on transfer into the nanoscale. On the other hand, natural polymers often exhibit
exceptional mechanical performance due to their highly ordered molecular structure [4], and show
high biological stability and controllable bio-degradability due to their natural origin [5]. In recent
years, use of the natural fibers for assembling innovative hybrid materials has expanded drastically [6].
Recent advances in biotechnology and composite science, such as different synthesis methods and
characterization techniques, and various modes and mechanisms of material degradation, have opened
up astounding prospects for making innovative functional materials based on natural biopolymers [7,8].
Spider silk is a distinct class of natural biopolymers, which is given extensive consideration because
of its complex progressive structure and specific pattern of chemical and physical properties [9,10].
As it is a protein formed in glands in a spider’s body, spider silk can be used for numerous purposes
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such as spider transportation, courtship, shelter, and prey trapping. As indicated by ongoing research,
the set of mechanical properties (such as elongation, elasticity, toughness, and Young’s modulus) and
high versatility of spider silk at moderately low fiber diameters fundamentally surpass those of the
silkworm silk and make it a suitable material for various applications in the fields of biomedicine
and materials engineering [9,11–13]. Apart from its mechanical properties, the high biocompatibility
and controlled biodegradability of spider silk merit special mention [14–16]. The combination of
these unique features therefore makes spider silk a very appealing fiber for applications in medicine,
protective materials, and textiles [17], since it is possible to produce a structurally stable and compact
biomaterial resistant to degradation under human physiological pH.

Spiders make exceptionally developed silk fibers with a colossal functional capability of the
material through a controlled assembly of proteins named spidroins into task-specific fibers (up to 7
different types) [18]. Certain outcomes have been accomplished in studying the process of natural
production of this complexly arranged fiber in the silk-producing organs of the spider [19,20]. During
the processing of spider silk under changes in temperature, pressure, and pH in a narrow spinning
duct, the spidroins arrange into an ordered nanocomposite fiber with a complex microstructure [21,22].
This procedure shows the development of hierarchically organized stimuli-responsive materials based
on natural structures that can respond to changes in pH and ion concentration on the molecular
level [23]. This information has expanded the interest in spider silk as a basis for forming a variety of
biomaterials for different practical applications [23,24]. Moreover, as the hierarchical arrangement of
spider silk fibers is possible because of protein intra-and intermolecular interactions [25,26], it implies
that these microarchitectures can be used to incorporate inorganic segments into silk filaments to deliver
additional mineral and functional loads to biopolymer hybrids. Molecular mechanisms in interactions
of spider silk with inorganic nanomaterials are less investigated. To the best of our knowledge,
the first example of molecular model studies relying on single crystal structure data on complexes of
polyoxometallates with oligoglycine peptides has recently been published only recently [27].

Spider silk structural features and its implementation as an organic scaffold for hybrid materials
production have been already discussed by the authors in a related work [28]. However, previous review
was namely focused on spider dragline silk and its comparison with silkworm silk, while in this review
a variety of silks was described in detail in accordance with arthropods’ infraorders (Araneomorphae,
Mygalomorphae). Furthermore, the resulted spider silk-based hybrids were divided into groups
based on the incorporated inorganic component (metal nanoparticles, metal oxide nanoparticles,
inorganic salts, carbon nanomaterials) with their subsequent characterization, paying major attention
to new functional properties that can emerge in such composites. The authors also highlighted the
perspectives of 3D printing as a fabrication method and noted its potential features in addition to
previously described synthetic approaches [28].

Thus, currently there emerges a window of opportunity to modify silk with various nano scaled
inorganic components, namely metal and metal oxide nanoparticles, inorganic salts and carbon
nanomaterials [29]. In this context, this review summarizes recent progress in the construction and
use of hybrid materials based on natural or recombinant spider silk and inorganic nanoparticles. It is
especially worth noting that although silkworms are more domesticated and their silk has been used by
industry for millennia to produce textiles, a variety of fiber types combined with superior mechanical
properties make spider silk a much more interesting material for research and development. In this
regard, this review focuses solely on advances of functional materials based on spider silk, which
distinguishes it from several works dedicated to silkworm silk fibers [30].

2. Spider Silks Characterization and Properties

Spiders are a widespread order of arthropods, inhabiting various ecosystems. Currently, 35,000
of various spider species are known. Even though most spider-rich areas are those with abundant
vegetation and enhanced humidity, these animals still may be found in different climatic zones from
the polar regions and high mountains to dry steppes and hot deserts. It is clear that spiders owe
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this evolutionary success to their ability to produce different types of silk for a variety of needs.
Silk threads are characterized by high tensile strength comparable to Kevlar and enhanced flexibility
that makes spider silk unique among both natural and artificial materials [24]. Spider silk is resistant
to environmental conditions, biocompatible and biodegradable, which is due to the special silk
structure [10].

During the evolution process, a successive transformation of complex mechanisms for creating and
using spider web occurred [31]. Morphological differences in the spinning glands construction played
crucial role in the formation of two main infraorders of spiders: Araneomorphae and Mygalomorphae
(Figure 1).
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Figure 1. Schematic representation of morphological differences in spider glands between Araneomorphae
and Mygalomorphae species with corresponding silk fiber functions.

2.1. Araneomorphae Silk and Its Chemical Composition

Representatives of Araneomorphae—Nephilia clavines [32], Araneus diadematus [33], Argiope aurantia [34],
are widely known and well-studied. The spinning apparatus of Araneomorphae spiders has a complex
structure: in their abdominal cavity there are up to 7 different glands producing silk fibers with different
mechanical characteristics depending on the needs of the spider [18].

The variety of fibers mechanical characteristics and morphological differences between glands
correlate directly with their functions in the daily life of a spider (Table 1). Each gland secretes a set of
proteins of specific composition. There is a general convention according to which the name of each
type of protein is selected: the first part of the word indicates the type of the gland, where the proteins
were secreted, followed by Sp for spidroin and ends with the serial number, which marks different
members of the family (e.g., MaSp1 for major ampullate spidroin 1).

The molecular composition of spidroins is formed by repetitive amino acid units forming the base
monomer. Monomers, in turn, multiply and create thousands of building blocks that make up a fiber:

(1) The GPGXX unit (X = Q, G, Y), which forms a β-turn spiral structure, is responsible for the
exceptional elastic properties of flagelliform silk [35].

(2) An or GAn are alanine-rich motifs containing 6–9 alanine amino acids that form crystalline
β-sheets, exceptionally important for tensile strength [36,37]. Dragline silk is especially rich in
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alanine motifs, which are the main reason for high tensile strength, being the key feature that
characterizes draglines [38]. Fragelliform silk in contrast to draglines, does not contain as many
alanine units.

(3) GGX unit (X = Y, L, Q) is rich in glycine, which is known by forming 310-helical units and
connecting different crystalline regions (stacks of β-sheets). This structure is responsible for the
elastic properties of draglines and flagelliform silks [39].

(4) Spacers: contain charged groups and split repetitive peptide units into clusters [40].
(5) NR: non-repetitive regions at the amino- and carboxyl-ends of proteins [41].

The major and minor spidroins (MaSp1 and 2; MiSp1 and 2) are structurally similar and are
produced in ampullate glands. These proteins are both mechanically strong because the (GA)n/An
β-sheet module, which is presented in at least one of named proteins [42]. The elasticity of the fiber is
provided by the (GGX)n and (GPGXX)n modules mainly composed of less ordered building blocks
31-helices and β-turns [43]. MaSps are the main component in the well-studied dragline silk. This silk is
best characterized by its mechanical properties and outperforms most human-made fiber-like structures
(Table 2).

Flagelliform gland is the source of Flag silk, which features more than 200% elasticity through
multiple repetitions of the GPGXX module [44]. Such ability is needed for spiders to dissipate the
impact energy of prey, when it crashes the spider web.

Tubuliform silk is produced in Cylindrical (or Tubiliform) gland by adult female spiders to protect
spider eggs in the egg case. The protein composition in this type of silk is different from those described
above. Repetitive units of TuSp are mainly composed of alanine and serine, which form the new motifs
Sn, (SX)n, and GX (X = Q, N, I, L, A, V, Y, F, D) [45].

Pyriform silk is used by spiders to produce disks for silk attachment to different substrates (anchor
points for the dragline, the frame of a web, to attach egg cases to a surface). PySp is also composed of
repeated amino acids, which are formed by two exclusive repetitive motifs (a glutamine-pair-rich (QQ)
sequence such as QQSSVA, and domains of alternating prolines (PXPXP) [46]).

When it considers prey-wrapping or forming inner layer of eggs, spiders use aciniform silk.
Aciniform threads are composed of approximately 200-amino acids, but do not demonstrate sequence
similarity to most commonly described spidroins. According to Raman spectromicroscopy, aciniform
fiber composition is dominated by moderately oriented 30% β-sheets and ~50% α-helices [47].

Aggregate or Glue silk is produced solely by ecribellate spiders, and it serves as droplets on
specific structures in their prey-capture mechanisms. These droplets contain various proteins, among
which there are two prior glycoproteins aggregated spider glue 1 and 2 (ASG-1 and -2). The stickiness
of the glue droplets is connected with the type of surface the glue attaches to [48].

Table 1. Mechanical properties of natural spider silk fibers (Araneomorphae).

Spinning Gland Function Protein Tensile Strength
(MPa)

Young’s Modulus
(GPa)

Elongation
(%) Ref.

Major ampullate
gland

Dragline; frame
of the web

MaSp1;
MaSp2 1200 ± 200 3.4–11.5 25–35 [49]

Minor ampullate
gland

Auxiliary spiral
threads MiSp 900 ± 50 3.0 ± 0.6 5 [50]

Fragelliform gland Core fiber for
prey capture Flag 800 ± 100 0.012–0.08 ≥200 [51]

Cylindrical gland Outer egg sac TuSp 400 ± 50 8.7 ± 0.9 5–20 [52]

Pyriform gland Attachment
element PySp 100 ± 40 0.2 ± 0.1 50–80 [53]

Aciniform gland Inner egg sac;
prey wrapping AcSp 600 ± 50 10.4 ± 1.4 80 [47]

Aggregate gland Aqueous coating AgSp 800 ± 200 1.0 ± 0.1 50–100 [54]
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Table 2. Mechanical properties of natural and human-made fibers.

Material Tensile Strength (MPa) Young’s Modulus (GPa) Elongation (%)

Dragline silk 140–1600 3.4–11.5 16–350

Bombyx mori (silk) 500–600 9.6 ± 0.6 70

Elastin 2 0.001 1.6

Kevlar 3600 130 60

Nylon 66 750–950 2–3.6 80

High tensile steel 1650 200 ± 10 6

Carbon fiber 4000 300 25

2.2. Mygalomorphae Silk and Its Chemical Composition

Spiders belonging to the Mygalomorph group have been less studied, since representatives of
this infraorder retained their ancestral characters. 3000 species of Mygalomorphae spiders have been
described, among which typical representatives are tarantulas (Theraphosa blondi), funnel web spiders
(Hexathele hochstetteri) and curtain web spiders (Linothele fallax, Euagrus). Spiders of this group are
powerful predators, since they are equipped with large fangs and venomous chelicerae. Mygalomorphs
do not need silk to catch prey because of these adaptations. Therefore, they do not build orb-webs,
using silk instead to build burrows, produce egg sacs, extend their sensor abilities and wrap their
prey [55]. In case of this group, silk is produced in simplified globular undifferentiated spinning
glands [56].

Despite the simplified structure of the glands, Mygalomorphs are still of interest for studying the
natural web. Due to the specific features of their lifestyle, spiders of this group lack any specialized
applications for their silks that would generate highly engineered threads. The absence of silk threads
variety is compensated by the large size of the spiders themselves. Mygalomorphae possess an
enlarged abdomen [57], due to which they can produce enough cobwebs, for example, to create a
large dwelling. Based on observations of adult spiders from the family Dipluridae (Linothele fallax) at
the local insectarium in SCAMT Institute, it was found that one adult spider can secret up to 10 mg
of cobwebs per week. This amount of cobweb is enough to perform various kinds of experiments.
In addition, Mygalomorphs are known for their longevity, as spiders of this group can live up to
25 years.

Chemical composition of spidroins within Mygalomorphae species still demonstrates a repetitive
nature, but the length of repeats is much longer in comparison with Araneomorphae spiders [58].
Several spidroins of this group have been indicated with the example of A. juruensis spider. Repetitive
units in Spidroin 1 are composed of 180–190 amino acids approximately with a predominance of
serine and alanine-containing sequences. There were also indicated small inclusions of threonine,
which was not a typical amino acid found in spider silk [31]. Composition of Spidroin 2 has also been
identified. It turned to be somewhat similar to this of Bombyx Mori fibroin. The most frequent amino
acids in Spidroin 2 structure are serine, alanine, and glycine, representing ~75% of the fiber protein
composition [59]. (GA)n, a few of the An and GPGXX motifs were indicated in repetitive units of
Spidroin 2, which are known to be very important in the composition of orb-web-weaving spidroins
(MaSp2 and fragelliform silk). According to these molecular characteristics, Spidroin 2 was considered
to be an MaSp2-like spidroin for Mygalomorphs [30], which may be related to the spiders’ habitat.
Mygalomorphae species use silk to build their nests in trees by holding together the foliage or branches
with silk. Inclusions of silk fibers are needed to prevent the full expansion of grass blade as well.
Thus, the kind of fibers required for such applications should possess a remarkable combination of
mechanical properties, such as high tensile strength, stiffness, and toughness, which are observed for
major ampullate silks.
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2.3. Spider Silk and Silkworm Silk

When it comes to comparison of silkworm silk and spider silk properties and further choice
of working material, there are lots of factors to be taken into account. Bombyx mori silkworm silk
is a unique material that has been historically highly valued for its properties. Silkworm cocoons
found their industrial application as basic material for the textile industry thousands of years ago [60].
Fibroin is a main structural component of silkworm silk, which is biocompatible, non-immunogenic,
and non-toxic material, while the second concomitant of silkworm silk protein threads sericin has
allergenic properties. All possible side effects of fibroin-based matrices and low immunogenic properties
are always associated with insufficiently washed sericin [61]. Spiders are well-known suppliers of
silk for human needs as well. While using spider web as bandage for stanching bleeding wounds,
the ancient Greeks observed extraordinary properties of web material such as high biocompatibility,
low immunogenicity and lack of allergic reactions [62]. First scientific studies to reveal biomedical
properties of spider silk are dated from 1710, when it was discovered that spider silk web is capable
of stemming bleeding in human injuries and supporting tissue regeneration at the same time [63].
According to recent reviews, mechanical strength of spider silk sufficiently surpasses that of silkworms,
making it favorable material to broad applications [64] (Table 2). Although domestication of arthropods
seems unrealizable due to the cannibalistic and territorial behavior of spiders, the spider silk is still
intriguing material to explore and adapt to specific requirements, as there are no other natural or
human-created material capable of exhibiting a similar combination of characteristics [65].

2.4. Native Spider Silk and Its Recombinant Analogs

There are recombinant analogs of natural spidroins that are synthesized in yeast cells Pichia pastoris
and Saccharomyces cerevisiae, mammalian cells, or by using transgenic animals and plants [66].
Recombinant analogs differ from native materials in lower mechanical strength, which can be slightly
increased by various chemical and mechanical methods, e.g., by drawing threads in methanol [67] or by
crystallization [68]. Based on recombinant analogs, one may create copolymers with properties different
from those of native proteins. Despite recent advances in the recombinant silk production, these
methodologies still have several issues. The effective mimicking of complex hierarchical processes of
the spider silk production remains a serious challenge. The creation of spider silk fiber is a complicated
process, occurring upon changes in ionic composition, temperature, pressure and pH [69] in space and
time within the gland. Spiders, as opposed to human-made manufacturing, have been perfecting silk
production for millions of years. Every day, web frameworks with multiscale organization-controlled
fiber diameter and β-sheet crystal size are created by arthropods [70]. Thus, in the present review,
we highlight the processing of native spider silk into task-specific composites.

3. Modification of Spider Silk by Inorganic Nanomaterials

Hybrid materials based on spider silk proteins and inorganic nanomaterials are currently being
intensively studied due to their exciting applications in sustainable life technologies, biotechnology,
and medicine. Hybrid materials tend to exhibit specific package of properties due to complementing
at least two different types of materials. In this context, spider silk provides outstanding mechanical
and biocompatible properties while inorganic nanomaterials may offer functional features to harness
high-performance hybrid materials (Figure 2).
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material applications.

3.1. Metal Nanoparticles

Spider silk fibers have been used as passive templates merely to assemble metal nanoparticles.
Mayes et al. showed that spider silk can serve as an excellent template for nanoparticle coating since
mechanical properties of the spider silk are not altered consequent to nanoparticle assembly. They were
among the first who prepared organic-inorganic hybrid spider silk materials. Although their approach
by submerging spider silk filaments in an isopropanol solution of two nm surface-functionalized
gold (Au) particles was rather straightforward, the nanoparticle coating was firmly fixed on the
fibers resulting in their slightly improved mechanical properties [71]. Later, in contrast, Singh et al.
addressed the possibility of employing the spider silk as an active template for blending with metal ions.
Moreover, they combined an outstanding physicochemical property of gold nanoparticles, electrical
conductivity, with a mechanical supercontracting property of spider silk fibers to produce a novel
high-performance material [72]. It is broadly accepted that spider silks contract when exposed to polar
environments [73,74] and in case of the gold–silk hybrids, this yields in reduction in the separation
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between the gold nanoparticles on the fiber surface. Nanoparticle assemblies separated by a dielectric
allowed the current flow due to a tunneling process that was shown to be exponentially dependent on
the separation between the nanoparticles [75]. Thus, spider silk was used to modulate the electrical
conductivity of the gold nanoparticle sheath surrounding spider silk fibers for fabricating a vapor
sensor for detecting polar solvents exploiting their polarity [72]. Pertinent to mention is that the other
group performed deposition of a thin metallic film of gold nanoparticles to obtain gold-spider silk
hybrid fibers, which exhibited decent flexibility for their use as electrodes in microelectronics [76].

A similar approach was used to enhance antimicrobial features of spider silk [77,78] by blending
it with silver (Ag) nanoparticles that are known for their exceptional antimicrobial properties [79].
Spider silk hydrolyzed in sodium hydroxide (NaOH) was added to silver nitrate (AgNO3) solution for
the reduction of silver ions (Ag+). During the synthesis of silver nanoparticles, spidroins served as
capping and stabilization molecules. The resulting hybrid solutions exhibited not only antimicrobial
activities against several multi-drug resistant clinical bacteria [80] but also showed anticoagulant and
thrombolytic properties [81]. Such materials can be applied as additives protecting against microbial
attack or even as thrombolytic agents and carriers of thrombolytic drugs [82].

In the field of modification of spider silk fibers by metal nanoparticles, a striking example is the
use of simple substances to impart superior strength properties to the spider silk. It has been shown
that metals can be deliberately incorporated into the inner protein structures of biomaterials through
multiple pulsed vapor-phase infiltration. Due to the introduction of metal ions such as zinc (Zn2+),
titanium (Ti4+), or aluminum (Al3+) in combination with water from the corresponding precursors into
spider silk it became possible to critically improve toughness of the resulting silks [29].

3.2. Metal Oxide Nanoparticles

Metal oxide nanoparticles are frequently used as emerging agents for design of the hybrid
materials [83]. Consequently, several metal oxides have been used for fabricating spider silk hybrids
with advanced properties without significant change of spidroin backbone and, hence, with retained
specific spider silk properties. Thus, magnetite (Fe3O4) nanoparticles were used to provide well-defined
and relatively stable silk coatings, possibly due to hydrogen bonding interactions at the oxide-silk
interface [70]. Employing magnetic properties of the nanoparticles, such functional hybrid fibers can
be integrated into audio devices where strong fabrics responding to a magnetic field are required.
For example, a bioinspired hybrid spider silk-based system was developed as an ideal resonator for
directional air-sensing across various frequencies, which are often too quiet for traditional microphones
to pick up on [84].

As demonstrated by recent research, the use of degummed regenerated (i.e., dissolved) spider silk
for preparation of advanced bionanomaterials is of particular interest for biomedical applications [85].
In this context, spider silk fibers regenerated in tetrabutylammonium hydroxide were modified with
magnetite (Fe3O4) nanoparticles. Magnetic hybrid nanofibers showed antibacterial (against both Gram
positive and negative) and non-cytotoxic properties (against human lung carcinoma cells) due to
biocompatible and antibacterial properties of the spider silk. Meanwhile, the incorporation of magnetic
nanoparticles has enhanced the antibacterial efficiency of the fibers [86]. Additionally, peptides of
hydrolyzed spider silk, which contain nucleophilic hydroxyls of cysteine, aspartic acid, and amines of
histidine, can bind, for example, zinc oxide (ZnO) nanoparticles and bio-assist in the crystal growth
of ZnO particles through the aggregation-driven mineralization [87]. Improvement in mechanical
characteristics for potential applications in biomaterials were observed via in situ growth of TiO2, Al2O3

in the spider silk via atomic layer deposition (ALD) infiltration [29,88]. More detailed discussion of the
influence of oxides on the properties of spider silk is provided in the book of Cohen and Moussian [89].
The development of such bio-mineralized materials coupled with spider silk yields their applications
as biosensors for biomolecular detection or optoelectronic nano devices. As a particular example, ceria
(Ce2O3) nanoparticles have been added in situ to recombinant spider silk solution and electrospun into
hybrid nanofibers forming mats [90]. The embedded ceria nanoparticles introduced new mechanical
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and optical properties to the spider silk nanofibers owing to optical properties of trivalent cerium ions,
associated with formed oxygen vacancies. The resulting optical fluorescent spider silk nano hybrids
could be used in different biomedical or sensing applications [91].

Additionally, metal oxides suit well for the preparation of upconverting luminescent materials
as matrices for doping owing to their chemical and photochemical stability, high refractive indices
and low phonon energies [92,93]. As such, due to the modification of native spider silk fibers with
nanoparticles of zirconia (ZrO2) and hafnia (HfO2) doped with rare earth elements, upconversion
luminescent properties of the nanoparticles were extended to macro-scale components of the fibrous
hybrids while the obtained materials remained biocompatible [94]. These optically active hybrid
materials based on spider silk and inorganic nanoparticles may find applications in the fields of
biosensors and bio-imaging in a noninvasive and real-time manner.

3.3. Nanomaterials Based on Inorganic Salts

Inorganic salts are also of great interest for producing hybrid materials. Among them, various
phases of calcium carbonates (CaCO3) are widespread mineral salts formed in biological systems [95].
As it is the most thermodynamically stable polymorph of calcium carbonate, calcite is a biodegradable
material with high biomineralization [96], and is widely used in industry [97]. To extend bio-adaptive
properties of calcite to spider silk fibers, Mehta and Hede drop-coated silk with calcium chloride
(CaCl2) and obtained spider silk-calcite hybrids [98]. Resulting mechanical properties of spider silk
complemented inelastic ones of calcite [99]. In the same way, it is possible to bio-mineralize spider silks
with osteoconductive hydroxyapatite Ca10(PO4)6(OH)2 salts by repetitive cycles of silk incubation
in calcium phosphate rich solutions and subsequent washing with water [100]. Both obtained
calcite-spider silk hybrids and hydroxyapatite-spider silk hybrids permitted producing new scaffold
materials for bone tissue engineering or bone replacement materials [98,100].

The quantum dots are the most widely used fluorescence nanomaterials, which can be used for
imparting useful optical properties to hybrid materials. For instance, in different studies, dip-coating
with cadmium sulfide (CdS) [71] clusters and layer-by-layer electrostatic absorption of cadmium
telluride (CdTe) quantum dots [101] have been used for assembly onto spider silk fibers. The obtained
quantum dot-spider silk hybrids exhibited core–shell structure characteristics and emitted bright
fluorescence while spider silk mechanical properties were not affected [101]. These fluorescent spider
silk-based materials may find applications in microelectronics and biomedicine.

3.4. Carbon Nanomaterials

Noteworthy is the use of carbon nanotubes for fabricating tough but lightweight and flexible,
multi-functional conductive spider silk hybrid fibers. These can be provided by several approaches that
include water-based [102] and dry-coating methods [103] or direct fiber reinforcing during spinning in
spider [104] or electrospinning of synthetic silk [105]. It is also interesting to note the work related to
simulations of the behavior of spider silk fibers upon the addition of carbon nanotubes [106]. Although
spider silk is too simplified in composition there, the model provided can improve the design of novel
super tough materials.

Due to presence of both conductive carbon nanotubes and the spider silk within the hybrids,
the resulting materials were reversibly affected by strain and humidity, while the charge carrier transport
was primarily driven by inter-tube charge hopping [102]. Producing spider silk fibers reinforced by
carbon nanotubes and graphene yielded fibers with greatly improved mechanical properties surpassing
synthetic polymeric high-performance fibers [104]. Moreover, hybrid carbon nanotube-spider silk
fibers could direct the cell growth and simultaneously record signals evoked from cell beating [103].
There also has been published a work related to the formation of hybrid synthetic fibrils with enhanced
strength and toughness using electrospinning of synthetic spider silk with carbon nanotubes dispersed
in the spinning dope [105]. In addition, carbon nanofibers were synthesized via pyrolysis, using spider
silk as precursor, to construct hybrid materials with superior oxygen reduction activity thus providing



Nanomaterials 2020, 10, 1853 10 of 16

opportunities in unconventional microbial energy harvesting [107]. As a result, hybrid fibers based on
spider silk and carbon nanomaterials can be extensively used as durable custom-shapeable, sensors,
and actuating bio-devices. These fibers are also biomedically useful as sutures, surgical implants,
and tissue engineering scaffolds due to their enhanced mechanical properties and as electrodes for
brain/machine interfaces and neuron regeneration due to the electro conductive properties of the
doping agent.

4. Trends in Manufacturing Hybrid Silk-Based Materials

Since the trend for silk-based materials synthesis—including the manufacturing of
organic-inorganic composite materials—is rapidly developing, the effective production techniques are
also under close study and modification. The self-assembly transition of native silk dope into solid
fiber in the spider abdomen has inspired researchers to reproduce such mechanism artificially [108].
Several silk design fabrication methods have already been described [109], the most attractive being 3D
printing. This approach permits the production of frameworks with complex geometries [110], which
are often extremely difficult or impossible to fabricate using traditional techniques. 3D printing is a
promising solution to develop materials for biomedical applications in such areas as tissue engineering
and regenerative medicine [111,112]. The principles of this printing technique have been studied for
widely used bio matrices, for example, gelatin, agar, and alginate. These systems, with the addition of
physical or chemical cross-linkers, undergo a liquid-solid transition during printing and transform
into hydrogel [113]. Similar processes are possible for printing spider silk-based ink, since spider silk
possesses the same proteinaceous structure as widely used bio-composites [114]. Moreover, numerous
similarities between natural spinning and the artificial manufacturing of silk derivatives have been
realized [114]. This phenomenon can contribute to the production of silk-based frameworks with shapes
distinct from those of natural fiber, which is extremely favorable for tunable implant manufacturing.

The presence of inorganic components in the composition of silk-based inks undoubtedly
complicates the printing process. For example, the addition of metal particles increases ink density,
complicating the sol-gel transition process. However, such difficulties can be resolved by optimizing
metal nanocomposite concentration. It should both preserve desired properties of the hybrid and affect
insignificantly the printing process. Inclusion of inorganic components in silk ink can potentially solve
the issue of low structural integrity and the mechanical performance of printed silk-based materials
when compared to native fibers [114]. The treatment of native silk threads with certain inorganic
particles has already been proven to positively affect the mechanical properties of hybrid silk fibers [84].
Thus, in the case of silk ink, inorganic components can act as both a necessary support for the protein
framework, as well as a source of various additional properties, whether it is increased electrical
conductivity, antibacterial properties, or upconversion activity [115].

5. Future Directions and Concluding Remarks

The range of applications of the spider silk is very broad due to its unsurpassed biophysicochemical
properties and high degree of adaptability. Spider silk provides good basis for formation of the hybrid
functional materials with an expanded spectrum of utility.

However, based on the limited number of the available studies on developing hybrids based
on inorganic nanomaterials and spider silk, it can be concluded that this direction is only at its first
stages of development. Moreover, while most of the research activities have been focused on silkworm
silk-based functional materials, the limited studies regarding spider silk modifications have thus far
revealed fascinating opportunities for new material designs. Most of the methods for producing hybrid
materials based on native spider silk and inorganic nanomaterials are straightforward, easy to perform,
and environmentally benign, providing opportunity for routinely fabricating spider silk hybrids with
different nanomaterials without destroying the fibrous structure regardless of the type of nano objects
(Figure 3).
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(carbon nanotubes) [103], Reproduced with permission from [103]. American Chemical Society, 2018.
(d) inorganic salts (CaCO3) [99].

Moreover, mild conditions of its natural biosynthesis may suggest that the formation of derived
smart and functional materials will bring about innovative green fabrication processes with a
minimal ecological footprint. Therefore, the research concerning spider silk is of high potential
in the development of high-performance materials.

Harnessing favorable properties of spider silk and inorganic nanomaterials, existing hybrid
formation methods offer a promising direction toward producing structurally and functionally
optimized spider silk-based materials. Meanwhile, future work toward understanding the compatibility
between spider silk and functional nanomaterials is essential to advance the use of these hybrids in
electronic, magnetic, and biomedical applications. Additionally, a better understanding of the key
features of forming spider silk-based hybrids will permit developing of the novel protocols that can
generate ideas for more affordable and reliable approaches to the production of advanced hybrid
materials. One method of efficient hybrid material formation is 3D printing since this process is
biomimetic to natural silk spinning and allows the production of materials with complex shapes.
Introduction of metal ions as reinforcements in spider silk structure can potentially serve as a model
for a more general approach to improving the strength and toughness of other biomaterials and be
extended to other biological systems leading to a new class of bioinspired hybrid materials.

Author Contributions: The manuscript was written through contributions of all authors. Conceptualization,
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writing—review and editing, A.P.K., V.O.N., P.V.K., G.S., V.K. and E.F.K. All authors have read and agreed to the
published version of the manuscript.
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