REVIEW

Hierarchical Structure of Silk Materials Versus Mechanical
Performance and Mesoscopic Engineering Principles

Wu Qiu, Aniruddha Patil, Fan Hu, and Xiang Yang Liu*

A comprehensive review on the five levels of hierarchical structures of silk
materials and the correlation with macroscopic properties/performance of the
silk materials, that is, the toughness, strain-stiffening, etc., is presented. It
follows that the crystalline binding force turns out to be very important in the
stabilization of silk materials, while the B-crystallite networks or nanofibrils
and the interactions among helical nanofibrils are two of the most essential
structural elements, which to a large extent determine the macroscopic per-
formance of various forms of silk materials. In this context, the characteristic
structural factors such as the orientation, size, and density of B-crystallites
are very crucial. It is revealed that the formation of these structural ele-
ments is mainly controlled by the intermolecular nucleation of B-crystallites.
Consequently, the rational design and reconstruction of silk materials can be
implemented by controlling the molecular nucleation via applying sheering
force and seeding (i.e., with carbon nanotubes). In general, the knowledge of
the correlation between hierarchical structures and performance provides an
understanding of the structural reasons behind the fascinating behaviors of

interest within the scientific community
(Figure 1a). Silk materials have already
been applied in many fields, such as tissue
engineering,l¥! flexible photonics and elec-
tronics,l® drug delivery,”] biological anal-
ysis,®l and lithography (Figure 1b).

For many soft materials, including
silk materials, the macroscopic perfor-
mance is controlled largely by the unique
structures, whose size ranges from the
nanoscale to the mesoscale level. In gen-
eral, the performance of soft materials is
highly correlated to the following four
structural factors(1%-12l:

1. Topology: It demonstrates how joints/
points are associated with each other.
In principle, network modifications
often begin with an alternation in
topology.

siidl
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silk materials.

1. Introduction

Silks spun by Nephila pilipes spiders and Bombyx mori silkworms
are typical examples of natural, soft materials with mesoscopic
hierarchical structures. Owing to the extraordinary mechanical
properties!'! and biocompatibility,* heat-conducting ability,
controllable dissolution, and wide optical window, silk mate-
rials are considered to be among the most promising materials
of the twenty-first century, and have attracted considerable
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2. Correlation Length, & It describes the
average distance between two corre-
lated joints/points. In terms of hierar-
chical structure, the joints/points refer
to structural units at the same level.

3. Ordering/Symmetry of Structural Units: In many situations,
structural units in a network are anisotropic. The ordering/
symmetry enable us to understand how these structural units
are patterned.

4. Strength of Interactions: Notably, the interactions between
adjacent structural units can be of the physical, thermody-
namic, or chemical type.

The stability of networks is largely controlled by the strength
of these interactions. To obtain a comprehensive understanding
of the correlation between the structure and performance of soft
materials, a more precise insight into the hierarchical struc-
tures of soft materials is required; this has also inspired
scientists and engineers to fabricate advanced functional-
ized soft materials, by effectively manipulating the aforemen-
tioned structural factors.!3] Although numerous attempts
have been made to characterize the hierarchical structures of
silk materials, the mechanism by which the multilevel struc-
tures of silk materials are constructed and the corresponding
structural factors affecting macroscopic performance remain
debatable.

This review attempts to address the following questions:
What are the hierarchical structures constituting silk mate-
rials? Do the existing models accurately describe the structures
of silk fibers, and other forms of non-fibrous silk materials?

(1 of 45) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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How many levels of structures can be identified from different
forms of silk materials, and how can different levels of struc-
tures synergistically affect the performance? This review shall
provide a fundamental, refined description of the hierarchical
network structures of silk materials in a bottom-up manner,
which will enable us to investigate the above-mentioned topics
comprehensively. Moreover, the correlation between structure
and performance will be discussed accordingly. Figure 2 shows
a brief timeline of the “silk road” with regard to the meso-
structure, mechanical performance, self-assembly mechanism
of silk materials. In 12, we will first investigate the different
levels of hierarchical structures of silk materials, and discuss
how they can be correlated to mechanical strength. Then, we
will introduce several structural characterization techniques
in 23. In 34, to illustrate how silk materials are self-assembled,
we will enumerate upon previously reported models and put
forward a hierarchical network structural model based on com-
prehensive observations and detailed experimental verification.
Meanwhile, the relevant factors associated with silk fibroin
(SF) molecule crystallization conditions are also discussed. In
the last section, we will explain how the enhancement of mac-
roscopic performance of silk materials (including silk fibers,
hydrogels, films, and scaffolds) can be achieved by mesoengi-
neering the hierarchical network structures in terms of control-
ling nucleation.

2. Hierarchical Mesoscopic Network
Structure of Silk Materials in Correlation
with Macroscopic Performance

2.1. Models of SF Fibers

The mechanical performance of silk fibers is largely deter-
mined by the fibers’ unique hierarchical structures. To obtain a
comprehensive understanding of the correlation between struc-
ture and performance, and synthesis strategies that enhance
mechanical properties, we need to conduct a multilevel system-
atic study. Considerable efforts have been made over the past
few years to obtain structural data at the nanoscale and mes-
oscale levels, which form the basis of functioning of silk fibers
at the macroscale level, several structural models have been
proposed and developed rapidly.'!14-1

In the early stage, a 1) semicrystallite (bulk network) model
based on polymer physics was first put forward.[142% As illus-
trated in Figure 3a, this model considers spider dragline silk
fiber to be a composite material, in which the crystalline
regions are embedded into an amorphous matrix (made of
rubber-like chains). Notably, the crystalline regions (mainly
referred to as stiff B-sheet crystallites with a strong modulus)
serve as multifunctional cross-links and cause silk fibers to
have great strength, whereas the non-crystalline regions
(amorphous matrices) are responsible for the excellent
elasticity. To some degree, this model can successfully repro-
duce the complex stress—strain curves of silk fibers through
molecular dynamics simulations that are consistent with
the experimental data. However, according to the simulation
parameters, the modulus of these f-sheet crystallites was as
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high as 160 GPa; this value greatly exceeded the value observed
during X-ray diffraction (XRD) experiments. Besides, this
model is simple and only takes the nanoscale molecular level
structures of silk fibers into account. A 2) “cylindrical fibril”
model has been reported to exist within the framework of
mesoscopic multilevel architecture, based on the observation
of fibrils (with a diameter ranging from 90 to 170 nm) on the
surface of both spider and silkworm cocoon silk fibers.['7"18l
In comparison to the bulk network model, the “cylindrical
fibril” model explains the mechanical performance of silk
fibers from a mesoscale point of view. Owing to the interac-
tions between adjacent fibrils, the loading stress can be effi-
ciently dissipated; thus, the strength of the fibers is enhanced.
However, according to the 3) “micellar” model, 14192122 the
fibril-like morphology of the fiber surface should arise from
the coalescence and elongation of micellar structures. This
model assumes that nanoglobule micelles (with a diameter
of =100 nm) are the basic microstructural building units of
silk fibers, instead of fibrils. Recently, these assumptions are
found to be debatable, because of the latest findings that show
the presence of numerous, significantly thinner (=30-50 nm),
helically twisted nanofibrils along the fibrous axis of the fiber
surface.[11:23-2]

As discussed earlier, the outstanding mechanical perfor-
mance of silk fibers is synergistically determined by the dif-
ferent structural levels. However, all the models discussed above
provide incomplete information. Because silk fibers consist

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Spider silk and silkworm silk fibrous materials are well known for the unique properties, that is, excellent biocompatibility, heat conductivity,
electric insulating capacity, controllable dissolution, and wide optical window (260-2600 nm). Nevertheless, the relatively high cost greatly limits their
application. Reproduced with permission.?’l Copyright 2015, Wiley-VCH. b) Various forms of silkworm cocoon silk and spider silk. Both spider and
silkworm silk materials and the applications: silk hydrogels, films, and sponges, used to apply to tissue engineering, and biocompatible, optical, and
electronic flexible devices. Reproduced with permission.['” Copyright 2015, Royal Society of Chemistry.

of numerous crystallites, complete information regarding the
structure is essential for obtaining further insight into how
these crystallites are linked to crystal networks. Typically, at
least three molecular crystal networks can exist, including
4) a molecular network that is similar to that observed among
amyloid fibrils (“amyloid fibril-like” model),l'12¢] 5) the more
ordered slab-segment structure (“slab-segment” model pro-
posed by Oroudjev et al.),””) and 6) the fishnet structure, where
B-crystallites serve as crosslinkers.!'!] The latest results have
ruled out the possibility of the former two models.'"l Indeed,
the strong B-crystallites serving as the nodes in the nanofishnet
can reinforce the silk fibers, by sharing external forces among
the optimized network. Therefore, the adoption of the fishnet
topology in crystal networks is a natural selection process
for obtaining silk fibers exhibiting an excellent macroscopic
mechanical performance. Details regarding models with dif-
ferent crystal network topologies will be comprehensively intro-
duced in Section 2.2.3.

2.2. Hierarchical Structure of Silk Materials
2.2.1. Primary (Level One) Structure of Silk Materials

The primary structure of silk materials is defined as a sequence
of amino acids present within protein molecules. Silkworm
cocoon silk fibers are mainly reported to be comprised of two
basic structural proteins, that is, fibroin and sericin proteins.
Notably, the sericin proteins located outside the fibroin proteins
act as the glue that brings the two fibroin brims together. The
sericin proteins are hydrophilic and can be removed easily by
boiling the fibers in hot water. However, the fibroin proteins
are mostly hydrophobic and can be further divided into two
main categories based on the molecular weight as the light
(L) and heavy (H) fibroin chains, with a molecular weight
of =25 and 350 kDa, respectively. The L and H chains are
linked together via a single disulfide bond at the C-terminus,
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and consequently form the H-L complex.?8! The H-chains of
SF materials are generally responsible for the extraordinary
mechanical performance, as they can self-assemble into dis-
crete B-sheet crystallites (B-crystallites).!1%"!] L-chains play a
much less important role, because their sizes are significantly
smaller than that of H-chains; besides, no L-chain amino acid
sequences are reported been observed in the crystalline region.

The H- and L-chains are composed of 5263 and 266 amino
acids, respectively. Specifically, the H-chain is primarily com-
prised of the three simplest amino acids, that is, glycine (G)
(=43.5%), alanine (A) (=28%), and serine (S) (=12.3%). Besides,
nearly 5% of tyrosine (Y) is also observed to be present (cf.
Figure 4a).2%3% Apart from the above four amino acids, the next
most abundant amino acids include valine (V), aspartic acid
(D), phenylalanine (F), glutamic acid (E), threonine (T), and iso-
leucine (I); however, in total, all these amino acids are present
only in small amounts, that is, less than 2%.3%

In terms of amino acid organization, the SF H-chain is
determined to be a regular biopolymer; it consists of 12 large
hydrophobic domains (also denoted repetitive domains,
named RO1-R12) that are intervened by 11 smaller hydrophilic
domains (denoted non-repetitive amorphous domains, named
A01-A11).B% Further insight into these hydrophobic domains
reveals that they are composed of dipeptide units in the form
of glycine-X (GX), where X can be alanine, serine, tyrosine,
valine, or threonine. Specifically, the hydrophobic domains
can be divided into four distinct subdomains, including the
GAGAGS repeats, GAGAGY repeats, GAAS tetrapeptides, and
irregular sequences.B! Statistically, the hexapeptide GAGAGS
and GAGAGY repeats are the most abundant; they are present
in 433 and 120 copies, respectively, altogether accounting for
72% of all the overall repeat dipeptides.

It is reported that these four subdomains play distinct roles.
For instance, the (GAGAGS), repeats are the main units
constituting f-sheets,’?4 and are the only units that can
organize themselves into the well-defined f-sheet crystallites
(B-crystallite). However, no well-defined crystalline structures

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. The “B-sheet”-like brief timeline of main silk research with regard to the mesostructure, mechanical performance, self-assembly mechanism
of silk materials. a) Reproduced with permission.l'l Copyright 2002, Springer Nature; Reproduced with permission.? Copyright 2002, Springer Nature.
b) Reproduced with permission.[*el Copyright 2006, Elsevier. c) Reproduced with permission.[*l Copyright 2010, Springer Nature. d) Reproduced with
permission.'% Copyright 2010, American Chemical Society. e) Reproduced with permission.?*l Copyright 2011, Wiley-VCH. f,g) Reproduced with
permission.[?l Copyright 2014, Royal Society of Chemistry. h) Reproduced with permission.?! Copyright 2015, Wiley-VCH. i) Reproduced with permis-
sion." Copyright 2016, Wiley-VCH. j) Reproduced with permission.[?¥l Copyright 2016, Wiley-VCH. k) Reproduced with permission.l'?l Copyright 2016,
Wiley-VCH. I) Reproduced with permission.[8 Copyright 2017, Springer Nature.

have reportedly been formed by GAGAGY repeats yet. Although
some evidence indicates that GAGAGY repeats might form
“B-crystallites,” the structural units (especially the intersheet
distances) within such “B-crystallites” are significantly different
from the ones formed by (GAGAGS),, repeats.

GAAS tetrapeptides, which are located between the
(GAGAGS),, repeats and serve as f3-strand turns, can limit the
size of (GAGAGS), B-crystallites. Similarly, by forming a loop
structure with a distorted Q shape, irregular sequences can
reverse the direction of f-strand backbones, which control crys-
tallite dimensions. Besides, a reversion of the backbone direc-
tion might also enable adjacent f-strands to be in contact with
each other, to facilitate the occurrence of interstrand interac-
tions. Apart from domestic mulberry B. mori silkworms, many
other arachnids or insects can also produce silk. Among these,

Small 2019, 15, 1903948 1903948

fibers from non-mulberry A. mylitta and A. pernyi silkworms
and Nephila spiders are the most famous and most extensively
studied. Irrespective of the sources, all these silk fibers are pri-
marily composed of proteins and have a hierarchical structure
that is similar to that of B. mori fibers. However, the amino acid
sequences of these silk proteins can vary significantly from one
species to another, which results in these silk proteins having
distinct mechanical properties. Specifically, for the dragline
spider fiber proteins in the major ampullate (MA), four main
amino acid blocks have been identified, including polyala-
nine (A), repeats, glycine-alanine (GA), repeats, glycine-rich
sequences (GGX, where X is typically tyrosine, leucine, or
glutamic acid), and GPGXX sequences.’®) Among these, the
polyalanine (A), repeats (which are flanked by (GA), repeats)
are the most abundant and play a role similar to that of the

(4 of 45) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Several models describing the possible mesoscopic structure of natural spun silk. a) Bulk network model; b) cylindrical fibril model;
c) micellar model; d) amyloid fibril-like model; e) slab segment model; Reproduced with permission.l?’] Copyright 2002, National Academy of Sciences.

f) nanofishnet model.

(GAGAGS),, repeats in silkworm silk fibers, that is, they are
responsible for the formation of B-sheet structures.**l The GGX
sequences could also possibly participate in the formation of
crystalline structures, but such crystalline structures need to
be investigated further.’” The GPGXX sequences are thought
to form fB-turn spirals, which are responsible for the excel-
lent elasticity/flexibility of MA dragline fibers and capture silk
fibers.[383% Recently, the results of quantitative studies have
shown that the mechanical properties of N. clavipes MA fibers
are also directly correlated to the proline (P) content; though the
initial modulus of spider silk fibers decreases with an increase
in the proline content, the elasticity increases.*’]

A. pernyi silk fibers reportedly present significant dif-
ferences in both the amino acid compositions and amino
acids sequences, as compared to those of B. mori silk fibers
(Figure 4d). For example, the primary repetitive domains of
A. pernyi silk fibers are the alternating tandem repeats of the
polyalanine motif. In addition, it is confirmed that such poly-
alanine motifs serve as the structural units for the construction
of B-sheet and higher-level structures.

2.2.2. Secondary (Level Two) Structures of Silk Materials

Secondary structure refers to the symmetrical structures by
folding peptide chains which are stabilized by hydrogen bond-
ings (H-bond) between the amine and carboxyl groups (the side-
chain-backbone and sidechain-sidechain hydrogen bonds are
nonrelevant). The most common secondary structural elements
are o-helices and f-sheets (Figure 5a). Random coils refer to
the multiconformational state of peptides and unfolded pro-
teins and polypeptide chains. Sometimes it is also adopted to
describe the unstructured conformations. Notice that random
coils are not true secondary structure due to the irregularity.
B-turn, leading to a change in the direction of polypeptide
chains, does not belong to certain type of secondary structure by
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definition due to structural irregularity. In a -turn, a hydrogen
bond is formed between the backbone carbonyl oxygen of one
residue (e.g., the glycine in the sequence of GAAS) and the
backbone amide of the residue three positions further along the
chain (e.g., the serine in the sequence of GAAS).

Concerning o-helices, the hydrogen bonds form between the
oxygen atom of the C=0 of each peptide bond in the strand and
the hydrogen atom of the N-H group of the peptide bond four
amino acids below it in the helix. In this way, the direction of
H-bonds is roughly parallel to the orhelices, and the hydrogen
bonds help to make this secondary structure especially stable.
In comparison, the H-bonds in f-sheet locate between strands
(interstrand) rather than within strands (intrastrand). The car-
bonyl oxygens in one strand hydrogen bond with the animo
hydrogens of the adjacent strand (Figure 5a). Similar as orhelix,
this hydrogen bonding is the main interaction maintaining the
structure of B-sheets. It is noted that although individual H-bond
is relatively weaker than covalent bond (e.g., 10-50 k] mol™! for
H-bond and 250 k] mol™ for covalent bonds, respectively),!]
numerous H-bonds accumulated between strands can greatly
reinforce the interactions and thus strengthen the o+helix and
B-sheets. On the other hand, although it is revealed that adjacent
B-strands can run either in the same direction (parallel arrange-
ment) or in the opposite direction (antiparallel arrangement).
The B-sheets in silk materials have naturally chosen the antipar-
allel B-strand arrangement (Figure 5b). This is because the
linear H-bonds (2.76 A) within antiparallel B-strands are shorter
than the non-linear H-bonds (2.97 A) between parallel B-strands,
which consequently results in greater B-sheet stability."!

P-sheets are structurally more compact and stable in
aqueous environments, and have stronger mechanical proper-
ties than random coils and o-helices. In fact, most molecules
within silk materials exhibiting B-sheet conformations (Silk II
structure) are more likely to be insoluble. However, when the
orhelix conformation plays a dominant role (Silk I structure),
such materials can be dissolved easily. In addition, because

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Primary structure of silk materials. a) The amino acid composition of fibroin molecules; b) Illustration of the three most abundant amino
acids; c) the amino acid sequence of a fibroin heavy chain. d) Representative repetitive sequences of B. mori, Nephila clavipes MaSp2, A. pernyi, and
N. antipodiana eggcase silk. The B-sheet constructing units are denoted in red for visual guidance.

o-helices consist of easily movable chains, it is reasonable that
a higher orhelix content within silk materials can lead to better
extensibility.

2.2.3. Tertiary (Level Three) Structures of Silk Materials
and Crystalline Binding Interaction

As mentioned at the beginning, silk materials, in particular,
spider dragline fibers, display a very high toughness in terms
of breaking energy, this can be to some extent attributed to
the occurrence of B-crystallites and the networks. Typically,
several secondary structural elements might be used to create
a highly compact and organized 3D protein structure, which
is known as the tertiary structure. For silk materials, the ter-
tiary structure can be defined as intermolecular B-crystallites
(Figure 5¢).1%11 Specifically, B-crystallites are comprised of sev-
eral adjacent -sheets from different molecules, among which
hydrogen bonds, hydrophobic interactions/van der Waals
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interactions play a key role in the B-sheet (Figure 5d).[1%11:30

In this regard, these interactions can also be referred to the
“crystalline binding interaction/force.” From the point of view
of crystallography, B-sheets and B-crystallizes can be considered
as a sort of polymorphism: if B-sheets are considered as 2D
crystals, f-crystallites belong to more stable form of 3D crys-
tals. Although some f-sheets are capable of converting them-
selves into f-crystallites, it is not necessary for all B-sheets to
be converted into f-crystallites. In general, Fourier transform
infrared spectroscopy (FTIR) and XRD are the most widely
applied characterization techniques, to quantify the total
B-conformation and f-crystallite content, respectively. It is
noticed that the B-conformation content is always higher than
the B-crystallite content as it consists of two types of polymor-
phism, namely the intramolecular 2D f-sheets and intermolec-
ular 3D PB-crystallites. The intramolecular fB-sheet content can
be calculated simply by deducting the B-crystallite (measured by
XRD) content from the gross amount of S-conformation (meas-
ured by FTIR or Raman).

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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into fB-crystallite. Reproduced with permission.''l Copyright 2016, Wiley-VCH. d) Inside B-crystallites, the main force maintaining the structure of
B-crystallites by linking different B-sheet plates are the hydrophobic interactions/van der Waals interactions, especially those between alanine and

serine. Reproduced with permission.% Copyright 2015, Elsevier.

Recently, it has been widely accepted that different content
of B-sheets and B-crystallites give rise to distinct mechanical
properties of different silk fibers. For instance, in spider MA
dragline silk, the total B-conformation and the intramolecular
B-sheet content is 51% and 29%, respectively.?* In A. pernyi
silk fibers, the content of intramolecular B-sheet is 23%.1* In
comparison to the above two types of fibers with a large amount
of intramolecular f-sheet content, B. mori silk fibers exhibit a
much smaller ratio of intramolecular S-sheet content (9% out
of 49%, seen in Table 1).24 XRD analysis of the B-crystallite
structure further confirms that the crystallites within silk fibers
exhibit an orthorhombic crystal lattice (with the space group
of P22,2,) structure and have unit cell dimensions of a = 9.2,
b =94, and ¢ = 6.94 A, respectively, where a is the direction
in which f-sheets are stacked (intersheet distance), b is the
direction of a B-sheet that is perpendicular to the strand axis
(backbone-backbone hydrogen bonding direction, or interchain
direction), and c is the direction of the strand axis.*

Detailed investigation into the structure of [-sheets
reveals that the side chains of adjacent B-strands within the
same f-sheet plates are the same, that is, the front side of
an entire f-sheet projects only the glycine side chains (-H),
whereas the back side projects only the alanine (-CHj3)/serine
(-CH,OH) side chains. Above/beneath this fB-sheet plate, the

Small 2019, 15, 1903948 1903948

arrangement of the next plate is the opposite; thus, the f-sheet
assembly is realized in a front-to-front and back-to-back manner.
The side chains are arranged in such a way that the -CH; and
—CH,0H groups of opposing f-sheets can be closely packaged;
this gives rise to intersheet interactions (Figure 5d).3

We notice that both hydrogen bonding and hydro-
phobic interactions are much weaker than covalent bonds
(Figure 6a).*!l Nevertheless, if the binding entities are in the
form of crystalline state, the binding force can be signifi-
cantly enhanced: unlike the non-crystalline state where each
non-covalent bond/interaction can be broken individually, in
the crystalline binding state, the minimal breaking force of
binding crystallites is equivalent to the simultaneous breakage
of all the non-covalent binding interactions in a critical
volume of crystallite. This is due to the fact that the crystallites
become unstable if the size of the crystallites is smaller than the
critical size. This gives rise to the collectiveness of non-covalent
bonds within the volume, displaying much stronger bonding.
In this case, although a single noncovalent interaction is weak,
the combination of noncovalent interactions can result into a
strong bonding case. This will give rise to strong connections
and stable binding points of networks in silk materials. In this
case, fB-crystallization plays a key role in the stabilization of the
meso structure of silk protein materials. This is why without

(7 of 45) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Structural parameters of silk fibers.

Sample name Overall content Crystallinity [%]  Content of intramolecular Crystallite size [nm]?) Reference®)
of B-sheet [%] B-sheet [%]
a b c
B. mori cocoon silk 49 40 9 2.3 4.1 10.3 [24]
Spider dragline [10 mm s7'] 51 22 29 2.1 2.7 6.5 [24]
B. mori cocoon silk 54 41 13 2.5 4.1 9.8 [42]
A. pernyi silk 49 26 23 3.1 3.9 40 [42]

3 Crystallites Size along a (intersheet direction), b (interchain direction), and ¢ (fiber axis) axes are measured at 10 mm s reeling speed for dragline silk and 0% strain for

B. mori and A. pernyi silk.; ®The structural data are taken directly from references.

B-crystallization, silk protein materials are very unstable and
highly water soluble.

To acquire a comprehensive understanding of the role of
hydrophobic interactions in maintaining the structural integ-
rity of P-crystallite, the strength and number of hydrophobic
interactions within different silk fibers are semiquantita-

a
Interaction strength
Category (kJ/mol)
Peptide bond >300
Covalent
R Chemical bonds 150~450
lonic bond 250
lon-Dipole interaction 50~250
Dipole-Dipole interaction 5.5
Non-covalent
interdction TI-T interaction <50
Hydrogen bond 10~50
Crystalline binding
interaction ~300

Hydrogen bond @

Single Non-covalent Bonding-
Easy to break

Collective & Correlated
Non-covalent Bonding-
Difficult to break

Ordered collective binding

Figure 6. Summary of variety of interactions involved in sf materials and
enforcement strength in crystallization (crystallization force). a) Table of
interaction strength of different categories of interactions. The method
estimating the strength of crystalline binding interaction is present in
Note S1, Supporting Information. b) Illustration of the strength enforce-
ment due to S-crystallization, which is subject to collective interactions
from correlated hydrogen bonding between neighboring B-strands and
hydrophobic interaction among the adjacent 3-sheets within B-crystallites.
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tively compared. According to the latest simulation results,
the strength of ensemble of hydrophobic interactions can
be roughly estimated by counting the number of alanine
and serine residues per sheet.!'!] Besides, the regularity with
which the alanine/serine pattern occurs is also relevant.!! For
instance, the protein sequence and residues forming f-sheets
within B. mori cocoon silk (BMCS) and spider N. antipodiana
eggcase silk (NAES) fibers are shown in Figure 4d. The number
of times the alanine/serine pattern occurs within NAES is
relatively lower, consequently the probability of occurrence of
hydrophobic interactions between B-sheets in NAES is smaller.
Hence, the average peel-off force in BMCS fibrils is stronger
than that for recombinant NAES fibrils (250 £ 95 pN and
162 £ 49 pN, respectively) (Figure 7b,c).'!l This difference can
further explain why a higher breaking stress (550 MPa) is asso-
ciated with natural BMCS fibers than with recombinant NAES
fibers (256 MPa) (Figure 7d).['!

Essentially, apart from inter f-sheet interaction strength,
the size of B-crystallites is also an important structural factor
that influences the performance of silk materials. The size of
B-crystallites in spider dragline silk fibers, B. mori silk fibers,
and A. pernyi silk fibers has been investigated using XRD and
are shown in Table 1.24# The size of crystallites in spider silk
fibers, especially along the c-directions (i.e., along the fiber
axis), is much smaller than that in silkworm silk fibers. To pro-
vide insights into the mechanical role of f-crystallites and the
correlation between B-crystallite size and mechanical proper-
ties of silk fibers, molecular modeling as well as simulations
have been adopted. For instance, Wu et al.**l has proposed
the “B-sheet (within B-crystallites) splitting” mechanism and
found that, upon assuming that this mechanism is used, the
predicted stress—strain profiles of silkworm silk fibers are in
agreement with the results of experimental measurements.
According to their reports, during the silk fiber stretching
process, the extension linearly increases with the responsive
force in the linear region, until the force reaches a threshold,
after which B-crystallites start to split. The splitting of B-sheets
(within B-crystallites) results from the breakage of H-bonds,
and assuming that the occurrence of H-bonds (along the
B-strands) is uniform everywhere, a larger amount of force
is required to extract longer molecules from p-crystallites,
because more H-bonds must be broken.*¥l In other words,
if the fibrous axis (the c-direction) of a f-crystallite is larger,
such crystallites become more robust. However, the benefi-
cial effect attributable to crystallite size in the c-direction (i.e.,
the L) on the mechanical stability is limited. On the contrary,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Mechanical properties of B. mori cocoon silk (BMCS) and spider Nephila antipodiana eggcase silk (NAES) fibers. a) Schematic illustration
showing that the hydrophobic interactions within BMCS fibers are stronger than those within NAES fibers. b,c) Statistical results showing the force
required to peel off a B-sheet plate from P-crystallites of regenerated BMCS and recombinant NAES fibrils, respectively. The average unfolding force
values are 250 £ 95 pN and 162 + 49 pN. d) Typical stress—strain profiles of natural BMCS (red) and recombinant NAES (blue) fibers. The BMCS fibers
are much stronger during the application of breaking stress. Reproduced with permission.'!l Copyright 2016, Wiley-VCH.

Xu et al.?3 have proven that if the crystallite size L. is larger
than 6 nm, the influence of size on the splitting force becomes
negligible (Figure 8b). In natural fibers obtained from either
the silkworm or spider, the measured L. values are more than
6 nm (Table 1). Thus, the splitting force of P-crystallites in
silk materials should not be correlated to the crystallite size
along the c-direction.?)l However, Keten et al.l** performed a
series of large-scale MD simulations to investigate the effects
of crystallite size (in the b-direction) and reported that small
B-crystallites with a size of only a few nanometers can give rise
to the highest strength, stiffness, and toughness, as compared
to large B-crystallites, as shown in Figure 8c,d.*¥ According to
the results of their simulation study, in the crystal network,
if the length of B-crystallites is 2—4 nm along the interchain
direction (I;), the mechanical properties are optimal.*# This
experimental finding is in accordance with the reported results
for P-crystallites in spider MA dragline fibers; the strength
and toughness of spider dragline fibers are enhanced when
the B-crystallite size is reduced from 10 to 6.5 nm, and fur-
ther reduced to 3 nm. This can be attributed to the difference
in geometry and stress distribution pathways of small and
large B-crystallites. For large crystals, the hydrogen bonds are
directly stretched because of tension (i.e., the B-crystallites are
pulled in a direction parallel to that of the hydrogen bonds) (cf.
Figure 8e, bottom). In contrast, for small crystals that can be
deformed when exposed to shear forces, hydrogen bonds are
pulled orthogonal to the bonding direction (cf. Figure 7e). This
shear deformation pathway can optimally utilize hydrogen
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bonds and consequently lead to a significant enhancement in
the mechanical strength of B-crystallites.[*¥

From another perspective, compared with smaller crystallites,
larger crystallites should contain more defects/mismatches,
which also deteriorate the stability. As per the crystallization
theory, the formation of large crystallites normally relies on
the package with a certain degree of ordering or symmetry.'"l
During the normal crystal growth process, crystallites grow
together via self-epitaxial nucleation, which consequently
results in an ordered assembly. Nevertheless, under some
specific conditions (e.g., when the supersaturation is so high
that the nucleation barrier for mismatched epitaxial nucleation
decreases rapidly), some mismatches may occur between the
parent crystals and nucleating layers of crystals. In this regard,
the newly deposited layers of growing crystals would deviate
from the optimal structural match position and mismatched/
misaligned structural packing would be observed.[!”

2.2.4. Level Four Structure of Silk Materials: Fishnet-Like Crystallite
Networks and Nanofibrils

Merely crystalline binding is insufficient to build up tough
materials. To have a tough material depends to a large extent on
how these f-crystallites are connected. This is then associated
the forth level of structure: fB-crystallite networks. In general,
the quaternary structure of a protein should refer to complexes
composed of multiple subunits. The molecular B-crystallite

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. Effect of size on the mechanical performance of silk fibers and failure mechanisms of B-crystallites. a) Schematic illustration of the crystallite
and the definition of size along three directions. b) The splitting force of a B-crystallite as a function of the size of B-crystallites along the c-direction,
Lc, and its orientation angle 6. a,b) Reproduced with permission.[?l Copyright 2014, Royal Society of Chemistry; c) strength. d) Toughness and resil-
ience of P-crystallites as a function of crystal size along the b-direction. Toughness is calculated as the area under the force—displacement curve, while
resilience is defined as the energy stored just before the initial rupture of hydrogen bonds. e) During pull-out simulations (lateral loading), smaller
(L=2.83 nm) and larger (L =6.56 nm) crystallites show shear-governed deformation and bending-governed deformation, respectively. c—e) Reproduced

with permission.[*!l Copyright 2010, Springer Nature.

networks of silk materials can be defined as a fourth level
structure.[1%11:23] Notably, each individual nanofibril is a crystal-
lite network, in which amorphous chains link the crystallites
together. In this regard, we can also regard nanofibrils (crystal
network) as level 4 structures. Nanofibrils are observed in all
forms of silk materials (including fibers, hydrogels, films, and
scaffolds), convincing that nanofibrils are the basic mesoscopic
structural units of the hierarchical structure of silk materials.
As mentioned in Section 2.1, three main types of crystal net-
work topologies can exist. Recently, atomic force microscopy
(AFM) is being used to examine the nanostructures of nano-
fibrils, by measuring the corresponding nanomechanical per-
formance. By combining AFM topography (Figure 8a), SAXS,
FTIR, and XRD spectra of SF nanofibrils, obtained from regen-
erated SF (RSF) solutions and natural SF fibers, Liu et al.'!
confirm that the structures of the RSF solutions and natural
SF fibers are highly similar, which enable the use of individual
RSF nanofibrils as an effective surrogate for natural SF fibers.
Afterward, they further use the regenerated nanofibrils to verify
the type of topology of the f-crystallite network, using AFM
force spectroscopy.l'l By studying the unfolding force patterns
of B-crystallites, Liu et al. hypothesize about the mechanism by
which the breakage of B-crystallites occur during stretching and
conclude that the B-crystallites are associated with each other
in the “nanofishnet” topology.*! In the AFM force spectros-
copy experiments, the AFM tip is used to pull out individual
nanofibrils, to probe the elasticity of B-crystallites. The manner
in which the silk protein chains are connected via fB-crystallites
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can significantly affect the dissipation of force from the AFM
tip among the semicrystalline networks; this is reflected by
the measured force patterns. Typical saw-tooth patterns are
observed in the force versus extension trajectories of regener-
ated nanofibrils. In these force patterns, the height of the
force peaks corresponds to the strength of the hydrogen bonds
between f-strands in the f-sheet and/or the inter-B-sheet inter-
actions in f-crystallites, while the changes in the level of exten-
sion between two adjacent peaks correspond to the released
length of the polypeptides (contour length changes can be
determined by fitting data to the worm-like chain model). The
aforementioned saw-tooth patterns of SF nanofibrils are dis-
tinct from the characteristic plateau force pattern observed for
amyloid fibrils,?% indicating that the molecular network struc-
tures within amyloid fibrils and SF nanofibrils are different.
This disparity between amyloid fibrils and SF nanofibrils is
also observed while examining the XRD spectra; the f3-strands
in crystallites are aligned along the fibrous axis in silk fibers
but are perpendicular to the long axis of amyloid fibrils. Sta-
tistical results show that most force—extension curves (94%) of
RSF nanofibrils exhibit sequential unfolding events involving
random peak forces; no clear trend is observed. However, for
the rest of the trajectories (6%), another characteristic pat-
tern is identified.™! The highest unfolding force peak is fol-
lowed by a series of events, which shows a general upward
trend in unfolding forces. It is known that hydrogen bonds
between pf-strands and hydrophobic interactions between
B-sheet layers are responsible for the stability of f-sheets

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and P-crystallites, respectively. Two possible pathways for
unfolding S-strands from B-crystallites can be activated. Pathway
1 involves the sequential unzipping of B-strands directly from a
B-crystallite (without affecting the inter-B-sheet interactions),
while pathway 2 involves the peeling of a B-sheet off the crys-
tallite, followed by the unzipping of B-strands from the peeled
off B-sheet. In the first pathway, at each step of unzipping of
B-strands, the force is mostly applied onto the strand directly
connected to the AFM tip, whereas an equal amount of force
is exerted on the other strands in the B-crystallites, due to the
integrated response of B-crystallites. Hence, the strands directly
linked to the AFM tip should experience a force much stronger
than elsewhere so that they are unzipped in prior. This is then
repeated for the next adjacent strand. As the strength of collec-
tive hydrogen bonding between different f-strands is different,
the corresponding force pattern should result in peaks with dif-
ferent heights. According to the slab-segment model, the force
distribution among f-strands in the -sheet is similar to that in
B-crystallites; hence, the force pattern should be similar to the
first pathway.””] However, if the B-crystallites are cross-linked
with each other, as seen in a “fishnet” network, the peeled-out
B-sheet are stretched out between two anchor points, that is, the
AFM tip and the remaining f-crystallites. In this condition, an
equal amount of stretching force is applied on all the 3-strands
within the peeled-off B-sheet, because they are connected in a
series. Thus, the weakest B-strands turn to be unzipped first,
followed by others in the order of strength.'!l This can explain
the existence of the 6% trajectories. Further, Liu et al.'!l carried
out a series of simulations to compare the relative strength of
networks according to the two pathways. The simulation results
confirm that both the possibility of use of each pathway and
change in the contour length of a B-sheet being peeled off from
B-crystallites in the case of a fishnet structure are in agreement
with the AFM results.'"! This again proves that S-crystallites
in the SF nanofibrils are crosslinked, in order to ensure that
fishnet-like molecular networks other than the amyloid-like
and slab-segment structures are adopted. Furthermore, it is
reported that a similar force pattern for recombinant spider
eggcase silk fibrils has been observed, suggesting the preva-
lence of the molecular fishnet structure in animal silk nano-
fibrils of different types (Figure 9e).I'l It is noted that adoption
of such “fishnet” structure is the natural choice of silkworm
and spider dragline fibers for obtaining outstanding tough-
ness of crystallite network. In fact, by Monte Carlo approach to
simulate breaking stress of different network structures, it is
calculated that the fishnet structure can stabilize long silk fibers
at a substantially reserved mechanical strengthen, which has
greatly surpassed the breaking force predicted within the model
of entangled amyloid fibril model and no friction strings model
(seen in Figure 9f).1

Several types of crystallite patterns can be observed within
the framework of the “nanofishnet” crystal network topology.
For example, while B-crystallites can be effectively oriented
adjacent to each other along the fibrous axis, they can also
be oriented in a direction that is perpendicular to the fibrous
axis (Figure S1, Supporting Information). Recently, it has
been determined that the nanofibrils in natural SF fibers are
dominated by parallel-B-sheets, where fB-strands are parallel
to the fibril axis. However, the cross-B-sheet arrangement, in
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which f-strands are perpendicular to the fibril axis, can also
exist in some non-fibrous silk materials.**] Gong et al.*! have
reported that silk fibroin materials can be selectively folded into
B-sheets in either the cross-p-sheet or parallel-f-sheet arrange-
ment, by incubating SF solutions either quiescently or under
a shear force, respectively. It should be noted that shear forces
exist during the natural process of spinning of silk fibers. It is
reasonable to assume that this shear force plays a dominant
role in determining the arrangement of f-strands. Based on
this assumption, we have made a series of ex situ attempts to
mimic the in situ natural spinning process in silkworm glands,
by adjusting the pH, changing metallic ion concentrations,
and applying a shear force. Our experimental results show
that only the RSF nanofibrils created by shear forces adopt the
para-f-sheet arrangement (not published yet). Different f-sheet
arrangements might contribute to the distinct performance of
silk fibers and hydrogels, because parallel-B-sheets are more
regularly patterned along the fibrous axis, consequently they
are stronger (1, Supporting Information). Thus, the application
of shear force during f-sheet formation might be a promising
strategy for the preparation of various non-fiber silk materials
with enhanced mechanical properties.

Although B-crystallites are mostly responsible for the out-
standing mechanical performance of silk fibers, the intermo-
lecular fB-sheet is also equally important and plays a unique
role. Specifically, mechanical tests show that both MA dragline
fibers and A. pernyi silk fibers display unique strain stiffening
characteristics.?**!l Earlier efforts have confirmed that rich
intramolecular fB-sheets should primarily contribute to the
strain-stiffening effect observed in spider dragline silk fibers.[?4l
Recently, the structural origin of the strain-stiffening effect in
A. pernyi silk fibers is comprehensively studied.*”l The mecha-
nism of strain stiffening is described as follows:

At relatively low stretching ratios (i.e., less than 5% or before
the so-called yield point S, shown in Figure 10a), the intramole-
cular B-sheet content in B. mori silk is only slightly decreased.l?
In comparison, the intramolecular B-sheet content in MA dra-
gline silk and A. pernyi silk fibers decreases significantly.?+42l
In other words, the intramolecular B-sheets (in MA dragline
silk and in A. pernyi silk fibers) are unfolded prior to the split-
ting of the intermolecular B-crystallites (Figure 10b,d).24#2
This is attributed to the fact that the intramolecular S-sheets
show a lower level of morphological perfection and stacking
compactness than intermolecular B-crystallites. Thus, the
unfolding of intramolecular f-sheets results in the release of
the entire lengths of protein chains, which consequently leads
to the extension of draglines without causing the breakage
of the intermolecular linkage of molecular networks (i.e., the
P-crystallites). In terms of macroscopic performance, during
the above process (strain less than 10%), the modulus of MA
dragline almost drops to zero, as fiber extension is mainly
caused by the breaking of weak intramolecular hydrogen bonds
within intramolecular B-sheets. Afterward, with the progres-
sive unfolding of fibers, the intermolecular B-crystallites begin
to support the load. The dragline fibers become stiffer due to
the contribution of the enthalpic component.?* This is how
strain-stiffening occurs in spider dragline fibers. However, it
is further determined that the intermolecular B-crystallites in
A. pernyi silks are also reoriented and become aligned along
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Figure 9. Schema of crystal network of silk materials. a) AFM morphology of regenerated nanofibrils in SF solutions. b) Typical force-extension curves
and schematic structure of amyloid fibrils. Reproduced with permission.?%l Copyright 2006, Elsevier. c) results reported by Oroudjev et al.; the heights
of the peaks are random. Reproduced with permission.[?’} Copyright 2002, National Academy of Science. d) Force spectra and the corresponding
mechanism reported by Liu et al. Reproduced with permission."] Copyright 2015, Wiley-VCH. e) The molecular fishnet structure of a silk nanofibril.
f) Simulated mechanical strength of the fishnet, no friction strings, and entangled amyloid fibril structures of silk fibrils. Breaking forces are plotted as
functions of the length of the fibrils, that is, the number of rows along fibrils axis. Insets show the cartoon of the different types of networks. Reproduced

with permission."!l Copyright 2015, Wiley-VCH.

the fibrous axis (Figure 10d)"?; this also contributes to the stiff-  of the fiber (so-called strain weakening). This breakage process
ening of the entire crystal network (Figure 10e). The stretching  has been verified by XRD measurements, which shows that
of fibers beyond the inflection point H will cause a failure in  once the spider MA dragline is stretched beyond point H, the
the functioning of B-crystallites. Obviously, demolishing such  B-crystallinity drops immediately (Figure 10b).24 B. mori fibers
nodes of the crystal network in fibers results in the weakening  with significantly lower intramolecular f-sheet content in the
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B-crystallites, which results in the breakage of entire fiber. b,d) Reproduced with permission.*?l Copyright 2017, Wiley-VCH.

non-crystalline regions (only 9%) have lower extensibility and
exhibit only strain-weakening behavior after the yield point
(Figure 10a). Thus, it is assumed that if there is a method for
increasing the number of intramolecular f-sheets in silk mate-
rials, the mechanical property should be reinforced accordingly.
However, it should be noticed that the content of intramolecular
B-sheets is largely controlled by intrinsic primary structures.
As discussed above, the core repetitive motifs forming
B-sheet crystallites in B. mori, spider MA dragline fibers, and
A. pernyi silks are (GAGAGS),,, polyalanine domains, and poly-
alanine motifs, respectively. Besides, it is confirmed that the
(GAGAGS), motifs in B. mori silk fibers are significantly longer
than the polyalanine motifs of MA dragline fibers. The longer
lengths of repetitive (GAGAGS), sequences can increase the
likelihood of the association with each other and consequently
lead to the formation of intermolecular f-crystallites, instead
of intramolecular B-crystallites. On the other hand, a statistical
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comparison of the primary fibroin sequences of B. mori and
A. pernyi further reveals that B. mori silk fibroin contains
approximately 65% of the repetitive GAGAGS motif, whereas
A. pernyi contains only approximately 18% of the repetitive
poly(A) motif. This difference is attributable for the distinct
content and size of intramolecular S-crystallites in B. mori and
MA silk fibers. Within the framework of the primary structure,
the protein sequences might need to be altered to achieve an
increment in the intramolecular B-sheet content of B. mori silk
fibers and silk materials.

The orientation of crystallites is another very important struc-
tural factor that determines the crystal networks’ mechanical
properties. However, although most of the f-strands in crys-
tallites are roughly parallel to the fibril axis, the B-crystallites
in the crystal network are still not perfectly oriented. So far,
the influence of crystallite ordering on the breaking stress of
both silkworm silk and spider dragline silk fibers has been
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Fiber Axis

Figure 11. microscopic mechanism of silk yielding behavior and the
effect of ordering function of crystallites network. i) illustrates the inter-
spersed B-crystallites in nanofibrils, whose orientations were deviated
from those of the fiber axis, ii) illustrates the splitting of B-crystallites
in an arbitrary direction, and iii) is a sketch presenting the number of
H-bonds involved in splitting dynamics, indicated using red dashed lines.
A better alignment along the fiber axis would cause more H-bonds to
be recruited to endure the splitting force and consequently give rise to
stronger crystalline binding interactions within B-crystallites. Reproduced
with permission."!l Copyright 2016, Wiley-VCH.

intensively investigated via modeling and simulations, as well
as experimental studies.'!'23] According to the B-crystallite split-
ting theory, a better orientation of f-crystallites along the fiber
axis results in higher breaking stress, because it influences the
“effect force” for the separation of B-sheets, as schematically
illustrated in Figure 11.11 In terms of experimental results, it
is known that spider dragline silk fibers have a much higher
breaking stress than silkworm silk fibers. This is attributed to
the fact that natural silkworm silk fibers display a relatively
low orientation function f= 0.84, as compared with spider dra-
gline silk fibers (orientation function f= 0.93).2>2% However, it
has revealed that the mechanical performance of even the silk
fibers obtained from the same species can be improved fur-
ther, by increasing the orientation function value. For example,
Liu et al.l'¥ have carried out MD simulations to investigate the
influence of different orientation functions on the stability of
corresponding crystal networks and then compared the simula-
tion results with the experimental results. Notably, the simu-
lated data fits well with the experimental data. Apart from this,
the results also show that the breaking stress of both spider and
silkworm silk fibers increase with funambiguously in the same
fitting curve after eliminating the influence of other factors.!!

Apart from the crystallite orientation function, the density of
crystallites is another important structural factor that decides
the strength of silk fibers. Evidently, within the framework of
the crystal network structure, the fishnet-like topology of this
crystal network can further isolate the products of breakage
of individual crystallites, by bypassing the loading stress from
the broken ones to the surrounding interconnected crystal-
lites.l'] Consequently, the more S-crystallites participate in load
sharing, the stronger the network should be.
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Making the comparison between spider dragline silk and
silkworm silk fibers, although the crystallinity of spider silk
fibers is only half of silkworm silk fibers, given the fact that the
size of B-crystallites in spider silk materials is only 1/4th of silk-
worm silk materials (Table 1), the B-crystallite density in spider
silk is still almost double than silkworm silk fibers.*! This is
in excellent agreement with the fact that spider silk fibers are
much stronger.

2.2.5. Level Five Structure of Silk Materials

As discussed earlier, each individual nanofibril is a molecular
crystal network. If such nanofibrils are isolated, we can treat
each nanofibril as a single, individual domain, whereas the
interconnectivity of these nanofibrils causes the formation
of a network of nanofibrils, which is regarded as a multid-
omain system.1223] In principle, the nanofibrils network can
be defined as the level 5 structure of silk materials, in which
the structural unit refers to the individual nanofibril, and the
“links” between neighboring nanofibrils are either formed by
strong physical contact (in case of silk fibers) or weak interac-
tions (in case of non-fiber silk materials). It is apparent that
the strength (or stability) of the nanofibrils and internanofibril
interactions have a great impact on the macroscopic mechan-
ical performance.'223] In the subsection 2.2.4, we have
described the structural factors affecting the stability of nanofi-
brils (crystal network), while in this subsection, we will com-
prehensively study the influence of the strength of interactions
between nanofibrils.

Figure 12 illustrates two typical nanofibrils network archi-
tectures in silk materials, that is, a) a multidomain system in
which the domain—domain interaction is weak or zero; and b) a
multidomain system in which the domain-domain interaction
is strong or infinite. AFM morphological results have proven
that although both silk fibers and SF hydrogels are comprised
of numerous nanofibrils, SF hydrogels exhibit a system of weak
domain—domain interactions, because the nanofibrils in SF
hydrogels are patterned in a disorderly manner and the inter-
actions between fibril domains are relatively weak. However,
SF fibers exhibit a system of strong domain—domain interac-
tions, because SF fibers are comprised of a bundle of highly
well-oriented, twisted nanofibrils that are interlocked by adja-
cent nanofibrils, to ensure that the nanofibrils cannot move
freely.10.1223)

The above discussion reveals the importance of the heli-
cally twisted morphology of SF nanofibrils. We have assumed
that this characteristic morphology results from associations
between periodically repeating segments. Hence, the breakage
of an individual nanofibril should take place at the most loaded
“segments.” The fracture of entire SF fibers, which are com-
prised of numerous nanofibrils, is initiated because of the
failure in the functioning of the weakest nanofibrils. How-
ever, the “rough” morphology of helically twisted nanofibrils
can enable it to effectively avoid mutual slips, even after a
critical external force has been applied. This is attributed to the
presence of a non-slipping fibril bundle (N-SFB) structure; in
addition, strong interactions between nanofibrils consequently
give rise to stronger silk fibers.
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Figure 12. lllustration of the fifth level structure of silk materials. AFM images reveal that sf nanofibrils are helically twisted a) in silk fibers and
b) non-fiber silk materials such as SF films. c,d) Illustration of the relationship between mechanical properties and density of nanofibril domains.
c) Weak internanofibril interactions. d) Strong internanofibril interactions. a) Reproduced with permission.[?3] Royal Society of Chemistry.

The advantage of this “non-slipperiness” feature of nano-
fibrils for toughening silk fibers can be demonstrated by
comparing these fibers with two other structures, namely, the
slippery fibril bundle (SFB) structure and the bulk network
(BN) structure. The SFB model assumes that the nanofibrils
are smooth and can slip out freely. The BN model assumes

the entire silk fibers to be a bulk molecular crystallite network.
Using simulations, the mechanism by which the SFB and
N-SFB structures react upon being stretched until breakage and
the respective estimated mechanical strength are identified,
as demonstrated in Figure 13a,b. The manner of breakage of
the BN structure is similar to that of brittle materials, and the

c d

a Helically twisted nanofibril bundle

Multi Domain System

Strong Domain-Domain
interaction
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network
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Figure 13. Correlation of nanofibrils bundles with the breakage of silk fibers. how sf nanofibrils correlation will determine the breaking pathway
and toughness of silk fibers. Schematic illustration of the breakage of silk fibers with a) helically twisted nanofibril bundle structure and b) slippery
nanofibril bundle structure. c) The periodic segmental morphology of helically twisted nanofibrils gives rise to frictions, and consequently to strong
domain—-domain interactions. In comparison, relatively weaker domain—domain interactions are observed in the slippery nanofibril bundle model.
d) Comparison of the breaking strength of silk fibers, simulated according to above two models. Reproduced with permission.?*l Copyright 2014,
Royal Society of Chemistry.
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emergence of entire fiber fracture results from the catastrophic
growth of numerous small cracks. According to Griffith's frac-
ture theory, the extra stress caused by a small crack would
mainly cause it to dissipate adjacently, especially at the trans-
verse boundary.?3] In this regard, within the framework of the
BN model, the extra stress are redistributed uniformly in the
cross sections that contain cracks. The accumulation of such
extra stress can promote the formation of cracks, which finally
results in the splitting up of the entire network. In comparison,
in the SFB structure model, a bundle of smooth nanofibrils
is stretched gradually. As the slipperiness results into weak
interactions between neighboring nanofibrils, each nanofibril
carries a certain load independently; thus, the breakage of the
nanofibril bundle (the entire fiber) begins from the weakest
nanofibril. Afterward, the total loads are passed onto the adja-
cent nanofibrils, which eventually gives rise to the catastrophe
of the unbroken nanofibrils, leading to the breakage of entire
fiber. The abovementioned process is similar to ductile mate-
rials, whose deformation is carried out by localized shear forces
at the nanoscale level. The simulated breaking strengths of silk
fibers are accordingly plotted in Figure 13d. The SFB fibers are
much weaker than those of the N-SFB model. This plot indi-
cates that the non-slippery feature and the bundled structure
of nanofibrils affect the strengthening of silk fibers. In the BN
model, a crack can easily develop at the weakest position along
the transverse direction. However, in the N-SFB model, the
boundaries of the helically twisted nanofibrils can physically
terminate the growth of such cracks across fibers, and the extra
stress can be uniformly redistributed among surviving nanofi-
brils. On the other hand, in the SFB model, due to the lack of
strong friction between neighboring nanofibrils, the cracks can
easily occur along the fibrous axis, without any impediments.
In summary, the helically twisted morphology of nanofibrils
results in strong internanofibril interactions, which further
stops the occurrence of cracks in the transverse and longitu-
dinal directions.

Based on the above discussion, there are at least two impres-
sive structural factors in the level 5 structures of silk materials,
namely, 1) the periodic segmental morphology of nanofibrils,
which prevents adjacent nanofibrils from slipping, and 2) the
nanofibril bundle architecture as well as the non-slipperiness
between nanofibrils causes the extra stress to be shared equally
among the unbroken nanofibrils.

As discussed in Figure 12, nanofibrils either in silk fibers
or in SF hydrogels have similar diameters. In addition, most
of the structural parameters (including of level 1 to level 4
structures, except the orientation of f-crystallites) are also
nearly the same.'!l However, different types of interactions
between nanofibrils are observed in these two level 5 silk
materials. Specifically, weak nanofibril-nanofibril interactions
are observed in non-fiber silk materials, while strong interna-
nofibril interactions are observed in silk fibers. They both also
exhibit different, distinct nanofibrils network architectures. For
instance, the nanofibrils in silk fibers are well aligned along
the fibrous axis, whereas the nanofibrils in RSF hydrogels are
much less ordered or are randomly distributed. Hence, natural
silk fibers are much stronger than SF films (measured around
300-400 MPa and 40 MPa for silk fiber and SF films, respec-
tively; see Table S1, Supporting Information).
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2.2.6. Summary of Hierarchical Structure of Silk Materials

Based on the structural analyses of silk materials, the extraor-
dinary properties of N. pilipes spider and B. mori silkworm
silk materials are attributed to the five levels of hierarchical
network structures illustrated by Figure 14. From the bottom-
to-top manner, the hierarchical network structure was identi-
fied as the following five levels: (1)) amino acid sequence, (2))
secondary structure, 3) f-crystallites, 4) crystal networks or
nanofibrils, and 5) nanofibrils networks.

Within the framework of the hierarchical structure, crystal-
line binding interaction is very important in the stabilization of
silk materials, while the crystallite networks or nanofibrils and
the networks of nanofibrils are two of the most essential struc-
tural elements, which to a large extent determine the macro-
scopic performance of SF materials.

This detailed and comprehensive understanding on the hier-
archical structure of silk materials is so crucial that displays
the correlation between the macroscopic performance and
mesoscopic structure of silk materials, and the identification
of effective technologies in materials engineering for silk mate-
rials highlighted in this review. As can be seen from this review,
based on this model, we can establish the correlation between
the mesonetwork structures and the mechanical performance
of silk materials.[11:23:24:46]

3. Methods for Structural Characterization

As discussed in Section 1, an accurate and quantitative
method for the characterization of the secondary and tertiary
structure content within silk materials is of the utmost impor-
tance. In addition, to provide comprehensive insight into the
morphology and architecture of the nanofibrils as well as
nanofibrils network, advanced imaging techniques are also in
demand. So far, a large amount of effort has been devoted
to the corresponding techniques development and several
characterization and imaging methods have been developed.
For instance, the structural characterization methods include
FTIR spectroscopy,*’*8] Raman spectroscopy,l*>°? circular
dichroism (CD),P! and X-ray diffraction spectroscopy.l*l
Besides, AFM force spectra also emerges as a powerful
tooll'2] studying the nanostructures within SF materials.
As for imaging, scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and AFM are the most
popular imaging techniques. In this section, we will provide a
brief introduction about the principle and operation of above-
mentioned methods, specifically, several typical examples are
also presented.

3.1. Structural Characterization Techniques

3.1.1. FTIR Spectroscopy

Owing to its simplicity and practical usage, FTIR is the earliest
and one of the most widely applied methods used for studying

the secondary structures of proteins. FTIR spectroscopy can be
used to obtain information from the infrared spectrum about
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Figure 14. Schema of the hierarchical network structures of sf fibers and none-fiber silk materials. i) Ivl-1: the amino acid sequence; ii) Ivl-2: a-helix
& [-sheet. They are stabilized by intermolecular H-bonds, and f-sheets are crystallized. iii) Ivl-3: B-crystallites. The formation is attributed to intersheet
interactions, and several neighboring fB-sheets (from different molecules) can crystallize into intermolecular B-crystallites; iv) Ivl-4: crystal network. It is
composed of numerous B-crystallites, which are connected with each other by amorphous chains, a crystal network is indeed an individual nanofibril.
During the process of crystal network formation, shear forces can help to orient the directions of the crystallites. v) Ivl-5: nanofibrils network. Based
on the nanofibrils network topology and internanofibril interaction strength, silk fibers and non-fiber silk materials are of different fibrils arrangements:
among silk fibers, silk nanofibrils are bundled along the fibrous axis, while for non-fiber silk materials, silk nanofibrils are interconnected in a nearly

random manner.

molecular vibrations and rotational information. Its principle
is that when the bonds between the atoms in protein polypep-
tides (e.g., C=0 bonds and C-N bonds) stretch and bend, they
will absorb the infrared energy and consequently display a
characteristic spectrum. Because the vibration frequencies for
different bonds are distinct, the corresponding spectrum can
therefore be regarded as the fingerprint of the molecules, to
be used for identification. Peak deconvolution analysis is usu-
ally required for silk material characterization using FTIR, to
quantify the content of each secondary structure. Specifically,
deconvolution is carried out on the amide I vibration band,
which is composed of strongly overlapping components that
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correspond to various secondary structures, including the
B-sheet, orhelix, B-turn, and random coil. The amide I vibra-
tion band is chosen because it is the only band among all
amide vibration bands that depends on the secondary structure
of the protein backbone; thus, it is minimally affected by the
nature of the side-chain residues. Using peak deconvolution
methods, the amide I band in FTIR spectra can be fitted with
several Gaussian peaks indicative of different secondary struc-
tures. For example, the peaks of f-sheets are located at around
1620 and 1698 cm™!, whereas the amorphous components are
located at around 1645 cm™.. The content of each secondary
structural component can be determined by measuring the
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Figure 15. Techniques to characterize secondary structure in silk materials. a) deconvolution of FTIR spectra and assignment of the peaks. b) Confor-
mation transition kinetics of regenerated B. mori silk fibroin membrane monitored by time-resolved FTIR spectroscopy. Reproduced with permission.*’]
Copyright 2001, Elsevier. c) Raman Band decomposition of the amide | region [1580-1740 cm™"] of the isotropic spectra for S. c. ricini silk fibroin fibers.
d) Effect of the draw ratio on the secondary structure of S. c. ricini fibroin fibers, revealed by Raman spectroscopy. c,d) Reproduced with permission.l>4
Copyright 2006, American Chemical Society. e) Typical far-UV spectrum for native spidroin. Two characteristic bands are presented, the plateau at
217 nm is indicative of B-sheet structures. f) Methanol induced transition of spidroin revealed by CD spectra. e,f) Reproduced with permission.[>él

Copyright 2004, American Chemical Society.

ratios of the areas under the corresponding peaks in those
areas (Figure 15a).

Previously, most of the studies using FTIR for silk mate-
rial structural characterization have yielded static instead of
dynamic data, as they only focus on the conformations of SF
molecules before and after the natural spinning/gelation pro-
cess, or under other specified conditions. It is useful to mon-
itor the conformational transition kinetics continuously in
time.*”*8] Recently, time-resolved FTIR spectroscopy has been
promoted for monitoring the kinetics of conformational tran-
sition induced by various environmental factors (Figure 15b).
For instance, the time-resolved FTIR process has been applied
to study the influence of metallic ions on the conformational
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transition process in dried spidroin/fibroin films.*’l Simi-
larly, the conformation transition kinetics of SF films and SF
aqueous solutions induced by changes in pH and organic sol-
vents with a low dielectric constant (e.g., methanol and ethanol)
have also been studied using time-resolved FTIR.[?]

3.1.2. Raman Spectroscopy

Apart from FTIR, Raman spectroscopy is another powerful and
nondestructive technique used to investigate the secondary
structures of silk materials.*>°% In general, Raman spectro-
scopy can provide information that is complementary to that
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of FTIR spectroscopy. As discussed, the signals in FTIR spec-
trum correspond to the absorbance energy of the infrared pho-
tons released by molecules. In contrast, the Raman effect deals
with the scattering process involving interactions between the
incident photons and the sample molecules; in other words,
the Raman spectra records the inelastically scattered energy
of photons. For molecules to be infrared-active, the molecular
vibrations must give rise to a change in the dipole moment
of the molecules. To determine Raman activity, the molecular
vibrations should induce a change in the molecular polariz-
ability. In principle, if a molecule has a center of symmetry,
then a Raman-active vibration is always infrared-inactive, and
vice versa.?l For example, polarizable bonds, such as C-C, S-S,
N=N, and O-O bonds can display intense Raman bands; how-
ever, in the infrared spectrum, these bonds show only weak or
even undetectable bands. Another advantage of Raman spec-
troscopy for studying the protein molecular structure is that it
can also provide quantitatively information about the content of
secondary structures, in a similar way with the FTIR method
(Figure 15c).

Recently, a so-called Raman spectromicroscopy technique
has been developed by mounting a microscope onto the con-
ventional Raman spectroscopy setup. This technique can pre-
cisely refine the size of an incident laser beam to less than
20 um, and can thus collect scattered signals from very small
samples, making it an ideal tool for recording high-quality
Raman spectra of single silk filaments. Moreover, by com-
bining Raman spectromicroscopy with an external mechanical
deformation puller, the transition process of secondary struc-
tures in silk filaments when they are subjected to mechanical
stretching can be detected in situ. Specifically, it is reported
that both B. mori and spider dragline filaments have displayed
well-defined Raman spectra in which the frequencies of some
bands shift under the action of tensile stress or strain, sug-
gesting the molecular conformational transition. For instance,
Raman microspectroscopy has been used to quantitatively
study the effect of a mechanical deformation on the secondary
structure conformation and order parameters of Samia cyn-
thia ricini silk fibroin fibers. According to studies of Rousseau
et al.P¥ their samples were obtained from the aqueous solu-
tion stored in the silk gland and stretched at draw ratios (A)
ranging from 0 to 11. The Raman data unambiguously show
that in response to mechanical deformation, SF molecules
undergo a cooperative o-helix to -sheet conformational transi-
tion (Figure 15d).

Based on the FTIR and Raman data, it is surprisingly deter-
mined that the amounts of f-sheets in silkworm silk fibers
(=50%) almost coincide with the proportion of relevant amino
acid sequences (i.e., GAGAGS amino acids that are recognized
to be involved in B-sheet generation), which is 53%. In com-
parison, for Nephila dragline silk fibers, the amino acids (A),
constitute only 18% of the total content, and this is significantly
lower than the B-sheet content (36-37%) measured by Raman
spectroscopy. Taking the AG and GGA motifs, which are usu-
ally located adjacent to the (A), blocks, into consideration, the
sum value would increase to 31%. Thus, this result strongly
suggests that apart from the polyalanine sequences, the AG and
GGA sequence motifs might also somehow be incorporated
into the B-sheets.!
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3.1.3. CD Spectroscopy

In comparison with FTIR and Raman spectroscopy techniques,
CD spectroscopy is more suitable for quantifying the secondary
structural content of proteins dissolved in solutions.Pl CD
spectroscopy is uniquely sensitive to protein chirality or overall
asymmetry; it can measure the differential absorption between
left-handed and right-handed circularly polarized light as a
function of wavelength.’% As the chirality of protein molecules
is determined solely by the secondary conformation, infor-
mation about the secondary structure can be obtained by CD
measurements accordingly (Figure 15e). Moreover, CD spec-
troscopy is also capable of monitoring the conformational tran-
sition kinetics in situ under different conditions. For instance,
Canneti et al.’”) have applied CD spectroscopy to investigate
the conformational transition of fibroins in both aqueous solu-
tions or in organic solvents. Dicko et al.”® studied the influ-
ence of storage time, storage temperature, and methanol
solvents (Figure 15f) on the conformation transition kinetics
of spidroin. Li et al.’® use CD spectroscopy to measure con-
formational transition kinetics and present evidence indicating
that such transitions should follow a nucleation-dependent
aggregation mechanism. It should be noted that although CD
spectroscopy can serve as a versatile method for examining the
secondary structure of SF solutions in principle, its accuracy
is largely affected by the protein concentrations. In practice,
only very diluted SF solutions (i.e., with concentrations ranging
from 0.01 to 0.2 g L!) are appropriate for CD experiments.

3.1.4. Wide Angle X-ray Diffraction and Small Angle X-Ray Scattering

FTIR, Raman, and CD spectroscopy are generally used to quan-
tify the secondary structure content, while the X-ray diffraction
(XRD) technique is the most commonly applied technique for
analyzing the level 3 structure of silk materials.[**>%¢0 The prin-
ciple of XRD is that the crystalline structure within silk materials
can cause incident X-ray beams to diffract into many specific
directions; by measuring the angles and intensities of such dif-
fracted beams, a 2D profile reflecting the crystalline structures
can be produced and gathered for quantitative analysis. In par-
ticular, according to the Brag’s law, in case of subnanometer-
sized crystalline structures (e.g., 0.1-10 nm), wide angle X-ray
diffraction (WAXD) or wide angle X-ray scattering (WAXS)
can be applied. Small angle X-ray scattering (SAXS) is ideal for
obtaining structural information of larger crystalline molecules
with dimensions between 1 and 100 nm, and of repeat distances
in partially ordered systems with a length of up to 150 nm. On
condition that silk materials belong to semicrystalline macro-
molecular materials; WAXS has been developed as a powerful
method for studying the size and orientation of crystallites as
well as the crystalline content (crystallinity) within the crystal
network of silk materials. On the other hand, the SAXS tech-
nique is applied to measure the intercrystallite distances within
crystal network inside silkworm silk and spider dragline silk
fibers.[“?l The detailed analysis methods will be described below.

Crystallite Content (Crystallinity) and Crystallite Size: Radial
integration along the equatorial and meridian directions of the
WAXS pattern (Figure 16a) can give rise to a 1D profile of the
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Figure 16. XRD analysis of the structural information of silk materials. a) Typical scattering pattern of silkworm silk fiber. b) The radial integration of
intensity as a function of diffraction angle (2theta) along the equatorial direction of the WAXS pattern. c) Intensity as a function of azimuth angle at
the radial position of the equatorial (200) peak of silkworm silk. The peak is fitted as sums of two Gaussians, corresponding to crystalline (black, solid
line) and amorphous (black, dashed line) distributions. The orientation function fis calculated by FWHM of the crystalline Gaussians peak.

scattering intensity as a function of the 26 angle (Figure 16b).
Afterward, this profile is deconvoluted into several peaks (cor-
responding to crystalline domains) and a halo (corresponding
to amorphous regions). For silkworm silk fibers, the equatorial
data is deconvoluted into four crystalline peaks corresponding
to the (100), (200), (120), and (300) Bragg reflections and an
amorphous halo. The meridian data, on the other hand, is
deconvoluted into two more crystalline peaks corresponding
to (002) and (102), and an amorphous halo. The crystallinity
is determined by the ratio of the area under the crystalline
peaks in the equatorial data (i.e., the (100), (200), (120), and
(300) peaks) to that of the total reflection patterns. According
to Scherer’s formula, the crystalline size in 1D is equal to

0.91 . . .
FWHMCOSo" where FWHM is the full width at half-maximum

of the peak, at the diffraction angle 6, and the wavelength of
incident ray A is 0.15418 nm. The crystallite size along the
a-, b-, and c-directions is determined by the position and
FWHM of the (200), (120), and (002) peaks, respectively.l*’l For
spider dragline silk fibers, the crystallite size is measured to
be a =2.1 nm, b = 2.7 nm, and ¢ = 6.5 nm. The dimensions
of silkworm silk fibers are relatively larger, that is, a = 2.3 nm,
b=4.1nm, and c=10.3 nm.

Orientation Function f: Experimentally, the information about
the orientation of crystallites can be measured via the WAXS
intensity integration, as a function of the azimuth angle at the
radial position of equatorial (120) and (200) peaks (Figure 16c).
Here, the orientation function fis defined by the Hermans ori-
entation function.

f = (3(cos’) - 1) (1)
where © is the angle between the c-axis of the crystallites and
the fiber axis. For the two reflections, (200) and (120), which
are not orthogonal, but have a known geometry in the equato-
rial plane, the expression of <cos? ¢> is determined using the
equation:

(cos” ¢) = 1—0.8(cos” §u0 ) — 1.2(cos” P20 ()

The FWHM values of the (200) and (120) peaks were meas-
ured in a direction perpendicular to that of the fiber axis, using
the following equation:
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<cos2 ¢200> =1- [cos(O.4FWHMZOO)]2 3)

Thus, the FWHM data can be applied to calculate the orien-
tation function. If f=1, B-crystallites are oriented in a direction
that is completely parallel to the fiber axis. However, if f= 0,
B-crystallites are oriented randomly.[®]

Intercrystalline Distance: As described by the molecular crystal
network structure, crystallites, which serve to scatter the inci-
dent X-rays, are embedded randomly into amorphous regions
and have a cylindrical symmetry along the fiber axis. In this
regard, the SAXS intensity in the equatorial direction can be
determined using the formula:

K12

[=— ¢
(1+24)"

)

Here, q = 4msinf/A is the scattering wave vector, 6 is the scat-
tering angle, and A is the X-ray wavelength; I is the correlation
length and can be determined from the intercept and slope of a
plot of I-?/3 versus ¢?. To determine the level of scattering along
the meridional direction, the SAXS intensity is expressed as

)

Here, the correlation length I. along the meridian is deter-
mined from the intercept and slope of the plot of I-! versus 2.
These two correlation lengths can be related to the intercrystal-
line distance. Notably, the silk fiber has a fibrous axis with and
its properties are different along the equatorial and meridional
directions. Hence, the correlation lengths should be consid-
ered separately along two directions. Recently, Du et al.l**] have
applied this SAXS technique to study the influence of different
reeling speed on the intercrystallite distances within spider dra-
gline silk fibers. According to their results, there exists a deflec-
tion point in the correlation between intercrystallite distance
and the reeling speed. Specifically, when the reeling speed is
below 10 mm s7}, the distance between the crystallites (correla-
tion length) becomes larger with the reeling speed, along both
the meridional and equatorial directions. This is consistent
with the fact that fast reeling speed easily extents the relatively
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loosely packed amorphous chains between crystallites, which
consequently gives rise to larger intercrystallite distance. Never-
theless, upon further larger reeling speed (that is, >10 mm s7}),
the nanofibril segments start to merge together so that the
distance between the crystallites becomes smaller. This
merging phenomena of nanofibril segments has been observed
with AFM, where the observed “particle size” becomes larger
meanwhile several hollow regions begin to appear.

3.1.5. AFM Force Spectroscopy

Conventionally, AFM force spectroscopy is a technique that
endows probing mechanical unfolding and refolding processes
of proteins and DNA at a single molecule level. During the
measurements, the AFM cantilever approaches and snaps into
the sample, and then retracts from the surface. At the same
time, the cantilever deflection (correlated to the force applied
onto the sample) versus piezo movement (correlated to the
separation between AFM tip and protein sample) is recorded,
which is ultimately converted to force versus extension curves
of protein in response of mechanical pulling and can provide
detailed mechanical information as well as nanostructures
about samples. For instance, AFM force curves can reveal
various mechanical properties of the sample including adhe-
sion, stiffness (modulus), rupture force and indentation depth
(how much the AFM tip penetrates in the sample at a given
load, which reflects the hardness of the sample). Recently,
AFM force spectroscopy has also been applied to study the
sequential unfolding of nano-f-crystallites within SF materials
(Figure 17).11 The analysis focused on how these crystallites
breaks (i.e., B-sheets been pull off or B-strands been unzipped)
can provide insight into how such crystallites are associated
with each other and form into crystal networks.

3.2. Imaging Techniques
3.2.1. Scanning Electron Microscopy

SEM is capable of scanning silk material samples with a focused
electron beam instead of light and delivering largely magnified
images with information about the samples’ topology as well as
composition. The principle of SEM is that the incident electrons
can have interactions with the atoms within silk samples so
that different parts of samples produce various signals, that is,
secondary electrons, backscattered electrons and characteristic
X-rays. These signals can reveal hidden information of the silk
materials samples: specifically, the secondary electrons signals
are associated to the topography of the samples; the backscat-
tered electrons can provide the information of phase contrast
in the samples while the characteristic X-rays can be applied for
element identification (so-called energy dispersive x-ray spec-
troscopy, EDX technique).

So far, SEM has been widely applied to examine the micro/
nanostructures within different forms of silk fibroin materials.
For instance, Nguyen et al.?’l imaged the freeze-dried regen-
erated silk fibroin hydrogels and found that they are com-
posed of numerous nanofibrils with random distribution. The
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Figure 17. a) Schematic illustration of the AFM setup. The force is meas-
ured by the deflection of the cantilever and the extension can be calcu-
lated from the position of the cantilever. b) The unfolding of a protein
domain (or crystallite in case of SF materials) by an external force. When
stress is applied onto samples, the protein domains will begin to unravel.
As the distance between substrate and cantilever increases (from states
(i-ii)), the protein elongates and the reduction of its entropy generates a
restoring force that bends the cantilever. When a domain unfolds (state
(iii)), the contour length of the protein increases, returning the force on
the cantilever to near zero. Further extension again results in force on the
cantilever (state (i) again). c) The entropic elasticity of proteins can be
described by the worm-like chain (WLC) model of polymer elasticity
(inset). This equation predicts the entropic restoring force (F) generated
upon extension (x) of a protein in terms of its persistence length (p) and
its contour length (L¢). The saw-tooth pattern of peaks on the force—
extension relationship corresponds to sequential unraveling of individual
domains of a modular protein like the one shown here. The number of
peaks correspond to the number of domains.

corresponding SEM image clearly shows that the average dia-
meter of nanofibril is ranging from 20 to 50 nm.?®! For nat-
ural silk fibers, SEM has successfully distinguished the sericin
coating from the core fibroin filaments (Figure 18a).l However,
given the fact that silk fibers belong to nonconductive materials
so that they require a gold spraying process in prior of SEM
imaging. Besides, the nanofibrils within silk fibers are bundled
very close to each other. In this regard, it is much more difficult
to obtain satisfying images of the nanofibrils network on silk
fiber surface. Nevertheless, upon proper sample preparation
(e.g., applying freeze-drying and controlling spraying time),
the morphology of nanofibrils within silk fibers can still be
observed (Figure 18D, to be published).

3.2.2. Transmission Electron Microscopy

Similar as SEM, TEM is a microscopy technique which also
applied a beam of electrons but it is capable of imaging at even
higher resolutions. Nevertheless, such electrons are trans-
mitted through the samples to form an image. In principle, the
samples for TEM measurements are most often ultrathin sec-
tions less than 100 nm thick or a suspension on a grid, which
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Figure 18. Morphology of SF materials characterized by imaging tech-
niques. a) Typical SEM image of natural silkworm silk fiber. Reproduced
with permission.'l Copyright 2002, Springer Nature. b) SEM image of
natural silkworm silk fibers after proper freeze-drying treatment, fibrous
morphology was revealed. ¢) Cryo-TEM image of RSF gel (incubated
50 min), nanofibrils can be easily observed. Reproduced with permis-
sion.] Copyright 2009, Royal Society of Chemistry. d) AFM height image
of 0.01 mg mL™' SF aqueous solution; nanofibrils have spontaneously
formed and deposited on the substrate.

gives difficulty in preparing ideal silk materials samples. For
instance, in case of measurement on cross sections of natural
silk fibers, given the fact that B-crystallites within crystal net-
works are patterned parallel with each other and along with
the fibrous axis, the silk fiber display a strong tenacity. In other
words, when perpendicularly sliced the silk fibers, the crys-
tallites are more likely to be bent or deformed rather than to
be tore apart. On the contrary, when applying TEM technique
to study the morphology of nanofibrils within SF gels, Gong
et al.*! have observed that the spontaneously formed translu-
cent gel is composed of entangled proto-fibrils with length of
hundreds of nanometers and width of about 5 nm (Figure 18c).
In addition, they have also mimicked the “flow-effect” by
applying circular agitation to the RSF solution and found that
several white fibrous flocs are generated after shearing the RSF
solution for a period of time, suggesting shear flow has impact
on the formation of SF nanofibrils.*’]

3.2.3. AFM Imaging

AFM can provide a nanoscale 3D profile of a sample surface by
measuring forces between a sharp probe (with radius less than
10 nm) and the sample surface. Different surface topography
and property of samples can lead to different values of interac-
tions, which can be reflected and detected by the AFM instru-
ments. So far, AFM height imaging technique has been widely
applied to study morphology of silk materials (Figure 18d). An
advantage of AFM is that it can provide height information
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of the samples with very high resolutions. It is determined
that the thickness of nanofibrils are much smaller compared
with the diameters, suggesting that the SF nanofibril are flat
ribbon-like rather than symmetric cylinder-like aggregates.

Recently, AFM has also been applied to distinguish the loca-
tions of different constituents within composite RSF films. For
instance, Xing et al.’!l have incorporated wool keratin mole-
cules @ gold nanoclusters (WK@AuNCs) into the mesoscopic
network structures of SF films and synthesized a novel biode-
gradable WK@AuNCs-SF memristors and then successfully
identified the location of such clusters via AFM. As the WK@
AuNCs accumulate electrons at their surface, the interactions
with the conductive AFM tip can significantly differ with those
SF molecules. In this regard, the Kelvin probe force microscopy
(KPFM) is capable of potential imaging by measuring the sur-
face charge distribution.[®!]

4. Self-Assembly Pathways of Silk Materials
and Controlling Mechanisms

4.1. Different Self-Assembly Pathways: Liquid Crystal
and Micelles Models

The formation of a solid fiber from soluble spidroin or fibroin
proteins is a result of a complex biochemical and physical process
that occurs within specialized spinning organs. To describe how
the spidroin proteins self-assemble into fibers, there are different
models that have been put forward. Two of them are namely the
“liquid crystal” and “micelle” models (Figure 19).5

The “liquid crystal” model is proposed by Vollrath and
Knight.l?! After using polarizing microscopy to study the spin-
ning ducts and MA gland of spiders, they propose the pres-
ence of liquid crystalline structures. In examining the roles and
structures of the spinning ducts, they claim that the adoption of
such liquid crystalline phases for proteins is necessary. Specifi-
cally, the MA gland consists of a long tail and wider sac. The
tail can secrete spidroin molecules, while the sac constitutes
the main storage area and is linked to a tapering duct (spin-
ning duct). The spinning duct has three loops inside a sheath
and terminates in the valve. The newly formed silk thread in
the valve is inserted into a narrow tubular region, which has
a specialized design for rapid water recovery. Within the MA
gland, the first and second loops of the spinning duct, the spi-
der’s dope can spontaneously form a nematic liquid-crystalline
phase, that is, the molecules form a “substance” that flows as
a liquid but maintains some of the orientational order that is
characteristic of a crystal. This phase endows viscous protein
solutions with the ability to flow slowly through the duct, even
at high concentrations, while the molecules can still form com-
plex alignment patterns. Particularly, in the first two loops, the
long axes of the rod-shaped silk protein molecules or molecular
aggregates are oriented parallel to each other, but in a direc-
tion perpendicular to the secretory epithelial walls. The pro-
tein molecules gradually bend over eventually, with an increase
in the distance, until they are exposed to the third loop of the
spinning duct; then, they lie in a direction parallel to that of
the long axis of the silk gland and spinning duct. It is likely
that the initial perpendicular arrangement and subsequent

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

www.small-journal.com

Spider Silk Protein

hydrophilic non- hydrophilic non-
repetitive domain BRI repetitive core repetitive domain
(amino terminus) .-————w (carboxy terminus)
liquid crystal theory ) micelle theory
soluble protein
— | low
ii } reducing chaotropic concentration /
properties of the solution ‘
dimerization -
formation of Sl
hexagonal ‘
B car i amphiphilic tail 3
packing

liquid-liquid
phase separation

ampmphmc J%

I

exchange of chaotropic
ilons vs kosmotropic lons
extensional and shear
forces
acidification

parallel B-sheet- colloids forced

rich structures o, " into contact and

oriented by Jv |IC|UIC|-SO|Id elonganed due to ‘L
ER Forcs phase transition

Figure 19. Two established models that describe spider silk thread formation. Reproduced with permission.[62 Copyright 2009, Wiley-VCH.

parallel arrangement can prevent the liquid crystalline dope
from breaking up into numerous small domains, which in turn
suppress the formation of disclinations (this is a type of defect
somewhat analogous to dislocations in solid crystals, and its
presence can diminish the tensile strength of the spun thread).
Within the framework of the “liquid crystal” model, the shear
force created during the rapid thread extension process plays an
important role in determining the conformational transition of
SF molecules inside silk dope and the formation of silk threads.

Jin and Kaplan,' who proposed the “micellar model,” claim
that the self-assembly of dope proteins into silk fibers should
be accomplished in a different way: As both hydrophobic and
hydrophilic blocks are identified within the individual SF poly-
peptides, SF polypeptides might form micelle-like structures,
that is, the hydrophobic blocks of protein molecules might
self-assemble into micelles due to hydrophobic interactions,
while the larger hydrophilic blocks at both the N and C termi-
nals define the outer edges of the formed micelles (Figure 19).
During this initial step of micelle formation, the subtly inter-
vening smaller hydrophilic regions of protein molecules are still
hydrated to ensure that they can maintain the solubility. Thus,
the crystallization of proteins was avoided. By increasing the
dope concentration (by secretion), interactions between nearby
micelles are promoted, which leads to coalescence, and con-
sequently the formation of larger globular structures. Finally,
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during the last stage, the shear force and ductal wall boundaries
exert great impact on the formation of solid-state silk thread. For
instance, the shear force can initially elongate and align micelle-
containing globules and trigger a structural transition from the
predominant soluble silk I structure to the insoluble crystalline
silk IT structure, which establishes the basis for high-strength
and toughness silk fibers. This shear force also simultaneously
shape and determine the fibrillar morphology.

In interpreting some experimental observations, these two
models are not mutually exclusive. In particular, the idea of
lyotropic liquid crystals can be applied to explain the amphi-
philic characteristics, leading to the self-assembly into dif-
ferent morphologies. At low concentrations, lyotropic liquid
crystals spontaneously assemble into micelles (i.e., the micellar
model), while at higher concentrations, they are packed into
hexagonal columns (as described by the liquid crystal model).
Such concentration-dependent characteristics of the lyotropic
liquid crystals can somewhat explain the significant variance
between in vivo and in vitro fibroin self-assembly experiments.
For instance, during the in vivo investigations into silk glands
(with a dope concentration of 30 wt%), liquid-crystalline behav-
iors are commonly seen; however, during the in vitro study of
the regenerated silk fibroin (RSF) aqueous solution (that are
much more diluted than the dope solution), only micellar-like
aggregations can be produced.
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4.2. Formation Mechanism of Multilevels of Crystal Networks
within Framework of Nucleation Model

Although the two theories in Section 4.1 illustrate the SF self-
assembly mechanism during the fiber spinning process in silk
glands, they still cannot thoroughly explain why nanofibrils
can still be spontaneously formed even in the absence of elon-
gation flow/shear force (e.g., in stilled diluted SF solutions). By
studying the hierarchical network structures of silk materials
and the corresponding formation kinetics, we have proposed
another refined self-assembly pathway for SF molecules, that
is, a nucleation and growth model (also known as the crystal
network model). In this model, SF molecules self-assemble
into hierarchical network structures via several nucleation-
controlled steps. Specifically, these require 1) SF molecules to
assemble and nucleate into f-sheets; 2) the fB-sheets to grow
into B-crystallites through stacking; 3) many f-crystallites to be
linked via amorphous chains and altogether form the crystal
network; and 4) nanofibrils to further grow and interact with
each other, and consequently lead to the formation of nano-
fibrils networks. In detail, during stage 1, most SF molecules
are in the random coil or or-helix conformations and are there-
fore soluble. Gradually, because of thermal fluctuations, such
molecules begin to move forward toward each other. Along
with the breakage of initial intramolecular H-bonds and for-
mation of intermolecular H-bonds, the transition to S-sheets
is triggered. The total free energy of the entire system is low-
ered because of the formation of f-sheets, and the f-sheets
have a more compact structure than their precursors. In this
regard, such a conformation transitional process can be iden-
tified to be a crystallization process. During stage 2, because
more f3-sheets are present in the solution, intersheet interac-
tions (such as hydrophobic interactions, van der Waals interac-
tions) further give rise to the stacking of nearby S-sheets and
result in the crystallization of B-crystallites. f-crystallites are
attributable for the closed package and well-defined patterns of
B-sheets, and should be regarded as more stable “polymorphs”
of B-sheets. During stage 3, the shear force (such as the force
in the silk spinneret) orient the f-crystallites into a parallel
direction. However, in the absence of such shear forces (e.g.,
during the SF hydrogelation process), the orientation of crys-
tallites is less orderly. In stage 4, the differences in nanofibril
interaction strength and the nanofibrils network architecture
give rise to different mechanical performance of silk materials
accordingly.

The formation of mesoscopic hierarchical meso crystalline
network structure of silk materials has been found to follow
the nucleation mechanism.'?l The nucleation kinetics of both
the homogeneous nucleation and heterogeneous nucleation
processes can be thoroughly quantified by determining the
nucleation rate, which is defined as the number of mature
nuclei created per unit volume-time in the system. The nuclea-
tion rate is usually highly correlated to many factors, especially
the concentration of the nucleating phase and the surrounding
chemical environments. We have described several key envi-
ronmental factors in terms of crystallization mechanism that
affect the crystallization kinetics, crystallinity, and structure of
silk fibers during the natural spinning process (Note S4, Sup-
porting Information).
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According to classical nucleation theory (CNT), nucleation
occurs only if the so-called nucleation barriers can be over-
come.[%3] Besides, the newly formed crystalline phases are not
thermodynamically stable until the dimensions are beyond the
critical size. Mathematically, the nucleation barrier AG* and the
critical size R, are represented by Equation (6):

167y’
3(peAu)

Here, p. is the particle density in nuclei, yis the surface free
energy area density and A is the chemical potential differences
between the mother phase and crystalline phase.[%3] As observed
in Equation (6), it is evident that Ay is the prime factor; hence,
we need to highlight and comprehensively discuss it. The fol-
lowing equation can be obtained from the definition of Ap:

2y

AG?’: = A
PAH

and R, = (6)

A8 g, C
T c

)

a’

Here, a®l and C* represent the equilibrium activity and con-
centration, respectively. By altering either the concentration of
SF solutions or the equilibrium concentration for SF molecules
(can be achieved by changing the pH, ionic strength, tempera-
ture, etc.), the crystallization kinetics can be effectively con-
trolled accordingly.

As the probability of nucleation is uniform throughout the
entire system, the above process is therefore known as homo-
geneous nucleation. However, in reality, it is difficult for
homogeneous nucleation to occur due to its extremely high
nucleation barrier. Nevertheless, foreign bodies/substrates are
always present in the system (e.g., the wall of solution con-
tainers, foreign particles, or substrates). In principle, if strong
interactions can occur between the crystalline phase and for-
eign substrates, the occurrence of such foreign bodies will sig-
nificantly lower the nucleation barrier; hence, the probability
of occurrence of nucleation adjacent to the foreign bodies
is higher than elsewhere in the system (Figure 20A). This is
referred to as heterogeneous nucleation.'%%3! To quantify the
ability of foreign bodies to lower the nucleation barrier with
regard to the homogenous nucleation barrier, the interfacial
correlation factor fim) has been proposed; the parameter m
describes the structural match between the crystalline phase
and the substrate. Specifically, in the case of a perfect match,
flm) = 0. This implies that the heterogeneous nucleation barrier
vanishes completely when the nucleating phase is well ordered
and oriented along the structure of the foreign body substrates.
However, when the structural match is poor (i.e., flm)— 1),
there is almost no correlation between the foreign body sub-
strates and nucleating phase. In this extreme case, the sub-
strate has almost no influence on the nucleation process, which
is equivalent to homogeneous nucleation.'%%3 In nucleation
cases, fusually ranges from 0 to 1, which suggests that primary
nucleation is somehow governed by heterogeneous nucleation.

Specifically, in case of heterogeneous nucleation in SF mole-
cules, the role of foreign substrates/surfaces/nanoparticles in
directing the self-assembly of SF proteins and polypeptides
has been reported recently. By carefully selecting functional
nanomaterials and controlling the SF solution conditions, the
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Figure 20. Schematic showing heterogeneous nucleation and the effect of foreign substrates. A) Heterogeneous nucleation can decrease the nuclea-
tion barrier so that crystallization of SF molecules are promoted. Reproduced with permission.'% Copyright 2015, Royal Society of Chemistry. B) a)
Illustration of H-bonds between the amino groups of SF peptide chains and carboxyl groups on the surface of foreign nanoparticles. b) Schematic
of foreign nanoparticle-induced heterogeneous nucleation of SF. c¢) Normalized OD changes of neat SF solution and SF-PS mixtures with various PS
concentrations. The PS templates can greatly accelerate the nucleation rate of SF molecules. d) Confocal laser scanning microscopy image of PS par-
ticles (2 um) incubated in an FITC-labeled SF solution for 30 min. SEM images of PS particles incubated in SF solutions for e) 0 min and f) 15 min,

respectively. SF nanofibrils with a diameter of around 30 nm can be seen on the surface of PS particles after 15 min. Reproduced with permission.l""l
Copyright 2016, Wiley-VCH.

foreign substrates can show a strong templating effect during  carboxyl groups on the surface) can serve as an ideal foreign
SF protein heterogeneous nucleation. For instance, some body that provide nucleation sites, at which the interactions
monodispersed nanoparticles (coated with numerous functional =~ between such nanoparticles and SF molecules mainly include
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the formation of H-bonds between the amino groups of SF
peptide chains and carboxyl groups on nanoparticle surfaces.'
This strong interaction can reduce the nucleation barrier and
speed up the nucleation of B-sheets as well as B-crystallites.
SF molecules should be more likely to crystallize on the sur-
face of such nanoparticles; this phenomenon has already been
confirmed by confocal laser scanning microscopy and SEM, 2
as shown in Figure 20B-d and Figure 20B-f, respectively. It is
clearly observed that green florescence-labeled SF molecules
accumulated around the nanoparticles. On the other hand,
SEM images of nanoparticles incubated in SF solutions also
clearly displayed the accumulation of SF nanofibrils on the
surface of these nanoparticles; with longer induction time, the
number of SF nanofibrils increased.

Apart from H-bonding, it has recently been reported that
hydrophobic interactions between foreign substrates (e.g., gra-
phene) and SF molecules are also effective in templating SF
heterogeneous crystallization.*l For instance, by controlling
the experimental conditions precisely, an almost complete cov-
erage of graphene nanosheets by layers of densely packed SF
nanofibrils can be achieved.l® On the contrary, very few (=1%)
SF nanofibrils are observed outside of graphene nanosheets,
suggesting that nanofibril formation (heterogeneous nuclea-
tion) occurs in a highly selective manner, only on graphene
nanosheets.[* This heterogeneous nucleation of SF molecules
on foreign bodies might shed new light into the synthesis of
composite silk materials.

We notice that this nucleation-controlled SF network for-
mation model allows the interpretation of many novel effects
observed in silk materials. Subject to the nature of nanocrys-
tallites, the formation of nanofibrils (crystals networks) is
controlled by intermolecular nucleation, which allows the
reconstruction and mesofunctionalization of silk materials.
More details will be given by the following sections.

5. Mesoscopic Reconstruction
and Mesoscopic Engineering

In 12, we characterized the multilevel structures in silk mate-
rials and studied the corresponding structural factors associated
with the macroscopic performance. In Section 2, we introduced
several advanced characterization techniques that revealed the
hierarchical structure factors, especially those of the second
and third level. In Section 3, we investigated different models,
described how dope proteins are self-assembled and proposed a
refined “crystallization” model that was based on the crystalliza-
tion mechanism. Besides, we also comprehensively discussed
several factors influencing nucleation kinetics and pathways.
Altogether, the comprehensive knowledge of the hierarchical
network structures of silk materials and the formation mech-
anism has enabled the identification of effective strategies
for designing and programming silk materials exhibiting an
enhanced level of performance. In this section, we will highlight
how these strategies can be implemented in detail. Noticing that
structure and mechanical property of silk materials are highly
process-dependent in which the hierarchical structures are con-
structed by a totally spontaneous process of self-assembly, it
is suggested that the concept of “nanoarchitectonics” fits well
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with SF materials. Nanoarchitectonics is a unified concept com-
bining nanotechnology and methodologies and it concerns the
harmonized assembly of nanoscale objects into higher order
functional materials.[>%7] Within the framework of nanoarchi-
tectonics, several techniques for constructing mesoscopic struc-
tures within silk materials will be discussed. For instance, the
regulated molecular manipulation (e.g., gene modification), the
chemistry-based molecular modification (e.g., tethering func-
tional groups/substrates to polypeptide chains), the controlled
physicochemical interactions (e.g., manipulating hydrogen
bonding, hydrophobic interactions), the self-assembly and self-
organization, and the structural regulation of physical stimuli
(ultrasonication, electric filed, vortex-induced shearing force,
etc.).l”) In addition, given the significant difference between the
silk fibers and non-fiber silk materials (because of the differ-
ences in strength in the internanofibril interactions), we shall
discuss mesoreconstruction methods for fabricating silk fibers
and non-fibrous materials separately.

5.1. Silk Fibers
5.1.1. Natural Silk Fibers

Genetic Modification to Produce Functionalized Silk Fibers: As dis-
cussed, the primary structure of silk fibers refers to the amino
acid sequences. If the amino acid sequences are changed, the
corresponding structure and mechanical performance are also
altered. It is reported that genetic modification techniques have
been successfully applied for producing fluorescent colored
silks.[®®l According to previous studies, the gene for the fluo-
rescent colored protein (e.g., green fluorescent protein [GFP))
can be inserted into the silkworm genome and then the SF
proteins and fluorescent proteins are co-expressed simultane-
ously. Consequently, transgenic, fluorescent colored silk fibers
are obtained. As the primary structure of silk fibers is incorpo-
rated within the sequence of fluorescent proteins, the mechan-
ical strength of the hybrid silk fibers is slightly improved (or
decreased).%8]

Although fluorescent protein sequences can be incorpo-
rated into the primary structure of silk fibers and consequently
change the mechanical properties, the modulation ability is not
satisfying. Because the mechanical properties of spider silks
(especially the dragline silk fiber) are superior to those of silk-
worm silk, numerous efforts have recently been devoted to the
use of genetically modified silkworms as the host for the pro-
duction of transgenic spider silk fibers.[®>7! Previously, most
relevant attempts focus on transposon-mediated transgenic
silkworms. These silkworms can successfully produce rein-
forced silk fibers. However, the amount of spider silk proteins
in these transgenic silkworms is very low (<5%); this may be
attributable to the variable promoter activities and endogenous
SF protein expression.’%”! Recently, Xu et al.l®! put forward a
system for the production of massive amounts of spider silk in
silkworms using a transcription activator-like effector nuclease
(TALENs)-mediated technique, to replace the fibroin H-chain
gene of silkworms with the MA spidroin-1 gene (Figure 21).
According to their experimental results, the achieved yield of
chimeric spider protein within the obtained hybrid silk fibers is
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gene-modified silk fibers. The breaking strain as well breaking energy are imp
of Sciences.

up to 35.2% of the total amount. More importantly, the relative
abundance of the primary structure of spidroin significantly
improves the toughness of the transgenic fibers, and especially
increase the extensibility (Figure 21c,d).[*%)

Feeding Technique for Producing Functionalized Silk Fibers:
The feeding technique is another in vivo method for pro-
ducing intrinsically functionalized silk fibers. In comparison
to the gene modification method, the feeding method is much
more versatile and effective. Besides, this method can also be
well understood within the framework of SF molecule crystal-
lization theory. It is reported that fluorescent silk cocoons and
fibers can be directly obtained by simply feeding silkworms
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onalized silkworm silk fibers. a) Schematic representation of the TALEN-
fiber protein is shown using the green box. It is inserted into the protein
ressed in the silk glands of gene-modified silkworms. The black arrows
and gene-modified silk fibers. d) Mechanical properties of wild-type and
roved. Reproduced with permission.l®l Copyright 2018, National Academy

various small fluorescent molecules (e.g., rthodamine B, rho-
damine 101, and rhodamine 110).72 Tt follows that all these
small fluorescent molecules can directly conjugate with the
SF molecules via molecular recognition.”3! Thus, these small
fluorescent dyes are trapped into the silk fibers along with the
SF molecule crystals during the natural spinning process. Fur-
ther structural characterization confirms that the secondary
structure of silk fibers is modified via feeding.”3! Specifically,
micro-FTIR shows that there is no apparent structural homo-
geneity within silk fibers; such structural fluctuations might
be the reason why these modified fibers display unsatisfactory
mechanical properties (e.g., tensile strength)./”’!
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Apart from the small fluorescent dye molecules, it is recently
reported that some specific nanoscale materials, such as func-
tionalized TiO, nanoparticles,” single-walled carbon nano-
tubes (SWNTs), and graphenel”®! can also be directly conjugated
into silk fibers by feeding silkworms artificial diets. Besides,
these additives can largely improve the macroscopic perfor-
mance of the composite silk fibers. For instance, it is deter-
mined that a 1% ratio of TiO, nanoparticles greatly enhance
both the breaking strength and elongation of the composite
fiber (Figure 22a).7* Besides, these functionalized TiO, par-
ticles can also endow the composite fibers with an anti-UV
property (Figure 22b), which is extremely important for the
long-term storage of silk fibers.”* Similarly, Wang et al.” have
obtained mechanically enhanced silk fibers by feeding B. mori
larval silkworms with SWNTs and graphene (Figure 22c). In
addition, the incorporation of graphene and SWNT can increase
the conductivity of these fibers accordingly (Figure 22d).7%!
To quantify the influence of additives, a structural survey was
also carried out, especially for second level. Because the orhelix
and random coil are relatively softer than the f-sheet, a higher
o-helix/random coil structure content should result in a mate-
rial with a larger breaking tensile strength and modules with
greater toughness. However, the content of fB-sheet in the
composite fibers is found to be relatively smaller than that of
the natural control fibers, which suggests that the presence of
SWNTs and graphene in the silk matrix may hinder the confor-
mational transition from random coil/c-helix to B-sheet.”! To
some degree, this result is reasonable because of the fact that
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the relatively large dimensions of SWNTs and graphene might
give rise to a steric hindrance effect and consequently prevent
the crystallization of SF molecules. However, this finding is in
conflict with the hierarchical network structure model proposed
in this review, which claims that a lower -sheet content should
be accompanied by a lower level of breaking stress. Neverthe-
less, the enhancement in breaking strength is reportedly more
attributable to the presence of the relatively stronger mechan-
ical additives (i.e., the SWNTs and graphene).”! Specifically, it
is hypothesized that these additives in the silk matrix may act as
“knots” (similar slipknot structure is widely found in other bio-
logical structures such as proteins and DNA strands),”’® and act
as a key frictional element, reshape the entire fiber, and dissi-
pate the additional fracture energy, which consequently results
in enhanced mechanical properties in the fibers. The inclusion
of more additives in the composite fibers may not necessarily
produce stronger fibers; on the contrary, it is determined that
if excessive additives are incorporated into the silk matrix, such
additives tend to aggregate and cause defects, which eventu-
ally results in silk fiber with an inferior mechanical perfor-
mance.”#”! In summary, this natural feeding method is not
only straightforward, but also effective. More importantly, this
method can be easily scaled up and thus shed light on the mas-
sive production of reinforced silk fibers.

Forced Reeling of Natural Silk Fiber: As discussed, with an
increase in the force reeling speed of both silkworm silk
(Figure 23a,d) and spider MA fibers (Figure 23b), the mechan-
ical performance, and especially the breaking stress values, can
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Figure 22. Production of functionalized silk fibers via feeding. a) Stress—strain curves of silk fibers produced by silkworms that have consumed TiO,
nanoparticles. b) TiO, nanoparticles endow composite fibers with an anti-UV property. a,b) Reproduced with permission.’ Copyright 2015, American
Chemical Society c) stress—strain curves of silk fibers produced by silkworms that have consumed normal and excessive amounts of SWNT and gra-
phene. d) Electrical conductivity of carbonized silk fibers derived from different samples. The incorporation of graphene and SWNT can increase the
conductivity accordingly. c,d) Reproduced with permission.”l Copyright 2016, American Chemical Society.
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Figure 23. Influence of forced reeling speed on mechanical performance of fibers and orientation function. a) Silkworm silk fibers spun by forced
reeling can be compared to spider fibers. Reproduced with permission.['l Copyright 2002, Springer Nature; b) spider MA dragline fibers under different
reeling speeds. Reproduced with permission.[%3] Copyright 2015, Wiley-VCH. c) Orientation function of the force-spun silk fibers in (b) increases with
the reeling speed. Reproduced with permission.l*6l Copyright 2006, Elsevier. d) Silkworm silk fibers under different reeling speeds. Reproduced with
permission.?l Copyright 2015, Wiley-VCH. e) The influence of the ordering function of crystallites; the breaking stress of both BMCS fibers and NPDS
fibers increases linearly with an increase in the value of f. Both fibers can be fitted by the same curve, which suggests that the strength of the two
types of fibers is governed by similar structures, that is, the hierarchical network structure. f) The influence of the density and correlation length of the
crystallites was observed; the breaking stress of both BMCS fibers increases exponentially with an increase in the density of crystallites but decreases
exponentially with the correlation length. e,f) Reproduced with permission."l Copyright 2016, Wiley-VCH.

be improved accordingly. Structural characterization reveals
that it is the mesoreconstruction of the hierarchical struc-
tures, especially the level 3 and level 4 structures, that results
in mechanical enhancement. Specifically, the crystallite size
decrease monotonously with the acceleration of the reeling
speed. Meanwhile, the orientation function and the density of
crystallites increased (Figure 23c).l'!! Recently, Xu et al.l?®l have
revealed that the key structural parameters, that is, f (orientation
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function), ng (the number of crystallites at the cross section of
a nanofibril), A (effective loading area of a peptide chain in the
B-crystallites), etc., were changed because of the reeling speed,
consequently resulting in modifications in the toughness of
silk fibers. In a similar way, Liu et al.l'¥l also measured the ori-
entation function and density of crystallites with varying the
reeling speed, and quantitatively studied the correlation with
the mechanical performance of silk fibers (Figure 23e,f).
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5.1.2. Antificial Spinning of Regenerated Silk Fibroin Fiber Based
on Homogeneous Nucleation

Although the above techniques can successfully produce
mechanically enhanced natural silk fibers (neat or composite),
the mechanical properties of the obtained silk fibers still to a
large extent depends on the rearing conditions of silkworms.
With the development of techno-polymer fibers based on pet-
rochemicals, more and more efforts are devoted to artificially
extruding strong and tough silk fibers from regenerated silk
protein solutions. So far, electrospinning, dry-spinning, and
wet-spinning techniques have been developed to successfully
fabricate mechanically enhanced RSF fibers. Among these
techniques, dry-spinning and wet-spinning techniques largely
biomimic the natural silk fiber reeling process in vitro, in
which the natural fibers are produced under benign and physi-
ological conditions (i.e., at relatively ambient temperature, low
hydraulic pressures, using water as the protein solvents). In
particular, the wet-spinning technique, which is performed via
the ejection of the spinning dope solution into some specific
coagulation bath, is the most common and versatile approach;
hence, we will comprehensively introduce it within the frame-
work of the SF molecule crystallization theory in the following
subsection.

Several prerequisite factors, such as dope concentration, pH,
ion concentration, and proper shearing force (reeling speed)
play an important role in determining the structure as well as
performance of the RSF fibers, in a manner similar to that of
the natural silk fiber spinning process. Besides, several other
details of the RSF fiber extrusion system needs attention,
including the category of solvents, molecular weight of dope
proteins, constituents of SF solution, proper selection of coagu-
lation bath, and treatment of post-drawing.

Molecular Weight: Unlike the natural spinning process in silk
glands, where large amounts of dope proteins (with regular
molecular weights) are stocked, the prerequisite factor to arti-
ficially wet-spin RSF fibers is the preparation of dope proteins
with suitable rheological properties. This can be achieved by
controlling the molecular weights of dope proteins. Take the
wet-spinning of spider silk fiber as an example, due to spider
cannibalism, it is very difficult to obtain substantial amounts
of natural spidroin proteins directly from spider MA gland.
Under these conditions, recombinant spidroin proteins with
similar amino acid sequences can serve as surrogate proteins
which are produced by heterologous hosts (e.g., Escherichia
coli) on a large scale.”778 Recently, it has been reported that
although several recombinant spidroins with different mole-
cular weights have been successfully used to spin artificial
fibers, the mechanical properties are significantly distinct from
each other. In particular, the as-spun fibers made using rela-
tively smaller molecular weight dope proteins have displayed
disappointing breaking stress levels (only around 200 MPa).”"!
However, when larger dope proteins were applied, the strength
of the obtained as-spun fibers becomes greater, comparable to
that of natural dragline silk.B% The use of dope proteins with
even larger molecular weights might not necessarily be advan-
tageous for spinning artificial silk fibers. In fact, recombinant
spidroins with very high molecular weights are not soluble in
aqueous solutions at high concentrations. They are more likely
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to be dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) sol-
vents and become coagulated in either methanol or isopropanol
atmospheres, the resulting products might be relatively less
environmentally friendly. More importantly, these denaturing
chemical environments might result in a folded hierarchical
structure with an unsatisfactory mechanical performance.!

Solvents: Tt is important to choose the proper solvents to dis-
solve SF proteins. Currently, there are three main categories
of solvents, they are 1) organic solvents, such as formic acid,
HFIP, and hexafluoroacetone (HFA), 2) ionic liquids including
1-butyl-3-methylimidazolium chloride (BMIM™* CI7) and 1-ethyl-
3-methylimidazolium chloride (EMIM* CI7), and 3) aqueous
solvents. Notably, most of the aforementioned organic solvents
either severely degrade the SF proteins or are too expensive and
toxic for large-scale usage in industries. Besides, the mechan-
ical properties of most as-spun fibers fabricated from organic
solvents are unsatisfactory, except those of the fibers fabricated
by Ha et al.,82l in which they chose trifluoroacetic acid (TFA) as
the solvent. Notably, the regenerated fibers exhibited a tenacity
of 8.04 g per den and a breaking elongation of 6.79%. However,
these fibers were still much thicker and rougher than natural
silk fibers, and the cost of TFA was high. (2!

The reason why ionic liquids can be applied to dissolve SF
macromolecules lies on the ability of ionic liquids to disrupt
the hydrogen bonding present between the SF chains. In this
regard, the solubility of SF in different kinds of ionic liquids
is determined by the identity of both the cation and anion,
between which the anion playing a more important role.’®3 Spe-
cifically, the more the cation and anion participate in hydrogen
bonding, the greater the solubility of the silk fibroin is. Com-
pared with SF solution dissolved in organic solvents, a sig-
nificant distinct is that once the ionic liquids are removed by
rinsing with organic solvents or water, the SF molecules will
spontaneously precipitate. On one hand, this feature endows
the SF/ionic liquids solution the possibility of being produced
into artificial silk fiber by wet-spinning and patterned silk film
as scaffold. On the other hand, the ionic liquids can be recy-
cled and applied for dissolving for the next time. Despite of
the versatility of ionic liquids, it is noticed that the solubility
of silk at room temperature is far behind satisfy. In principle,
on the basis of the melting points of ionic liquids are relatively
high (e.g., it is 65 °C for BMIM* Cl~ and 89 °C for EMIM* CI,
respectively), silk dissolving experiments are usually performed
at reasonably high temperatures.®3 For instance, it is reported
that silk fiber dissolved in N-methyl morpholine N-oxide
(NMMO) very slowly at 95 °C, the silk fiber dissolution takes
approximately 5 h before completion. With increasing tempera-
ture (e.g., from 95 to 120 °C), although the dissolving process
becomes accelerated, such high temperature might induce a
greater risk of the degradation of SF molecular chains during
the solvation procedure.® Consequently, the SF materials from
such SF/ionic liquids solution are relatively poor in terms of
the mechanical performances. Considering above disadvantage
of ionic liquids, recently, some alternative ionic liquids with a
lower melting point have been applied as the solvent. Among
them, 1-allyl-3-methylimidazolium chloride (Amim+ CI),
whose melting point is 17 °C, is conformed to be capable of
dissolving silk more rapidly at a relatively low temperature./®!
Besides, the obtained SF solution is quite stable. With proper
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sealed at room temperature, the SF/Amim* CI~ solution can be
stored for more than 1.5 years without any precipitation and
gelation. It is worth mention that due to the hygroscopic nature
of the ionic liquids, the dissolution process must be conducted
under inert atmospheres and waterless conditions, which
brings difficulties for dissolving silk fibers.

The application of aqueous solvents is environmental-
friendly: they are the natural choice for fibers obtained from
the silkworm gland and spider MA gland; more importantly,
it can ensure that protein chains with high packing fractions
are generated, in order to produce RSF fibers with outstanding
toughness.

SF Solution Preparation: In natural silkworm silk glands, the
concentration of the dope solution can be up to 30%. How-
ever, when regenerated fibroin aqueous solutions are applied
as the dope solution during the wet-spinning technique, the
concentration was much lower. To prepare RSF solutions, the
conventional method, which usually involves the sequential
processes of dissolution and dialysis, is complicated. Initially,
the silk fibers obtained from cocoons are dissolved in concen-
trated aqueous LiBr solutions, after which they are dialyzed
against deionized water, to ensure the removal of the small salt
molecules. In principle, this method can only yield a dilute SF
solution (with a concentration of 4-6 wt%). Because the ability
to spin a polymer (in an aqueous solution) is significantly
related to its viscoelasticity, which is concentration-dependent,
the fabrication of RSF fibers requires the concentration of the
dope solution to be greatly increased. To solve this problem,
the initial dilute solutions require another reverse dialysis, by
immersing dilute SF solutions into 25 wt% polyethylene glycol
(PEG, 10 000 g mol™!) solutions, so that the concentrated (spe-
cifically, the concentration is proportional to the reverse dialysis
time) SF solutions can finally be obtained. To study the effect of
the RSF dope concentration, Yan et al.®% monitor the tenacity
and morphology of the RSF fibers spun from SF solutions with
varied SF concentrations and confirm that when the dope con-
centration is below 11 wt%, only dispersed floccules instead of
fibers are produced. With a 13 wt% dope solution, silk fibers
are processed, but the cross sections are so irregular that they
display numerous small voids on the surface. Besides, such
RSF fibers are too weak in mechanical performance. Further
increasing the concentration of the dope solution to 19 wt%
enable moderately strong RSF fibers to be spun; such fibers
have the smoothest appearance with a homogeneous and void-
free cross section. Upon using a solution with an even higher
dope concentration that exceeding 19 wit%, the spun fibers
exhibit an irregular morphology and are very fragile.8® The
same tendency is also observed when the dry-spinning tech-
nique is used to extrude artificial RSF fibers,®” although the
concentration range of the dope solutions used is much higher
(39.8-55%). These effects can be explained thoroughly within
the framework of the “crystallization” model. Upon increasing
the concentration of the dope solution (corresponding to a
larger supersaturation level), the crystallization of the SF
molecules in the crystal network is simultaneously promoted.
However, if the level of supersaturation (i.e., >19 wt%) is very
high, the local process of nucleation of crystallites will occur so
rapidly that the amount of time available for the newly formed
B-crystallites to reorient themselves into a well-aligned direction
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become not enough. Consequently, this results into an uneven
distribution of defects in the fibers and protein aggregations,
which results in the production of fibers exhibiting an inferior
mechanical performance.

During the dissolution process, aqueous LiBr solution (spe-
cifically, the lithium ions) is applied to break intermolecular
hydrogen bonds, to tear the initially insoluble B-sheet apart and
gradually to transform it into a random coil/o+helix secondary
structure so that the SF molecules become soluble in aqueous
solutions. Thus, the presence of strong metallic ions can greatly
influence the disassociation of SF molecules and consequently
affect the molecular weight of the obtained RSF molecules.
After the reverse dialysis process, components with low mole-
cular weights were already excluded, while larger H-chain frag-
ments were retained. Thus, the reverse dialysis process should
positively affect the mechanical properties of the spun RSF
fibers.

Constituents of SF Molecules: It is worth mentioning that
although all the above methods can be successfully used to
control the wet-spinning process, it is still challenging to spin
advanced RSF fibers that retain the advantages of natural silk
fibers, in terms of structural hierarchy and mechanical proper-
ties. Recently, Ling et al.®® have developed a facile bioinspired
spinning strategy; they prepared the SF dope solution by par-
tially dissolving silk fibers into microsized fibrils alone. This
dope solution is not only highly viscous and stable, but also
display a typical nematic liquid crystalline property, allowing
it to be directly dry-spinning into artificial silk fibers as soon,
immediately after it emerged from the spinning apparatus and
being exposed to air gaps. Another fascinating property of this
dope solution is that it maintains the hierarchical structures of
natural silks, which is a key feature of natural protein fibers.
They adopted the HFIP solution as a solvent and the concen-
trated dope solution containing micro fibrils (with diameters of
5-10 um and contour length of several hundreds to thousands
um) is obtained after incubating silk fiber/HFIP (weight ratio,
1:20) mixtures at 60 °C for 7-15 days. Owing to the semiliquid
property of the dope solution, the concentrated dope solution
can flow through the spinneret, even under moderate external
forces. Its semicrystalline property ensures that the dope solu-
tion is easily transformed into a solid-state fiber. The spun
fibers retain the structural hierarchy as well as the orderly pat-
terned silk nanofibrils network structure, which is critical for
achieving the outstanding strength, extensibility, and tough-
ness of natural silk fibers.®8 Thus, the spun artificial fiber
exhibit mechanical properties that are comparable to those of
natural silk fibers, including a maximum average modulus of
11 £ 4 GPa (the highest value can be up to 19 GPa), which is
even higher than that of natural spider dragline silk (10 GPa,
cf. Figure 24).

Coagulation Bath: During a typical wet-spinning process for
the production of artificial fibers, the concentrated dope solu-
tion (in either organic solvents, aqueous or ionic liquids) is
always directly injected into a coagulation bath.®! For example,
it is reported that several solvents including methanol, ace-
tonitrile, and water have been applied as the coagulation baths
synthesizing RSF fibers spun from SF/ionic liquids solution.
Accordingly, the methanol bath results into clear, solid fibers,
the acetonitrile bath leads to crusted, white fibers, and the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED NANO~MICRO|I
SCIENCE NEWS Smu
www.advancedsciencenews.com www.small-journal.com

Technical
3 Current study ceramics \.

Composites ~

100 ~ Natural
i cellular
S 10 materials \
<) \ Silk (dragline) Metals
] 4 T Wool
= -4 .\
Polymers
é > Silk (cocoon)
&, 0.1 {Foams \Sllk (viscid)
3 X Ligament
o gamen
> 0014 2%
Skin
1E-3 +
*7~ Elastomers
1E-4 4 , - y
0.01 01 1 10

Density (Mg m‘:")

Figure 24. Visual appearance, structural characterization, and mechanical performance of the RSF dope solution containing microfibrils and the
resultant RSF fibers. a) SEM image of the B. mori silk fiber/HFIP mixture; after incubation at 60 °C for 15 days, the silk fiber was partially dissolved to
form microfibrils. b) Polarized light microscopy image of the RSF dope solution shows a liquid crystal-like texture. c) Photograph showing the facile
bioinspired spinning process. The nematic mixture dope solution can be directly spun with hand to synthesize RSF fiber. d) SEM image of the cross
section of the resultant RSF fiber; it is composed of highly oriented and bound microfibrils. The inset image is a high-resolution SEM image of a cross
section of RSF fibers. €) A photograph showing a single RSF fiber (with a weight of 7 mg and length of 15 cm), which can bear a weight of 200 g without
breaking. f) Comparison of Young’s modulus and densities of RSFs with those of other materials. Reproduced with permission.®8 Copyright 2017,
Springer Nature.

water bath gives rise to fibers similar to the methanol bath.’"¥)  can be gathered. RSF fibers from either acetonitrile or water
Apart from the morphology, the solvents used as coagulation  bath adhere to the coagulation bath tank and are broken
bath also greatly affect the mechanical performance of the as-  during removal.’ In principle, the purpose of usage of coagu-
spun RSF fibers. In fact, only the fibers from methanol bath  lation bath is to enhance the local concentration of the dope
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solution (because the protein dissolves relatively slowly in
the coagulation solution), which consequently facilitates the
crystallization of [B-sheet and f-crystallites.®) Many organic
and inorganic compounds, including methanol, ethanol, iso-
propanol, n-butanol, glycol, glycerin, and various sodium,
potassium, zinc, magnesium, and ammonium salts (chloride,
sulfate, nitrate, phosphate, and acetate), have been used in the
coagulation bath in case of wet-spinning RSF fibers from SF
aqueous solutions. Within the framework of the crystallization
mechanism, because of the correlation between structure and
performance, a moderate coagulation rate is mostly useful for
fabricating strong RSF fibers. If the coagulation rate (corre-
sponding to slow crystallization kinetics) is too low, either the
dope solution is not spinnable, or the hardly spun fibers exhibit
an irregular cross section. On the other hand, if the coagula-
tion rate is too fast (e.g., in methanol), the as-spun RSF fibers
become brittle; this may be attributable to the poorly oriented
patterns of the crystallites within the crystal network. In com-
parison, when a moderate coagulation rate (e.g., in ammonium
sulfate solution) is applied, the crystallization of both S-sheet
and B-crystallites can occur, and the amount of time available
for the newly formed crystallites to reach their optimal direc-
tions is sufficient, which consequently contributes to a greater
level of toughness. In principle, the category of the coagula-
tion solution is not the only determining factor, the concen-
tration and operation temperature also affect the morphology
and mechanical performance of the as-spun RSF fibers. For
example, it is found that the morphology of the RSF fibers is
worse upon using a 40 wt% solution of ammonium sulfate,
as compared to that observed upon using a 30 wt% solution.
In addition, more microvoids are also clearly observed in RSF
fibers formed in the 40 wt% coagulation bath.® Again, this
tendency is consistent with the excess crystallization rate (and
water removal rate) in relatively concentrated coagulation baths.
Although the wet-spinning technique is rather successful for
fabricating artificial RSF fibers, it still differs from the natural
spinning process, where the natural fiber extrusion occurs in
the air gap, instead of in the solution. In other words, if the
coagulation process occurs in the air, this artificial spinning
technique can be referred to as the dry-spinning technique.
Recently, the dry-spinning technique has attracted significant
interest and has been developed significantly. For instance, Wei
et al.®”] have developed a capillary spinning equipment for the
dry spinning of RSF fibers. They also comprehensively inves-
tigated the effects of different spinning conditions (including
metallic ions, pH, dope concentration). It is confirmed that
a similar tendency is observed with regard to the mechanical
performance; if the dope solution has a moderate pH ranging
from 5.2 to 6.9, it mostly results in spinnable fibers, especially
for the dope solution with a pH of 6.0 and 0.3 m calcium ions
are incorporated./®”]

Post-Treatment: RSF fibers coagulated in the coagulation bath
(usually referred to as the as-spun fibers) are still relatively
fragile. This is due to the relatively low crystallinity as well as
the poor orientation function of crystallites within the crystal
network, which had been proven by the experimental data
using Raman spectroscopy,®”°! synchrotron radiation X-ray
microdiffraction, and birefringence measurements.’? In fact,
the characteristic crystalline structures are barely monitored
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and only roughly random patterns of crystallites are character-
ized in the as-spun fibers. Hence, post-treatments need to be
performed, either post-draw in the air gap or in solution, and
steam annealing should be applied to make the as-spun RSF
fiber stronger, as it increases the crystallinity as well as the
orientation function of the crystallite network. Zhou et al.®!
and Sun et al.’?l have comprehensively studied the influence
of post-draw-down ratios on the morphology and mechanical
properties of wet-spun and dry-spun RSF fibers, respectively,
from the perspective of performance of different hierarchical
structures. According to Zhou et al.®!! post-draw treatment
can dramatically improve the morphology of the as-spun RSF
fibers. For instance, the surface of the post-treated RSF fibers
displays a smooth and highly lustrous appearance. Besides, the
diameters of these final fibers not only become smaller, but also
become more uniform, as compared to those of the as-spun
components. More importantly, it appears that fewer voids and
pores exist in the post-treated RSF fibers, with the toughness
improved greatly.’!l To quantify the effect of post-draw treat-
ment on the mechanical enhancement of RSF fibers, the mole-
cular structure of RSF fibers is studied in detail.®Y For instance,
Zhou et al.’! have applied different post-draw ratios on a series
of as-spun fibers, and reported that simply increasing the ratios
from 1 to 6 lead to a progressive increase in the molecular
alignment. In addition, they also confirm that the post-draw
treatment lead to better-oriented B-sheet secondary structures
as well as a greater level of crystallinity in fibers.’!] Obviously,
these aforementioned changes in the mesoscopic structure
should generate robust RSF fibers. The changes observed
after post-draw treatments are observed not only for the wet-
spinning technique but are also observed for the dry-spinning
technique. Increasing the draw-down ratios results in larger
crystallinity levels and a better degree of molecular orientation,
both in the crystalline and amorphous regions. In addition,
Sun et al.’?! further confirm that the crystallites in the dry-spun
RSF fibers become smaller with an increase in the draw-down
ratios. Again, these findings can be explained thoroughly by the
crystallization mechanism and hierarchical network structures
of silk materials. Owing to the above changes in the mesoscopic
structure, the post-treated RSF fibers exhibit a drastic improve-
ment in the breaking stress. For instance, the average breaking
stress of wet-spun RSF fibers with a draw-down ratio of 6 can
be up to 0.45 + 0.02 GPa, which is comparable to natural-spun
silk fibers (Figure 25c).B% As for the dry-spun RSF fibers, the
post-draw process with a draw-down ratio of 4 significantly
improves the breaking stress of the obtained RSF fibers, that is,
from 45.7 to 326.7 MPa (Figure 25d).°%

5.1.3. Antificial Spinning of Composite RSF Fiber Based
on Heterogeneous Nucleation

In general, there are two different methods for the reinforce-
ment of artificial RSF fibers. One involves the control of the
spinning process, as discussed above, in which the neat SF solu-
tions are applied as the feedstock. The other method involves
the addition of some specific reinforcement agents or foreign
nanoparticles into the dope solution, to extrude composite RSF
fibers. By activating the heterogeneous nucleation of the SF
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Figure 25. Influence of post-draw ratios on the structures and stress—strain profiles of RSF Fibers. a) Schematic illustration of the effect of post-draw
treatment on the molecular crystal network. b) Post-draw treatment increases the crystalline orientation and crystallinity. Reproduced with permis-
sion.B1 Copyright 2016, Springer Nature c) Post-draw ratios increases the mechanical performance of wet-spun RSF fibers. Reproduced with permis-
sion.1®¥l Copyright 2010, American Chemical Society. d) Post-draw ratios increases the mechanical performance of dry-spun RSF fibers. Reproduced

with permission.®? Copyright 2012, Royal Society of Chemistry.

molecules, the nucleation barrier can be suppressed, thereby
increasing the probability of crystallization, which consequently
results in a higher crystal density and smaller correlation
length of the molecular crystal networks within the composite
RSF fibers. Thus, mechanically enhanced RSF fibers can be
synthesized. So far, this method has successfully been used to
fabricated several significantly reinforced composite RSF fibers
(or mats). For instance, Chen et al.'? reported that by simply
mixing the dope solution with certain foreign particles (specifi-
cally referred to as nanoscale particles that can interact with SF
molecules, such as monodispersed polystyrene (PS) nanopar-
ticles (NPs), graphene, silica NPs, and nanocrystal cellulose),
the macroscopic performance of the wet-spun composite RSF
fibers can be programmed. According to the results, PS NPs
can mostly improve mechanical performance due to the per-
fect spherical shape, smooth surface, uniform particle size, and
most importantly, the strong interactions with SF molecules.!'
Within the framework of the crystallization mechanism, this
affinity interaction between PS NPs and SF molecules (specifi-
cally referred to as the intermolecular hydrogen bonds between
the carboxyl groups on the surface of PS NPs and amino
groups within SF peptide chains) can significantly decrease the
surface tension and lower the nucleation barrier. Thus, the
heterogeneous nucleation of SF molecules is greatly promoted
on/near the surface of PS NPs, which results in the genera-
tion of more nucleation sites (corresponding to a larger crystal
density within the spun RSF fibers). As discussed before, both
natural silk fibers and RSF fibers exhibit strong internanofibril
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interactions. Consequently, this increase in density will result
into stronger fibers. As shown in Figure 26D, the incorpora-
tion of PS NPs within a certain range do improve both the
toughness and breaking stress of the composite RSF fibers;
Specifically, the addition of more PS NPs leads to stronger
fibers. According to their statistical data, the breaking strength
(Figure 26¢) and elastic modulus of composite RSF fibers is
nearly doubled than neat RSF fiber, indicating that this method
for performing manipulation by triggering heterogeneous
nucleation is feasible and effective.

Apart from the aforementioned nanoparticles, other func-
tionalized composite RSF fibers (or mats), such as those
containing multiwalled carbon nanotubes (MWNTs),*]
hydroxyapatite (HAP) nanoparticles,® and cellulose®! have
also been successfully fabricated using the electrospinning
technique. It is further reported that the improvements caused
by the incorporation of foreign additives on the breaking
stress of composite RSF fibers might occur at relatively low
concentrations, as compared to that observed for PS NPs.
For instance, the incorporation of MWNTs can significantly
enhance the composite fiber toughness, when the concentra-
tion is <1 wt%. A further increase in the ratio of MWNTs might
result in an inferior mechanical performance (Figure 26d).
Besides, it is notable that not all additives are beneficial for the
heterogeneous nucleation for SF molecules.?3l On the contrary,
some of the additives has a high tendency of self-assembly. In
this condition, when mixed such additive with SF dope solu-
tions, large clusters (or aggregates) of additives will form
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Figure 26. a) i: Schematic illustration of the effect of templated (heterogeneous) nucleation which substantially increases the density of crystallites
within the molecular and nanofibrils networks; this will significantly increase the joint (crystals) density of the networks. i) Schematic illustration of the
CNTs templating nucleation of SF nanofibrils. CNTs will give rise to the mesoscopic reconstruction of the nanofibrils network, b) stress—strain curves
of RSF fibers containing various concentrations of PS NPs. The addition of 1.2 wt% of PS will double the breaking stress of regenerated SF fibers.
c) The correlation between the breaking stress of RSFs and concentration of PS NPs. b, c) Reproduced with permission.'!l Copyright 2016, Wiley-
VCH; d) stress—strain curves of RSF mats containing different ratios of MWNT. Reproduced with permission.*l Copyright 2012, American Chemical
Society; e) TEM images of SF/HAP composite fibers after effective surface treatment. No HAP aggregation was observed on the surface. Reproduced
with permission.l*/ Copyright 2014, Elsevier.
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spontaneously, which lead to defects and result in the genera-
tion of fibers that are inferior to composite RSF fibers. Hence,
a uniformly dispersed mixture solution is essential. Normally,
small ratios of surfactants can be incorporated into the mixture
to increase the dispersion of additives. Upon performing this
procedure, the obtained composite RSF fibers can generally
display a bead-free nanofiber morphology that does not exhibit
any aggregation of additives!®! (Figure 26e) and the mechanical
properties are improved accordingly. Further structural anal-
yses have clearly shown that such composite RSF fibers have a
larger B-sheet and B-crystallite content than neat RSF fibers.[?!
Another notable finding is that the blending of SF with other
functionalized additives is an effective method for endowing
RSF fibers with the unique advantages associated with the
incorporated additives, especially with regard to the biological
aspects.[?3-%

5.2. Non-Fibrous Silk Materials

Owing to the enhanced biocompatibility, controllable degra-
dation rate, and unique optical and electronic properties, SF
molecules have become promising building blocks for next gen-
eration green biomaterial devices. Natural silk fibers have been
adopted for centuries and several efforts have been made to
describe the relationship between the mesoscopic structure and
macroscopic performance. The relevant studies not only com-
prehensively enhance our insight into silk fibers, but also lead
to the transformation into a large variety of non-fibrous silk
material formats, including membrane/films, hydrogels, and
scaffolds.>**l In a manner similar to that observed for silk
fibers, the factor distinguishing non-fibrous silk materials from
other biopolymers used in high technology applications is the
fact that the robust mechanical properties of silk materials can
also be process-dependently programmed at the mesoscopic
level. In this section, we will describe some methods for fabri-
cating some non-fibrous silk materials in detail, and discuss the
conditions accordingly required for mesoscopic engineering.
Besides, we will prove that such methods are not empirical; on
the contrary, the hidden mechanisms can be explained thor-
oughly in terms of crystallization theory.

5.2.1. SF Film

SF films have been successfully fabricated from SF solutions,
in which SF molecules are dissolved either in aqueous, organic
solvents, or ionic liquids. In case of SF/ionic liquids solutions,
they can be used to cast films on different substrates. Once
the ionic liquids are removed by rinsing with organic solvents
including acetonitrile or methanol, the SF molecules turn into
SF film spontaneously. In principle, the rinsing solutions will
to a large extent determine the structure as well as mechanical
performance of the obtained SF film. For instance, the meth-
anol-rinsed film exhibits a large crystallinity that is comparable
to the natural fiber. The acetonitrile-rinsed SF film, on the other
hand, displays a relatively smaller content of crystallites.[®3 As
for SF aqueous solutions, two conventional methods producing
SF films are by casting and spin-coating.
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The basic principle is that the removal of solvent molecules
from SF solutions can consequently increase the local concen-
tration (supersaturation) of SF molecules, and finally lead to
phase separation and crystallization. For example, while using
the casting method, the SF molecules dispersed in solvents still
exhibit an amorphous/o+helix conformation, so that they are
soluble and free to move. Gradually, upon the evaporation of
non-bound solvent molecules, SF molecules are pushed toward
each other, consequently crystallization and solidification are
triggered and finally SF films are synthesized. As for the spin-
coating method, apart from solvent evaporation, the shear force
during spinning also has significant effects on the kinetics of
SF molecule crystallization.*® Recently, several novel advanced
methods are developed to synthesize ultrathin SF films or spe-
cial SF films with a controlled thickness, desired morphology,
and unique applications. For instance, Bressner et al.* reported
about a so-called “electrogelation” method, in which some
anodes (with closed-loop structure) are used as templates and an
electric field is then applied to trigger the sol-gel transformation
of SF molecules; finally, upon drying, an optically transparent SF
films are formed. Owing to the unique curved geometry of the
anode templates, the most fascinating advantage of this method
is that the obtained SF films can exhibit a designed morphology.

Jiang and Tsukrukl'® have developed an advanced spin-
assist layer-by-layer (SA-LBL) method to achieve a precise con-
trol over the thickness of SF films. The thickness of SF films
can be precisely modulated by simply controlling the number
of layers they contain. Wang et al.[®] who used a similar
experimental design, report about a “stepwise deposition” (or
dip-coating) LBL method for the synthesis of SF films with a
controlled level of thickness. They immerse different substrates
into the SF dipping solution for 2 min at room temperature
and then wash away the excess solution with deionized water or
methanol/water. This combination of the dipping and washing
procedures is referred to as an individual step, and by repeating
the desired number of the aforementioned steps, the thickness
of the obtained SF films can be controlled conveniently.

The macroscopic performance of SF films, which is attrib-
uted to the same structural building blocks and similar hierar-
chical structural factors, is also largely determined by the meso-
scopic structures. Specifically, the alterations in the crystallinity
of SF films can result in a distinct mechanical robustness as
well as degradation rates. The content of secondary structures,
on the other hand, is directly correlated to the oxygen and water
molecule permeability.'% Thus, engineering the structures
of SF films is of utmost importance. So far, several methods
have been proposed for the structure reconstruction of SF
films, including treatment with methanol/ethanol or other
organic solvents (Figure 27a), blending with other polymers
(Figure 27b),1% control of SF solution conditions,!%! post-
treatment with water steam, and application of uniaxial exten-
sion (Figure 27¢).' To the best of our knowledge, all these
engineering methods can all be explained thoroughly within
the framework of the crystallization process.

Similar as the as-spun RSF fibers, the freshly prepared SF
films are still fragile because of the relatively low content of
crystallites. To further strengthen such SF films, a methanol
treatment is usually applied. As discussed earlier, methanol
treatment promotes the conformational transition of a SF
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Figure 27. a) Influence of ethanol treatment on B-sheet content. The incorporation of ethanol would push SF molecules closer and give rise to a con-
formational transition. Reproduced with permission.[*8l Copyright 2007, Wiley-VCH. b) The mechanical performance of SF/WK composite films can
be altered by changing the ratios of WK. The WK o-helix can interact with the SF molecules and promote the formation of -sheets and B-crystallites,
which consequently alter the performance. Reproduced with permission.?®l Copyright 2016, Wiley-VCH. c) Representative stress—strain curves of SF
films before and after extension. The inlet exhibits 2D WAXD patterns, which suggests that the orientation function was improved upon extension.

i) Obtained film, ii) film exhibiting twice the level of extension, and iii) film exhibiting thrice the level of extension. Reproduced with permission.

Copyright 2010, American Chemical Society.

molecule from a random coil/corhelix to a P-sheet. In other
words, this treatment is beneficial to the crystallization process
and consequently leads to the reinforcement of the obtained SF
films. To some degree, the role of this methanol treatment is
similar to that of the coagulation bath used for spinning RSF
fibers. The use of uniaxial extensions on SF films (at the wet/
swollen stages) is comparable to that of post-draw procedures
in the spinning technique. The corresponding WAXS pat-
terns on stretched SF films clearly indicate that stretching can
significantly lead to well-aligned patterns of molecular chains
within SF films (in a direction parallel to that in which uniaxial
stretching occurs). In this regard, the stretched SF films become
mechanically enhanced (Figure 27¢).1% Wang et al.}%U compre-
hensively investigate the effects of many factors influencing the
results of the “dip-coating” engineering method, including the
concentration of the SF solution, incorporation of metallic ions,
and proper choice of substrates. Obviously, the thickness of the
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[104]

obtained SF films (which can correspond to the total amount of
deposited SF molecules) should increase with an increase in the
concentration of the SF dipping solution. Besides, within a cer-
tain concentration range, the efficiency of dip-coating is also pro-
portional to the concentration of the incorporated metallic ions
(e.g., sodium ions). Moreover, it is proven that after replacing
hydrophilic substrates with hydrophobic components, enhanced
deposition is achieved. These findings remain consistent with
the classical mechanism of protein crystallization. As discussed
previously, intermolecular interactions (especially hydrophobic
interactions between the hydrophobic domains within SF
chains) are the primary physical driving force that lead to the
crystallization of B-sheets and crystallites; similarly, hydrophobic
interactions are also the primary force used to anchor SF mole-
cules in solutions onto substrates. In this case, hydrophobic
substrates are more favored due to the relatively stronger hydro-
phobic interactions with SF molecules. The incorporation of salt
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into the SF dipping solution, on the other hand, increase the
local electrostatic attractive interactions between SF molecules
and consequently supplement the total attractive interactions,
which in turn favors crystallization.

Because of the advantages of composite RSF fibers, methods
for blending neat SF solutions with other specific polymers
(such as wool keratin, WK) and synthesis of composite SF
films with a tunable performance are also proposed and greatly
developed. For instance, SF/WK composite films that have a
high tensile strength and are biodegradable can be developed
by simply adjusting the ratios of SF versus WK.?® Structural
characterization show that modifications in hierarchical struc-
tures affect the mechanical performance. Specifically, it is
shown that an increase in the SF ratios of composite films
can increase the density of f-crystallites; this consequently
enhances the toughness and decreases the biodegradation rate.
In comparison, an increase in the ratio of WK can increase the
extensibility and ability to recover from any deformation.?®l

5.2.2. SF Hydrogels

Hydrogels generally refer to a series of materials with a typical
3D structure that can partially swell but cannot dissolve on
exposure to aqueous solutions. Owing to the porous architec-
ture, great biocompatibility, and controllable degradation rate,
hydrogel-based biomaterials represent an important alterna-
tive that can be useful for developing tissue engineering and
cell/drug delivery applications.l®®®”] SF hydrogels, which can
be spontaneously formed from SF solutions, have also been
proven to be good candidates. Previously, the conventional pro-
cess of gelation of SF solutions occur at a relatively low pH,
high temperature, or high ionic environment. However, at the
above conditions, the SF gelation process usually occurs slowly,
which lasts from a few weeks to months. Recently, a lot of
efforts have been devoted to the development of advanced and
controllable SF hydrogelation techniques.

In principle, the gelation process is initialized by polymer
chain crosslinking (either chemically, physically, or both); as a
result, the obtained hydrogels should typically exhibit a network
structure. It is reported that the intermolecular interactions
(e.g., the hydrophobic interactions and hydrogen bonds) of
SF hydrogels promote sol-gel transition kinetics, and that the
B-sheet crystallites serve as the main physical crosslinkers that
made SF hydrogels adequately stable. The mechanical proper-
ties of SF hydrogels are similar to those of SF fibers and are
highly structure-dependent. The structure of SF hydrogels can
be examined thoroughly using the characterization techniques
mentioned in 23. The rheometer is also an ideal tool to con-
veniently monitor gelation kinetics as well as to measure the
modulus of an SF gel. In addition, SEM/TEM/AFM imaging
techniques can further be applied to record the process of mor-
phological evolution during SF hydrogelation. For instance,
Nguyen et al.?l have revealed that during the early stages of
SF hydrogelation (during ultrasonication), the formation of pro-
tein aggregates and nanofibrils is observed, followed by nano-
fibril growth and continuous interconnectivity between some
nanofibrils network domains. The hierarchical structure of silk
materials shows that each individual nanofibril is a network of
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molecular crystallites. Knowledge regarding the crystallization
process will provide comprehensive insight into SF hydrogela-
tion kinetics and techniques that can be used for the manipula-
tion, so that the structures and performances of SF hydrogels
can consequently be programmed.

To perform hydrogelation in a rapid and controlled manner,
the techniques that have proven effective include vortexing
(shearing),1%®!  ultrasonication,®1%l  direct electrical cur-
rent (electrogelation) application,'”] incorporation of specific
metallic ions or surfactants,1%11% controlling of SF solution
conditions (e.g., pH and concentration),! and blending with
specific polymers or nanoparticles.?81%% All of these techniques
can be used to synthesize relatively weak SF films in a short
period of time. Figure 28a shows several typical SF hydrogel fab-
rication methods. Among these, the vortex method is the sim-
plest, and it avoids the direct contact between the SF solution
and other probes (especially probes used in ultrasonication or
electrogelation techniques). The principle of the vortex method
relies on the use of vortex-induced shearing force with a charac-
teristic gradient. It is reported that the vortexing of neat SF solu-
tions for 2 min can lead to a detectable increase in the B-sheet
content as well as the turbidity of the solution (this suggests the
occurrence of large amounts of crystallites and a uniform dis-
persion). To precisely control the kinetics of this hydrogelation
process (sol-gel transition can be regarded as crystallization),
the vortexing time, temperature, and the concentration of SF
solutions need to be controlled. Specifically, the duration of the
hydrogelation process can be varied from minutes to hours.

Gelation will occur spontaneously when the SF solution is
exposed to a relatively low direct current, in a manner similar to
that of the “electrogelation” process, based on the SF film fabrica-
tion technique. The obtained SF hydrogels are stable enough to
retain the functions.'%”] It is reported that such electroinduced
sol-gel transitions can be reversed by simply changing the DC
voltage polarity, that is, the obtained fresh gel can dissolve back
into a solution upon being subjected to DC current with oppo-
site polarity (Figure 28b).1%] Apart from electric fields, many
other stimuli can also manipulate the SF gelation process (crys-
tallization). Among these, ultrasonication is powerful due to its
diverse physical and chemical effects. Recently, Nguyen et al.l?%!
have developed an advanced ultrasonication-based method
for fabricating SF hydrogels that can precisely control gelation
kinetics. The role of ultrasonication within the SF protein crys-
tallization framework is that it can create abundant nucleation
centers (also known as nucleation seeds) in the SF solution
(Figure 28c), which accelerates the crystallization of f-sheets as
well as fB-crystal networks (nanofibrils). Besides, such nucleation
seeds also give rise to different mesoscopic structures and dif-
ferent storage modulus of SF hydrogels. According to the results,
ultrasonication significantly affects SF crystallization kinetics.
For instance, while monitoring the crystallization process via
AFM imaging, it is found that even after performing ultrasonica-
tion only for 30 seconds, a dilute RSF solution (0.04 wt%) can
display many nanofibrils. However, in ultrasonication-free condi-
tions, the occurrence of nanofibrils becomes significantly rarer.
To gain more insight into the effects attributable to ultrasonica-
tion parameters (such as the power and exposure time), Nguyen
et al.»l used a rtheometer to quantify the gelation kinetics as well
as to compare the mechanical properties. It is clearly revealed
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Reproduced with permission.%l Copyright 2010, Wiley-VCH. c) Influence of ultrasonication on the crystallization of SF proteins into hydrogels and
the corresponding structures, upon varying the density of nucleation centers.

that a longer ultrasonication duration can shorten the gela-
tion time (defined as the time where storage modulus abruptly
increases) and increase the densities of nanofibril domains.
Because SF hydrogels are formed by weak nanofibril-nanofibril
interactions, such an increase in the nanofibril density (with an
increase in ultrasonication time) consequently leads to an infe-
rior storage modulus, as shown in Figure 29c.

By comparing the gelation time, the effects of environmental
factors on SF hydrogelation (crystallization) kinetics can also
be quantified. For instance, it is reported that the gelation time
decreases with a decrease in pH and increase the hydrogelation
temperature (Figure 30D), SF protein concentration (Figure 30c),
and amount of added calcium ions (Figure 30d).1%) All these
findings are consistent with the crystallization mechanism for
SF molecules (cf. Figure 30a). Heterogeneous crystallization is
similar to the crystallization observed for composite RSF fibers
and SF films, and the mixing of a neat SF solution with some
specific foreign additives can also result in the engineering
of mesoscopic structures of SF hydrogels. For instance, Chen
et al.l'? reported that the incorporation of PS NPs in proper
ratios can significantly shorten the hydrogelation process and
lead to a relatively weaker storage modulus in SF hydrogels.
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5.2.3. SF Porous Scaffolds

Biocompatible scaffolds are widely applied in areas such as
tissue engineering. In general, typical 3D structured scaffolds
should satisfy at least the following requirements: first, the
mechanical stability should adequately enable cell attachment
and proliferation to occur. In fact, mechanical strength is of the
utmost importance for the maintenance of utility of scaffolds,
especially when they are applied for bone tissue regeneration.
Second, the degradation rate of biocompatible scaffolds should
be controlled to ensure that it is comparable to the growth
rate of new tissues. In addition, porosity is another important
parameter that can ensure the occurrence of cell migration as
well as nutrient and waste transportation. Owing to the good
inherent biocompatibility of these materials, the adjustable
mechanical performance, and degradation rate of silk mate-
rials, SF scaffolds have already become attractive candidates for
a broad range of tissue engineering applications.[!!!]

In the past few decades, great efforts have been devoted to
study the processability of 3D structured highly porous SF scaf-
folds. They have so far been successfully fabricated from RSF
solutions via different methods. Among these, the most widely
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modulus and content of f-crystallite within SF hydrogels. c) Rheological evolution of ultrasonicated SF solutions within different ultrasonication time
periods. Both gelation time and storage modulus of samples with a shorter ultrasonication time period are higher, which is correlated to the density

of domains. Reproduced with permission.?’l Copyright 2014, Wiley-VCH.

used methods include the freeze-drying and salt leaching
methods. The microstructures of SF scaffolds (e.g., pore size,
pore walls thickness, and porosity) can also be programmed by
changing the crystallization conditions, in a manner similar to
that of other silk materials. The salt leaching method usually
utilizes sodium chloride granules as the porogen,*? which is
attributable to the insolubility of this salt in organic solvents
such as HFIP; this results in the presence of pores inside the
SF scaffolds (made from SF molecules dissolved in organic sol-
vents) after leaching. Under such conditions, the dimensions of
the created pores are determined by the size of the salt granules.
However, the porosity is proportional to the amount of incor-
porated salt granules.'"?] 1t is reported that scaffolds prepared
with smaller salt particles show a higher strength and modulus,
due to the relatively smaller pore size, because a smaller pore
size can give rise to thicker pore walls, which consequently offer
more pathways for distributing the external stress and serve as
barriers against crack propagation.l''l In aqueous SF solutions,
as the salts are partially soluble; thus, the dimensions of pores
created because of salt leaching become smaller than the orig-
inal dimensions of salt granules.’”] Besides, the morphology of
aqueous-based scaffolds are also rougher than that of organic
solvent-based scaffolds. However, such rough surfaces can cause
improved cell attachment in aqueous-based SF scaffolds.l?”]
Apart from the above-mentioned parameters, the amount of
incorporated salt granules exert great impact on the local super-
saturation of aqueous SF solutions. Specifically, the partial
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dissolution of salt leads to the decrease of the solubility of SF
molecules in solutions (referred to as the salting-out effect).
Afterward, crystallization kinetics is accelerated and results
in smaller pore sizes, thicker pore walls and larger porosities,
which correspond to the stronger mechanical properties of SF
scaffolds. In a similar manner, the concentration of SF solu-
tions is also highly correlated to the structure and performance
of SF scaffolds.l'?2]

In case of the freeze-drying method, which is performed
in the absence of foreign porogens, the pores in scaffold were
generated by ice crystallite templates. In other words, the pore
size is highly correlated to the ice crystallization process. Spe-
cifically, with lowering the freezing temperature (increasing
thermodynamic driving force for ice crystallization), the pore
size in scaffold become larger. It is noted via aforementioned
freezing-drying method solely, the pore size created by ice crys-
tallite sublimation is usually single-dispersed at a fixed tempera-
ture. However, scaffolds with hierarchical porous structures are
more beneficial in tissue engineering with multiple functions.
Different from the normal freeze-drying method (Figure 31a,
i~iii) to produce monopore-sized scaffold, Wang et al.l''3l have
designed and fabricated SF scaffolds with multiple pore size
distribution by carefully tuning liquid-liquid separation of RSF
aqueous solutions via adding an electrolyte (Figure 31a, i'iii’).
Accordingly, the addition of calcium ions can lead to aggrega-
tion of SF molecules and give rise to the phase separation: a
highly dispersed dense proteinaceous phase and a dilute phase.
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In the subsequent freezing process, the larger ice crystals are
formed in the dilute phase, whereas the micro ice crystallites
are generated from the highly dispersed proteinaceous phase.
After ice sublimation, SF scaffolds with multiscale pores struc-
ture are obtained (Figure 31D).[13!

Similar as the role of calcium ions, the addition of n-butanol
to the SF aqueous solution can also generate phase separation;
thus, SF crystallization is favored because of the relatively high
local SF concentration.'' The post-methanol treatment can fur-
ther induce a conformational transition in the fibroin molecules.
Specifically, a longer immersion time results in a larger f-sheet
content, and consequently increases the toughness of SF scaf-
folds. However, a certain limitation is associated with this post-
treatment, due to the intrinsic characteristics of SF molecules.
Recently, based on silk protein-protein interfacial bonding,
micron-sized silk fibers (10-600 um in size; obtained via partial
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alkali hydrolysis)!'"®l and silk particles (fabricated by physical

milling)"% are used as reinforcement fillers to fabricate com-
pact SF scaffolds. This enhancement is attributed to the high
crystallinity of microsized silk fibers/particles and the strong
interactions with SF molecules, which consequently promotes
SF molecule crystallization. In this regard, the strength and ten-
sile properties of SF scaffolds can be conveniently programmed,
by changing the amount of reinforcement fillers used.

6. Conclusions and Perspectives

In this review, the hierarchical network structures and correla-
tion between structure and performance of silk materials have
been extensively discussed. In a bottom—top manner, the hierar-
chical network structure is identified to have five levels, that is,
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amino acid sequence, secondary structure, B-crystallites, crystal ~— molecular-scale crystal networks and from the strong linkage
network, and nanofibrils network, respectively. It follows that the  (friction) among nanofibrils in the mesoscopic nanofibrils net-
outstanding mechanical performance of silk materials results ~ works (Figure 32). In comparison, although non-fibrous silk
from the nanofishnet topology structure of S-crystallites in the  materials (i.e., films, hydrogels, and scaffolds) and silk fibers
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share similar hierarchical structures, the difference in interna-
nofibril interaction strength and nanofibril architecture results
in distinct performance. To demonstrate how the hierarchical
network structure affects the macroscopic performance (e.g.,
the rheological properties of SF hydrogels and mechanical sta-
bility of silk fibers, respectively), several mesoscopic engineering
methods are applied to control different levels of the network
structures of silk materials. The control of f-crystallization is
crucial in mesoscopic engineering of flexible (i.e., SF) materials
(Figure 32): Crystallization of B-sheets from different mole-
cules gives rise to the formation of intermolecular B-crystallites
(Figure 32a). This gives rise to B-crystallites networks (nanofi-
brils) formation (Figure 32b). Nanofibrils will further interact or
entangle to form nanofibrils networks (Figure 32c), which plays
an important role in the macroscopic properties of SF materials.
Within the framework of the crystallization of SF molecule and
network formation mechanism of silk materials, an increase in
the crystallinity and a better alignment of f-crystallites will cor-
respondingly result in stronger materials. Evidently, the know-
ledge obtained in this review will shed light on the preparation
of ultraperformance silk materials from the crystallization and
structural point of view.
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