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ABSTRACT: The tiny spider makes dragline silk fibers with unbeatable
toughness, all under the most innocuous conditions. Scientists have
persistently tried to emulate its natural silk spinning process using
recombinant proteins with a view toward creating a new wave of smart
materials, yet most efforts have fallen short of attaining the native fiber’s
excellent mechanical properties. One reason for these shortcomings may be
that artificial spider silk systems tend to be overly simplified and may not
sufficiently take into account the true complexity of the underlying protein
sequences and of the multidimensional aspects of the natural self-assembly
process that give rise to the hierarchically structured fibers. Here, we discuss
recent findings regarding the material constituents of spider dragline silk,
including novel spidroin subtypes, nonspidroin proteins, and possible
involvement of post-translational modifications, which together suggest a
complexity that transcends the two-component MaSp1/MaSp2 system. We
subsequently consider insights into the spidroin domain functions, structures, and overall mechanisms for the rapid transition from
disordered soluble protein into a highly organized fiber, including the possibility of viewing spider silk self-assembly through a
framework relevant to biomolecular condensates. Finally, we consider the concept of “biomimetics” as it applies to artificial spider
silk production with a focus on key practical aspects of design and evaluation that may hopefully inform efforts to more closely
reproduce the remarkable structure and function of the native silk fiber using artificial methods.

1. INTRODUCTION

From antiquity to the present era, spiders’ ability to spin
beautiful and functional silken structures, unmatched in nature,
has evoked a deep fascination in mankind.1 From the
standpoint of science, too, spider silk has inspired generations
of researchers, mainly for the remarkable properties of the
fiber, whose mechanical performance and hierarchical organ-
ization are still unmatched by the most sophisticated artificial
materials.
This Perspective is not intended to be a comprehensive

review of the topic of spider silks, excellent examples of which
are thankfully available.2−5 Rather, we wish to take this
opportunity to highlight some recent developments in the field
and then consider what these could mean in terms of future
research directions. The discussion is focused mainly on
dragline (major ampullate) silk, which is by far the most
studied type of spider silk. The first part will explore the
complexity of spider dragline silk in terms of its physical
constituents. In recent years, reports from the next-generation
sequencing front have begun to hint at a more nuanced picture
of dragline silk composition than previously anticipated,
findings that might require a reassessment of the conventional
and relatively simple two-component model based on MaSp1
and MaSp2. Next, we turn to the functions of the individual
spidroin domains and discuss the different frameworks that can

be used to understand and further explore the silk self-
assembly mechanisms with an emphasis on more recent
findings. We subsequently tackle the topic of biomimetics,
where we ask the question what constitutes a true biomimetic
approach for making spider silk? We highlight several studies
that have claimed to apply biomimetic principles in making
artificial spider silks and provide suggestions for possible future
directions.

2. COMPLEX COMPOSITION OF SPIDER DRAGLINE
SILK
Spidroins: Beyond MaSp1 and MaSp2. It is well

established that spider dragline silk fiber (a.k.a. major
ampullate silk) is assembled from structural proteins called
spidroins, which come in two main subtypes, MaSp1 and
MaSp2. The two subtypes have similar overall sequence
architectures, which can be described as a highly repetitive core
region that is flanked by small N-terminal and C-terminal
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domains (NTD and CTD, respectively). The repetitive
regions, which make up ∼90% of the primary structure,
consist of alternating runs of polyalanine and multiple glycine-
rich motifs arrayed in tandem (in the form mostly of GX and
GGX, with X representing a limited selection of residues).
Across the spider taxa, the main difference between MaSp1 and
MaSp2 sequences lies in the motif composition of the
repetitive domains, with MaSp1 showing a relatively high
incidence of Q, A, and L occupying the X position in (G)GX
motifs in the glycine-rich regions, whereas an abundance of
proline (usually in the context of GPG) and diglutamine motifs
(QQ) tends to be diagnostic for MaSp2.6−8 It has been
theorized that the appearance of MaSp2 during evolution has
enabled spider dragline silks to exploit a far wider tensile
property space (mostly in terms of greater extensibility and
hence toughness) compared to fibers composed of MaSp1
alone.9 The relative abundance of MaSp1 and MaSp2 in
dragline fiber seems to vary by species as well as according to
factors like nutrition.10−12

Interestingly, a number of recent studies, spurred mostly by
advances in proteomics and sequencing technologies, paint a

more complex picture of dragline silk composition than is
provided by a simple MaSp1/MaSp2 dichotomy.13−20 A
subtype termed MaSp3 was identified in several species via
proteomics and genomic target capture techniques.15,16 On the
other hand, a major study by Babb et al. reported at least 8
distinct subtypes of spidroins in the major ampullate silk of
Trichonephila clavipes (denoted as MaSp-a to MaSp-h, plus
other putative spidroins).14 From the Darwin’s bark spider
(Caerostris darwini), Garb et al. obtained a MaSp4 sequence
whose repeat regions are notable for the absence of poly-Ala
runs and an abundance of Pro, Gln, and Val residues as well as
MaSp5, whose repetitive sequences are mostly composed of
GGX motifs.17 The presence of MaSp4 has been linked to the
extreme toughness of C. darwini dragline.17,20,21 Kono et al.
used a combination of genomic, transcriptomic, and proteomic
approaches to identify spidroin sequences from Araneus
ventricosus,19 which identified the MaSp3 subtype (later
assigned to MaSp3A) as the third main component after
MaSp1 and MaSp2. The same group likewise identified three
main components in the dragline silk from the Nephilinae
lineage: MaSp1, MaSp2, and MaSp3B,18 with the latter being

Figure 1. Analysis of the amino acid sequences of the dragline silk spidroins from 3 orbweaver species. (a) Residue abundance of MaSp repetitive
regions from A. ventricosus,19 T. clavata,18 and C. darwini.17 Residue types are color coded according to the legend on the right. Sequence
designations are indicated in the middle of the circles and follow the nomenclature used in the respective studies. Vertical columns denote (i)
MaSp1, (ii) MaSp2, (iii) MaSp3-like, (iv) MaSp4, and (v) MaSp5 sequences. Interestingly, a sequence denoted as MaSp1c from C. darwini bears a
close resemblance to MaSp3 from the other 2 species (dotted-line box). (b) Consecutive tandem repeats from the full-length sequences of MaSp1a,
MaSp2, and MaSp3b from T. clavata.18
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apparently synonymous with the previously identified Sp-
74867 spidroin from T. clavipes.14 Curiously, despite highly
similar repetitive sequences, an analysis of the terminal domain
sequences suggests that the MaSp3 sequence from A.
ventricosus (MaSp3A) and from the nephilid taxa (MaSp3B/
C) is descended from different spidroin lineages,18,19

suggesting the possibility of convergent evolution. It is also
worth noting here that the nomenclature surrounding the
newer, alternative MaSp and spidroin variants still has not
stabilized in the literature, perhaps owing, at least partly, to the
fragmentary nature of sequence data assembly inherent in the
methods and to the rapid pace of publication of large sequence
data sets. Apart from finding an expanded array of MaSp
sequences, recent studies have also shown evidence for cross-
expression of spidroins among silk types, as exemplified by
AcSp1 spidroin (normally associated with prey-wrapping silk)
in dragline fiber.15,22

Figure 1a illustrates the amino acid compositions of the
repetitive regions from the different MaSp subtypes of A.
ventricosus, T. clavata, and C. darwini, which represent three
main lineages within the diverse orb-weaver family Aranei-
dae.23 As is well known, MaSp repetitive sequences employ a
limited palette of amino acids, dominated by only a few residue
types. We show that the sequences can be arranged according
to residue composition (columns) with a high degree of
conservation across the species. The compositions of MaSp1
(column i) and MaSp2 (column ii) are well known and have
been discussed elsewhere.8 Focusing on the MaSp3-like
sequences (column iii), we see an abundance of Gly and Ala
residues in the repetitive regions that is comparable to MaSp1/
2; however, what is different is the appearance of charged
residues, particularly Asp (acidic) and Arg (basic), that are
found in nearly equal measure, and which is accompanied by a
concomitant decrease in the proportion of Gln residues,
relative to the MaSp1 and MaSp2 sequences. We also point out
that this MaSp3 pattern matches well with one of the
sequences identified in C. darwini (which the authors
designated as MaSp1c), supporting the conservation of this
subtype across species. MaSp4 (column iv) and MaSp5
(column v) have so far only been identified in bark spiders.17,20

Figure 1b shows the typical arrangement of the amino acid
motifs in the repetitive regions of the three main MaSp
subtypes (in this case, from T. clavata).18

In dragline silk fiber, the relative abundance of the different
spidroin components is thought to exert an important
influence on the mechanical properties of the corresponding
fibers, as seen, for instance, with analysis of MaSp1/MaSp2
levels.9,11,12,24 The presence of the newly described MaSp
subtypes within dragline silk would thus also be expected to
have an effect on the mechanical performance, especially if
these variants are present in substantial levels. In this regard,
proteomics experiments have found a relatively high
abundance of such variants in dragline fiber, estimated at
11−16% in the case of MaSp4 in C. darwini, while MaSp3A
was found to be actually the most abundant subtype in A.
ventricosus. Although initial work using short versions of
recombinant MaSp1, MaSp2, and MaSp3 based on sequences
from T. clavata did not reveal obvious correlations between the
sequences and the behavior,18 a more focused experimental
approach designed to probe specific questions would likely
yield important insights.
It is also emphasized that so far very little is known about the

interactions among different MaSp subtypes in the native fiber,

including between MaSp1 and MaSp2. It is conceivable that
differences in the chemical properties of the repetitive regions
would lead to a nonrandom distribution of MaSp subtypes in
the silk dope that might facilitate the apparently nonrandom
distribution of spidroin subtypes within the dragline fiber, as
some have reported.25,26

In addition to these questions, we also propose that there is
more to be gained from a more careful study of the MaSp
repetitive sequences. Typically, these are understood simply in
terms of the crystal-forming or “hard” poly-Ala regions versus
the more amorphous or “soft” Gly-rich regions. However, apart
from the treatment of Pro (found in MaSp2) in terms on its
unique effects on peptide backbone conformations27 and its
involvement in supercontraction,28 there have been relatively
few insights on the roles of the other conserved residues on the
structure and function of dragline silk (as an exception, a
recent study found a possible link between Tyr residues and
supercontraction29). Yet, there is clearly sequence conservation
across the different spider taxa,8 suggesting that the
composition and arrangement of residues within the glycine-
rich regions have some biological relevance. Why, for instance,
do we consistently find an abundance of Gln (Q) in MaSp1/
MaSp2 but not Asn (N) despite having presumably very
similar chemical properties? Why are the different residue
types patterned in particular ways but not others (for instance,
a Tyr-Tyr motif is never seen)? One possibility is that the
repetitive sequences are optimized for solubility and/or phase
transitions during silk self-assembly, and indeed, there are
intriguing parallels between the sequence of the MaSp
repetitive domains and certain intrinsically disordered proteins
that are associated with liquid−liquid phase separation (see
below).

Nonspidroin Components. It is often overlooked that
aside from the structural spidroins, native spider silk has a
diverse complement of molecular constituents that include
glycoproteins, other nonspidroin proteins, lipids, and pigments,
etc., often heterogeneously distributed along the skin−core
architecture of the fiber cross-section.26,30−34

Here, we focus briefly on recent findings regarding
nonspidroin protein constituents of spider dragline silk.
Much of the pioneering work was done on silk from the
cobweb spinning black widow (Latrodectus sp.; Theridiidae),
where transcriptomic and proteomic analyses have yielded a
diverse profile of silk-associated proteins.15,22,35−37 Interest-
ingly, a novel array of cysteine-rich proteins (CRPs) was found
to be expressed in the fiber with yet unclear biological function.
Various unclassified proteins were also identified as well as
putative variants of cysteine-rich secretory protein (CRISP3)
and fasciclin.22

Arakawa and co-workers published a series of studies aimed
at elucidating the protein constituents of silks from members of
the orb-weaving spider family Araneidae, including A.
ventricosus,19 the Nephilinae subfamily,18 and bark spiders
(Caerostris spp.).20 Several nonspidroin proteins with relatively
low molecular weights have been detected in appreciable
quantities in the dragline silk, to which the term SpiCE (for
spider silk constituting element) has been collectively applied.
Interestingly, a considerable subset of the SpiCE sequences
also harbors a high abundance of cysteine residues, consistent
with a CRP designation. Also intriguing is that there appears to
be rather low sequence conservation among the SpiCE
variants, even for closely related species.18,19

Biomacromolecules pubs.acs.org/Biomac Perspective

https://doi.org/10.1021/acs.biomac.1c01682
Biomacromolecules 2022, 23, 1827−1840

1829

pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


To probe a possible structural role, materials made from
composite blends of recombinant dragline spidroin and SpiCE-
NMa1 (the most common SpiCE variant with an estimated
abundance of 1% in the dragline fiber based on proteomics
studies) were tested for changes in mechanical properties. The
results show that SpiCE-NMa1 contributed to an increased
tensile strength in the case of composite silk films, even at low
concentrations; in contrast, however, it imparted a negative
effect on the tensile strength of the composite silk fibers.18 As
it stands, the biological function of nonspidroin proteins in
dragline silk is still a largely unexplored topic. Apart from
acting as structural elements, roles in communication,
protection, or prey capture may be envisioned; supporting
the latter view, for instance, CRPs feature prominently as
constituents of biological toxins.38

Post-Translational Modification. Another aspect of
structural complexity that is largely ignored is post-transla-
tional modification (PTM), which generally entails the
enzymatic modification of certain amino acids after protein
biosynthesis. PTMs play an essential role in the correct folding
and function of many proteins. A foremost example in
structural proteins is proline hydroxylation in collagen; without
this PTM the procollagen strands cannot achieve their
characteristic triple-helix structure.39 Within spider silk, little
is known about the exact role and structural impact of PTMs;40

however, both MaSp1 and MaSp2 have been shown to carry
phosphorylated serine and tyrosine residues within the
repetitive region.41,42 The position and enhancement of
negative charge associated with the phosphorylation has
known impacts on formation of helical structures in other
proteins and show similar patterns in spider silk with a
molecular model of MaSp1 incorporating phosphorylate serine
and tyrosine showing increased coil formation with greater
formation of alpha helices and a reduction of the amount of 310
helices than in previous models.43

The presence of the oxidized residue dityrosine has also
been confirmed within MaSp1 and MaSp2;41,42 however, little
is yet known about its exact abundance or structural role
within spider silk. Dityrosine is known to also form in small
amounts within Tussah silk, forming cross-links in the
crystalline region.44 Although in this case dityrosine is not

thought to have any impact on the physicochemical properties
of the silk, the utility of dityrosine cross-linkage however will
likely prove to be an important tool in de novo development of
future biomaterials.45

A hydroxylayted form of tyrosine and an intermediate in the
formation of dityrosine 3,4-dihydroxyphenylalnine (DOPA)
has also been shown to be present in marine silk from caddisfly
larvae and sandcastle worms. It is utilized as an adhesive sight
used to bind dissimilar materials under aqueous condi-
tions.46−48 A further example of PTMs being necessary for
adhesion within silk can be observed in the gumfoot threads
found in Latrodectus. The glycosylation of residues within the
MA silk appears to play an important role in the adhesive
properties of gumfoot glue to the lines that form the capture
threads within these species.49 This highlights the potential of
PTMs not just for the production of manmade silks but also
for structurally intrinsic functionalization of silk with other
properties such as adhesion.
The most recent PTM to be identified in spider silk is

hydroxyproline, which has been demonstrated in both major
ampullate and flagelliform silks.50,51 The hydrogen-bonding
site added to proline through hydroxylation in the constituent
MaSp2 and Flag repetitive regions is thought to add to the
mechanoelastic properties of these fibers. This demonstrates
the importance of detailed proteomic understanding of silk,
pivotal when modeling the silk structure necessary for a holistic
understanding of silk’s structure−function relationship.
Ultimately our understanding of the silk proteome is still in

its infancy when compared to our current genomic, tran-
scriptomic, and structural knowledge. The influence PTMs
have on protein assembly and the resultant protein structure
may prove to be a pivotal factor in understanding the
structure−function relationship within spider silk. Moreover,
it may be an important consideration in the production and
functionalization of biomimetic silks with comparable material
prosperities to those of natural spider silk.45

3. STRUCTURE AND FUNCTION OF INDIVIDUAL
DOMAINS

Inside the ampullate gland, the spidroins are in a highly
solubilized state (liquid feedstock) despite its high concen-

Figure 2. Schematic representations of the spider major ampullate silk gland (left) and of MaSp spidroin polypeptide chains (right). Precursor
spidroins can maintain a soluble state for prolonged periods in the gland sac as a concentrated liquid feedstock (silk dope) despite adopting largely
intrinsically disordered conformations. During the fiber formation process, the spidroins travel down the s-shaped spinning duct, where they enter a
multidimensional state of flux. Changes encountered in the duct include a pH gradient (neutral to acidic), ion exchange (shift from chaotropic to
kosmotropic ions), dehydration, and elongational and shear forces (imparted by the progressively narrowing duct geometry); together these
produce rapid and precisely timed structural transitions in the individual spidroin domains (NTD, RDD, CTD) that somehow lead to the
formation of macroscopic silk fibers having a characteristic hierarchical organization.

Biomacromolecules pubs.acs.org/Biomac Perspective

https://doi.org/10.1021/acs.biomac.1c01682
Biomacromolecules 2022, 23, 1827−1840

1830

https://pubs.acs.org/doi/10.1021/acs.biomac.1c01682?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01682?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01682?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01682?fig=fig2&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


tration (up to 50% w/v).52 The spidroins are transformed into
insoluble fiber through the combined effects of pH and ion
gradients as well as extensional and shear forces as they migrate
down the spinning ducts53,54 (Figure 2). The pH in the gland
storage sac was found to be slightly basic (pH 7.6) and
progressively gets more acidic down the spinning duct toward
the spinnerets.53 Ion exchange is believed to occur, with
chaotropic ions (Na+, Cl−, Mg2+) predominating in the sac,
while along the spinning duct, the concentration of
kosmotropic ions (PO4

3−, SO4
2−) was found to increase.54

The changes in pH and ion compositions in the spider gland
are strongly related to the changes in the structures and
properties of dragline silk during the spinning process. Using
native and recombinant spider dragline proteins, various
studies have investigated the spinning mechanism of spider
silk formation.53,55−57 Spidroins have modular sequence
architectures, and each domain is thought to play distinct
and essential roles during silk fiber formation. Despite the
small relative size of the terminal domains, both NTD and
CTD are essential for orchestrating precise fiber assembly
under native conditions58,59 and are found to be well
conserved through evolution.60,61

The NTD exists in monomeric form at pH 7 in the presence
of 300 mM NaCl,62,63 while more acidic (pH 5.5) and lower
NaCl conditions, which resemble the conditions in the
spinning duct, promote the dimerization of NTD with an
antiparallel orientation.64 Both MaSp1 and MaSp2 NTD fold
into 5 α-helical elements connected by flexible loops.62,63,65

The dimerization of the NTD in response to changes in pH
and ionic conditions is facilitated by an array of electrostatic
interactions,62,64,66 where several conserved acidic residues
(D40, E79, E84, and E119) are thought to play critical
roles.64,66,67 Overall, dragline spidroin NTD dimerization in
response to changes in pH is a particularly complex and tightly
regulated phenomenon, which has been explored through a
wide range of experimental techniques, including biochemical
and structural investigations58,62−64,66−70 as well as computa-
tional studies.71−73

On the other hand, the CTD forms a stable dimer at neutral
pH, which in the case of MaSp1 and MaSp2 is tethered via
disulfide bonding. At low pH values (∼pH 5), on the other
hand, there is evidence for structural unfolding, which is likely
linked to a protonation event that disrupts a conserved salt
bridge interaction.53,59,74,75 A recombinant ADF4 construct
with truncated C-terminus was shown to form aggregates when
expressed in insect cells, indicating an essential role of CTD in
controlling fiber formation.76 Previous studies have shown the
CTD forms amyloid-like fibrils53 or molten globule con-
formations74 at pH 5 or below and suggest that the CTD
might function as a nucleating agent for the formation β-sheets
within the repeat domains. In addition, MaSp2 CTD in
solution was shown to undergo demixing to form liquid-like
droplets when exposed to potassium phosphate at pH 5.5 and
below.55 The molecular mechanism for the transformation of
CTD from a folded to unfolded state, including which key
residues are involved, is still unclear. Furthermore, the
underlying details of how changes in CTD structure might
trigger the β-sheet formation in the rest of the protein remains
elusive.
The exceptional strength of spider dragline silk fiber arises

from β-sheet nanocrystals which are made up mostly from the
polyalanine stretches in the MaSp repetitive sequences.77,78 In
the amorphous region, MaSp1 with its GGX motif forms

disordered PPII helix (31 helix) structure,79−81 while MaSp2
with its GPGXX motif adopts elastin-like type II β-turn
conformations.27

Prior to spinning, the repetitive regions that comprise the
majority of the dragline spidroin sequences are largely found in
a dynamically disordered state, as seen by probing the native
major ampullate gland material,82,83 while others have also
detected the presence of helical structures, particularly PPII
helices and α-helices (the latter possibly contributed by the
terminal domains).52,84 Using recombinant repetitive domain
constructs, the occurrence of random-coil and PPII helix
conformations was also confirmed.85 The PPII helix con-
formation was proposed as the prefibrillar state of the glycine-
rich region in solution since this conformation has the
capability to undergo intramolecular interactions in response
to shear forces and dehydration by forming a reverse turn.85,86

This finding is also supported by in situ observations in the
intact major ampullate glands using vibrational circular
dichroism.84,87

Unlike the terminal domains, the conformation of the
isolated repetitive domain in solution appears to be relatively
insensitive to pH changes,85 although in contrast the
conformation and dynamics are significantly affected by the
ion composition.88 Chaotropic ions (Na+, Mg2+, Cl−) prevent
intra- and intermolecular interactions, particularly in the
glycine-rich region, which is required to maintain the solubility
of spidroin. On the other hand, the increase in kosmotropic
ion concentration in the native spinning ducts promotes
hydrogen bonding in the glycine-rich regions, facilitating
interactions among polyalanine regions, thereby promoting β-
sheet formation.88 In addition, recent findings showed that the
GAA and AAG motifs flanking the polyalanine runs may also
be important for silk protein preassembly stabilization.89

4. PARADIGMS FOR SPIDER SILK FIBER
SELF-ASSEMBLY

We discuss briefly three hypotheses relating to the structural
organization of soluble silk proteins in the liquid feedstock and
the possible mechanisms for self-assembly into ordered
hierarchical fibers (Figure 3). It should be emphasized that
these hypotheses are not meant to be mutually exclusive;
rather, they represent different paradigms or frameworks that
may help make sense of the vast and sometimes seemingly
contradictory data that have been collected through various
means. Importantly for our purposes here, they might serve as
guides for designing biomimetic spinning systems and possibly
help to direct future research projects.

Liquid Crystalline Theory. Native silk feedstock has
unusual flow properties: despite the high viscosity owing to the
extremely high protein concentration, the silk dope material
readily flows as a liquid within the increasingly narrow tubes of
the spinning duct prior to conversion into insoluble fibers with
hierarchical organized features extending across multiple length
scales. The viscoelastic shear-thinning properties of the silk
dope,90 as observed in rheological experiments, is considered
to be key to its spinnability; interestingly, reconstitution of silk
dope (that is, denaturation followed by “renaturation” under
physiological conditions) leads typically to a loss of the native-
like flow properties,91 suggesting that the behavior of the
molecular constituents is governed by precise intermolecular
interactions. Such results have led to the formulation of the
liquid crystalline (LC) theory for silk assembly92−94 (Figure
3a), which in essence strives to reconcile observations of
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complex biological phenomena with theories originating from
polymer research. A predominant view is that the spidroin
chains adopt a compact “string-of-beads” configuration in the
soluble state; as the spidroins migrate through the spinning
apparatus, changes in the internal geometry of the ducts (with
the associated changes in shear stress and extensional flow)
combined with the effects of the drawdown steps facilitate a
progressive reorientation of the chains, an increase in the
number of intermolecular contacts, and the removal of bulk
water to produce the native, hierarchically structured silk fiber.
The LC framework provides powerful conceptual tools that
can inform the design of biomimetic systems for silk spinning95

with perhaps the greatest applicability to microfluidics systems
(see below). On the other hand, from a biochemical
perspective, the insights provided by the LC theory are more
limited.
Micelle Theory. The micelle hypothesis posits that the

amphiphilic patterning of amino acid residues along the silk
protein sequence leads, in response to an aqueous solvent, to
the formation of discrete oligomeric structures (termed
micelles), wherein the hydrophobic elements are sequestered
within the interior while the more hydrophilic residues are
oriented outward where they can interact with the polar
environment. The model was first proposed to account for the
behavior of fibroin protein constituents of silkworm silk (from
Bombyx mori), where spherical structures measuring 100−200
nm were observed and which could further assemble into
larger assemblies termed globules96 (Figure 3b). During
spinning, the flow and shear forces generated in the narrow
ducts are thought to promote a controlled deformation of the
globules, leading to the aligned fibrillar structure of silk. The
hypothesis has been transposed to the spider silk system, where
it has been used to describe the supramolecular arrangement of
spidroin molecules in the gland prior to the formation of the
insoluble silk fibers.96 Indeed, there is ample evidence for the
occurrence of sphere-like or globular structures within the
major ampullate gland storage and spinning apparatus,56,97 and
the presence of aligned granular or spherical nanoscale
structures within the interior of dragline silk fiber could be

interpreted to support this view.97,98 Coarse-grained computa-
tional studies have likewise predicted similar assemblies.99 On
the other hand, it is noted that the particular amphiphilic
arrangement of residues found in silkworm fibroin is not
replicated in spidroin sequences, at least in the case of dragline
spidroins.59 To recap, native MaSp sequence consists of an
extended core repetitive region with alternating polyalanine
and glycine-rich regions (the latter interspersed with mostly
polar residues); this is flanked by the small globular terminal
domains: the hydrophilic NTD and the more hydrophobic
CTD, the latter forming constitutive dimers. It is not so
obvious how such a sequence architecture could adopt the
topology of a micelle sensu stricto. Among other things, such a
model seems to require a very dense packing of the disordered
repetitive domains having hydrophobic character within the
micelle interior, a good recipe for catastrophic protein
aggregation, which is contrary to observations. A recent
study56 sought to clarify the nature of protein assemblies found
within the silk dope via NMR and cryo-TEM tomography and
demonstrated the presence of discrete, hierarchical nano-
assemblies ∼300 nm in diameter with an internal structure
consisting of flake-like subdomains that is sensitive to shear
forces. Continued investigations into supramolecular spidroin
assemblies, especially in terms of the ordered arrangement of
prefibrillar oligomeric complexes, could yield vital insights into
the mechanisms of spider silk self-assembly.89

Liquid−Liquid Phase Separation. Recent years have
seen an explosion of interest in the area of biomolecular
condensates, now recognized as a fundamental phenomenon
linked to various cellular functions including the formation of
membraneless organelles, intracellular signaling, and chromatin
organization. In response to triggers such as molecular
crowding or partner binding, certain types of proteins can
undergo demixing from the aqueous environment and form
nonstoichiometric supramolecular assemblies resembling
liquid-like droplets through a process of liquid−liquid phase
separation (LLPS). The topic also has profound biomedical
relevance as the aberrant phase separation behavior and/or
toxic deposition of mutated protein variants has been
implicated in a number of neurodegenerative disorders, as
seen for instance with FUS and TDP43 in amyotrophic lateral
sclerosis, huntingtin protein in Huntington’s disease, and tau
protein in Alzheimer’s disease.100,101

Apart from its involvement in intracellular (mal)functions,
LLPS also fulfills essential extracellular roles, for instance, in
the controlled deposition of structural proteins, where the
process is often referred to as coacervation: it underlies, for
example, the formation of elastin networks in the extracellular
matrix,102 as well as the mechanism for squid beak morpho-
genesis.103 Biopolymer phase separation is also deployed for ex
vivo structural assembly, as in the secretion of underwater
adhesives by the sandcastle worm48 or in the formation of
mussel byssal plaques.104

The ability of spidroins to undergo LLPS has been
recognized for some time. Exler et al.105 demonstrated that
eADF3 (a recombinant spidroin based on A. diadematus ADF3
spidroin consisting of 24 repetitive modules and the CTD)
underwent phase separation upon buffer exchange from highly
chaotropic conditions into dilute Tris solution with the sample
separating into high-density and low-density phases (HDP and
LDP, respectively). Addition of potassium phosphate at pH 8
to the HDP allowed it to be drawn into thin fibers, whereas
sodium chloride was found to inhibit the phase separation.

Figure 3. Three paradigms for spider silk self-assembly. Arrangement
of spidroin chains within the spider silk glands is still largely
undetermined. Concentrated protein material must somehow avoid
premature aggregation, flow as a liquid inside narrow ducts, and
rapidly convert from a disordered state into a hierarchically organized
fiber with nanoscale precision, characterized by extreme toughness.
Three models are depicted schematically: liquid crystalline (LC),
micelle, and liquid−liquid phase separation (LLPS) models.
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Another study found that eADF4(C16), a recombinant
spidroin derived from A. diadematus ADF4 comprising 16
repetitive modules, could also undergo phase separation upon
addition of potassium phosphate at >400 mM to form
solidified microspheres with a high β-sheet content.106 Despite
such early observations, LLPS has been relatively underutilized
as a paradigm to explore the self-assembly of spider silk.
A recent study55 explored phase separation of biomimetic

MaSp2 constructs in considerable detail. The exposure of
MaSp2 to multivalent anions (such as phosphate, sulfate, or
citrate), above a threshold concentration and at neutral pH, led
to phase separation into microscopic liquid-like droplets that
readily coalesced into larger structures exhibiting surface
wetting properties. The propensity for LLPS was profoundly
dependent on various factors including the concentrations of
protein and multivalent anions, temperature, pH, as well as
spidroin domain composition. On the latter point, experiments
using different domain combinations revealed LLPS to be
largely governed via the repetitive sequences and the CTD. In
the case of the repeat sequences, a higher number of tandem
repeats in the MaSp2 construct correlated with a greater
propensity for phase separation, whereas the influence of the
CTD on LLPS can partly be attributed to the fact that its
inclusion effectively doubles the protein chain length (due to
constitutive dimer formation); on the other hand, it was also
observed that CTD alone could also undergo LLPS, albeit only
at lower pH levels. Crucially, exposure to mild acidification
(typically to pH 5) combined with the LLPS conditions caused
full-domain MaSp2 (N-Repn-C) to rapidly self-assemble into
dense nanofibrillar networks. It was shown that the formation
of such networks (and, consequently, the ability to be drawn
into hierarchically structured macrofibers) required the
presence of the three functional domains on the same
polypeptide chain; thus, an equimolar mix of N-Repn and
Repn-C failed completely to produce any nanofibrilllar
structures. Native major ampullate silk gland material was
also shown to undergo LLPS under the same conditions as the
recombinant MaSp2, although the resulting condensates were
comparatively smaller and exhibited a less spherical morphol-
ogy, suggesting a greater tendency to undergo a liquid-to-solid
transition.
Other studies confirm the facility of spidroins for LLPS and

from there transition into more solid-like fibrillar structures. A
hybrid construct consisting of ADF3 repetitive domains
flanked on either end by a cellulose binding module (CBM)
from the bacterium Clostridium thermocellum was shown to
undergo phase separation at high protein concentrations into
reversible liquid-like droplets.107 The addition of potassium
phosphate generated more solid-like spherical structures,
which could be drawn into thin fibers that exhibited surface
adhesion and self-fusing properties, indicating that the fibers
retained some dynamic characteristics. A follow-up study
explored the influence of different kosmotropic salts on CBM-
ADF3-CBM phase separation and analyzed their findings in
light of classical nucleation theory for initiation of phase
separation.108

An analysis of dragline silk protein repetitive sequences
shows intriguing parallels with the more established protein
sequences associated with LLPS. The emerging consensus is
that liquid condensate-forming proteins tend to be structurally
disordered (i.e., intrinsically disordered proteins or regions)
with sequences that often feature repetitive arrays of amino
acid motifs. There is typically a low overall sequence

complexity with an enrichment for residues such as Gly, Ser,
Tyr, and Gln, which incidentally resembles the composition of
the MaSp1/2 Gly-rich regions. The liquid-like behavior of the
condensates has been linked to the multivalent architecture of
the protein sequences, which enables the formation of a dense
and dynamically shifting network of weak intermolecular
interactions, as conceptualized, for instance, in the so-called
“stickers-and-spacers” model109−111 (Figure 3c).
Further investigations into spider silk proteins through the

prism of biomolecular condensates, with its theoretical
underpinnings and associated experimental approaches, could
yield new insights regarding mechanisms of self-assembly and
lead to advances in biomimetic methods of fiber spinning.

5. BIOMIMETIC STRATEGIES
Spurred by the promise of manufacturing ultra-high-perform-
ance biobased fibers, there have been various attempts over the
years to create artificial spider silk fibers based on recombinant
spidroins. The most widely used methods employ variations on
the following: purified recombinant spidroins are solubilized in
an organic solvent (typically hexafluoroisopropanol) to
produce concentrated silk dope, which is then subjected to
fiber spinning. In the case of wet spinning, the liquid dope is
extruded through a spinneret into a coagulation bath (e.g.,
isopropanol) that induces its rapid solidification and then
reeled into continuous fibers. This can be combined with
postprocessing steps, such as postdrawing or heating, which
help to induce the formation of β-sheet cross-links, the main
determinant of silk fiber strength. Such conventional methods
are advantageous from the standpoint of scalability and
importantly can readily circumvent problems associated with
solubilization of large, disordered protein chains in aqueous
media. A comparison of the mechanical properties that can be
achieved through recombinant spidroin spinning under
denaturing conditions can be found in recent reviews.3,112

In recent years, the concept of “biomimetic spider silk” has
steadily gained prominence. The basic idea is that in order to
produce artificial spider silk that is “just like the real thing”, it
would be necessary to emulate the complexity of the in vivo
system as closely as possible, in terms of both the protein
components used as well as the processing steps toward silk
fiber formation.5,93,113

There are several reasons why the development of
biomimetic spider silk platforms would be desirable. Firstly,
from a purely scientific standpoint, such recombinant platforms
would serve as valuable models with which to investigate the
biochemistry and structural biology of native spider silks using
well-defined sequences and under strictly controlled con-
ditions. This is especially relevant since the native spidroin
dope is only found in minute quantities in the silk glands and is
moreover highly prone to undergo non-native structural
changes or aggregation during extraction. Second, it might
be that the extraordinary mechanical properties of native spider
silk fiber can only be replicated when the spidroin components
encounter the appropriate physiochemical self-assembly
triggers. As we have seen, each spidroin domain employs
sophisticated mechanisms, dependent on the natively folded
protein structure, to ensure the finely tuned sensing of
environmental changes and the corresponding conformational
changes in the correct spatiotemporal sequence. Such
responses are not possible under the denaturing conditions
employed in conventional spinning methods and are likely
required to achieve the hierarchical structural organization of
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the silk fibers across multiple length scales (e.g., the formation
of aligned nanofibrillar structures within the fiber). Supporting
this view are some recent advances in the mechanical
performance of recombinant spider silk fibers produced using
only mild biomimetic strategies.3,112 There is equally the
pressing issue of sustainability: across research disciplines,
there is a growing realization of the value of transitioning from
environmentally harmful manufacturing processes (in the case
of silk science, exemplified by a reliance on organic solvents or
alcohol treatments during fiber spinning) toward more
sustainable or environmentally benign alternatives. If we can
manage to make artificial spider silk under benign conditions
and with qualities that surpass those achieved under the more
conventional techniques, it would be a win−win situation.
Here, a major consideration is the sequence of the

recombinant spidroins to be used. Strictly speaking, to be
considered biomimetic, a recombinant spidroin construct must
contain all three functional domains (NTD, repetitive regions,
CTD) with each adopting a native-like fold. An obvious reason
for this is that, as discussed previously, each domain fulfills a
distinct and essential role during fiber self-assembly (for
instance, the precise dimerization pathway of the NTD in
response to acidification) without which fiber formation
cannot properly occur under native-like conditions. In
addition, the terminal domains have been shown to greatly
aid in the maintenance of solubility and to counteract the
tendency of the extended repetitive regions, largely disordered
in solution, to undergo aggregation or fibrillization.5 Indeed,
studies that use recombinant spidroin constructs consisting of
repetitive regions and either missing or incomplete terminal
domains have noted difficulties in maintaining solubility in
aqueous buffers114,115 or a tendency for premature fiber
formation at neutral pH,116,117 which normally requires
acidification. A number of recent studies employed complete
or “full-domain” spidroin constructs.55,118−122 Often, the
different domain components are mix-and-matched from
different spider species and/or spidroin types, presumably to
achieve optimal protein yield or solubility; this is probably a
valid strategy provided that the exchanged domains (say, the
CTD) function in a similar manner. Regarding the repetitive
regions, the use of a larger number of tandem repeats is likely
to be advantageous,55,118,123,124 as this correlates to higher β-
sheet composition in the resultant fibers and more native-like
mechanical performance, although the manipulation of long
repetitive DNA sequences during cloning and the maintenance
of solubility in the large recombinant proteins under native
conditions can pose major challenges.
It would then be predicted that recombinant spidroins that

harbor the full set of domains would behave more similarly to
native spidroins under physiological conditions compared to
when partial sequences are used. Indeed this is seen, for
instance, in the NT2RepCT construct based on E. australis
MaSp1, which was amenable to concentration to very high
levels in aqueous buffer at pH 8 (>500 mg/mL) without
undergoing aggregation and displayed native-like viscoelastic
rheological properties, characteristics not usually shared by
partial constructs.95,119 The importance of full domain
inclusion is also well demonstrated in a study based on
recombinant T. clavipes MaSp1, where atomic force micros-
copy showed the assembly of uniform fibril-like nanostructures
as prefibrillar structures in the case of full-domain N16C
protein, which were not observed in samples with only partial
domain composition and which correlate with differences in

the secondary structure, microfibrillar arrangement, and
mechanical properties in the corresponding spun fibers.122

Our group recently published a study aimed to establish a
biomimetic system based on MaSp2 from T. clavipes.55 The
results showed how each domain plays distinct roles in
response to external cues (NTD, pH responsiveness; repetitive
regions and CTD, phosphate-triggered LLPS) and, crucially,
how the different domains cooperate in the full-domain
constructs to enable rapid self-assembly into hierarchical
structures. In this way, full-domain N-R12-C MaSp2 in
solution, when subjected to a combination of phase separation,
mild acidification, and pultrusion,125 could readily be
converted into macroscopic fibers with a hierarchical
architecture consisting of bundled nanofibrils oriented along
the longitudinal axis and with the emergence of β-sheet
conformations induced by the application of mechanical stress
on the nascent fibers.
In terms of methods for spinning recombinant dragline

spidroins into continuous fibers, the Scheibel group developed
a partially biomimetic system whereby a liquid feedstock
consisting of the protein solubilized in aqueous buffer is
subjected to wet spinning under denaturing conditions. The
recombinant spidroins are usually purified under denaturing
conditions, subjected to renaturation under more physiological
conditions (using either the “classical” or the “biomimetic”
spinning dope regimes) and then extruded in an isopropanol/
water bath and reeled into continuous fibers. Using chimeric
constructs based on ADF3, Heidebrecht et al.126 showed that
full-domain constructs (12 or 24 tandem repeats flanked by
NTD and CTD) treated this way and subjected to
poststretching could yield homogeneous fibers with high
extensibility with toughness values that approximate that of
native dragline fiber. A similar approach was used for a
chimeric construct based on the short MaSp1s sequence from
Cyrtophora moluccensis, which yielded fibers having comparable
properties, despite the low molecular weight of the constituent
protein.127

On the other hand, a more rigorous system (from the
viewpoint of biomimicry) was presented by Andersson et
al.,119 who used constructs based on E. australis MaSp1
consisting of two repeats flanked by the NTD and CTD
(NT2RepCT). Highly concentrated protein solution in
aqueous buffer could be processed into continuous fibers by
extrusion into an aqueous acidic bath (e.g., 0.5 M sodium
acetate buffer, pH 5, 200 mM NaCl). FTIR experiments
showed a transition from disordered and α-helical conforma-
tions in the soluble state into structures with high β-sheet
abundance (estimated at 60%) upon fiber formation.
Interestingly, the β-sheet content of the fibers appeared to
vary relative to humidity, which was thought to reflect a low
level of fiber crystallinity, as a consequence of the short length
of the repeat domain.128 A recent report showed that the
system is compatible with high-throughput production,
yielding fibers with reproducible toughness values of ∼74
MJ/m3.129

Another interesting development is the application of the
method termed straining flow spinning (SFS) toward
biomimetic silk assembly. SFS involves a coaxial flow system
whereby silk dope and a focusing fluid are induced to flow at
different rates before encountering a collection bath where final
fiber solidification takes place.130 In this way, different
physiochemical parameters could, at least theoretically, be
fine tuned, such as pH, ions, and shear forces, in order to more
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closely replicate the gradual changes found in the natural silk
spinning system. Using such a system, NT2RepCT was
subjected to 26 different spinning conditions, producing fibers
exhibiting a wide range of mechanical properties, demonstrat-
ing the crucial importance of spinning parameters.131

Microfluidics: Current Trends and Next Challenges.
Among the emerging techniques for artificial spider silk
assembly, microfluidics promises to provide the closest
equivalent to biomimetic conditions: the laminar flow can be
designed to precisely control the ionic and pH gradient along
the channel, while the elongation flow can be modulated by
changing the channel width (Figure 4). Conceptually, what
sets microfluidic methods apart from other silk spinning
methods is the potential for fine control of the shear forces
experienced by the silk protein chains in the narrow channels,
which is well known to play a pivotal role in native silk fiber
assembly and particularly on the formation of nanocrystalline
structures responsible for imparting high tensile strength. Here,
however, questions remain regarding the critical shear values
necessary for native silk assembly, considerations that are of
vital importance in the development of biomimetic micro-
fluidic spinning devices. Although several studies have reported
estimates of the shear values, the results have varied widely,
perhaps reflecting the different boundary conditions employed
in the computational approaches. For silkworm silk gland, the
critical shear rate was modeled at around 1−10 s−1,132,133 while
for the spider gland much higher values were predicted, e.g.,
1500134 and 2500 s−1.135 Below, we discuss a number of
studies that have used microfluidics techniques toward silk
fiber spinning, demonstrating the wide variety of possible
approaches.

In a pioneering study, recombinant dragline silk proteins
eADF3 and eADF4 were prepared for observation and
identification of essential parameters involved in the natural
silk assembly.57 In addition to the flexible regulation of ionic
and pH conditions inside the channels, a microfluidic chip
could be also designed with various modules to mimic the
shear and elongation flow (Figure 4a).
A microfluidics device with a tiered internal design was

presented that prevents silk dope from adhering to the walls
and maximizes the interface between solutions (Figure 4b).
Through the combination of modeling and experiment, it
became feasible to predict and tune the properties (such as the
Young’s modulus and diameter) of the final fibers made from
regenerated silk fibroin (RSF) and provides a promising
platform to investigate the sequence−structure−property
relationship for better mimicking the natural silks.136

In the spider spinning apparatus, secreted lubricants
presumably help to ensure the smooth flow of silk dope
during fiber assembly. Inspired by this, a microfluidics setup
that features the laminar flow of an oil-based mobile phase in
parallel with silk dope was presented (Figure 4d). Recombi-
nant spidroin solution and the oil were injected into the
microfluidic chip via separate channels using positive pressure,
allowing the formation of silk fibers within microseconds.137

A microfluidic channel with a geometry based on a single-
stage exponential function, mimicking the shear and elongation
found in natural systems, was designed with the aim of
obtaining tough silk fibers (Figure 4c). Concentrated RSF at
pH 4.8 and with 0.3 M Ca2+ was injected into the microchip,
allowing the fibers to be directly pulled out from the outlet and
then reeling in air. Like in native spinning, the fiber could be

Figure 4.Microfluidic designs for silk spinning. Microfluidic devices can provide multiple fluid inlets and customized geometries that can mimic the
natural spider silk spinning system. Shown are some examples. (a) Design that incorporates laminar mixing and elongational flow, used to produce
recombinant ADF3 fibers by coupling pH gradient, salting out, and elongational flow. (b) Design featuring a multilayer layout with three inlets that
can induce hydrodynamic focusing of regenerated silk fibroin material. (c) Device designed to mimic the native shear and elongation conditions of
silk glands, allowing direct dry spinning of regenerated silk fibroin. (d) Design with dual laminar flow of recombinant spidroin solution and oil that
could produce fibers at the interface. (e) Device with two inlets used to generate fibers from recombinant TuSp1 (eggcase spidroin), upstream of
an alcohol coagulation bath. (f) 3D-geometry structure designed using the DLW technique, enabling side-by-side extrusion of dual silk fibers. Panel
a reprinted with permission from ref 57. Copyright 2008 National Academy of Sciences, U.S.A. Panel b reprinted with permission from ref 136.
Copyright 2011 American Chemical Society. Panel c reprinted with permission from ref 138. Copyright 2014 Elsevier. Panel d reprinted with
permission from ref 137. Copyright 2014 Elsevier. Panel e reprinted with permission from ref 140. Copyright 2018 American Chemical Society.
Panel f reprinted with permission from ref 142. Copyright 2021 John Wiley and Sons Ltd.
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dehydrated in air without using a coagulation bath for
solidification.138 Using recombinant MaSp1 repetitive do-
mains, a similar microfluidic device was used upstream of a
70% ethanol coagulation bath followed by continuous postspin
drawing on air to produce continuous fibers with a tensile
strength of 286.2 ± 137.7 MPa.139 More recently, the same
group used a similar device for microfluidic wet spinning in
90% ethanol at pH 7.4 or 5.0 followed by poststretching in
80% ethanol to generate fibers from recombinant MaSp1
including full-domain constructs. Interestingly, the results show
the fibers having a microfibrillar structure and secondary
structure and mechanical properties that correlate with the
protein domain composition.122

Another microfluidic wet-spinning system was recently
reported, where spinning dopes composed of combinations
of ADF3 and ADF4 were pumped simultaneously with two
streams of 30 mM phosphate buffer, pH 8, into a coagulation
consisting of 0.5−1 M potassium phosphate buffer at pH 6
followed by alcohol-based poststretching and post-treat-
ment.121

A different system with a core−sheath flow design was
reported that used recombinant eggcase silk protein dissolved
in HFIP as the spinning dope and alcoholic solvent to trigger
phase separation. The method could generate different
structures ranging from spheres to fibers by modulating the
protein concentration and relative flow rate ratio of the
microfluidic fluids (Figure 4e).140

Another study sought to optimize the performance of
microfluidics devices for silk fiber formation and proposed a
model having a coaxial structure to generate shear rates up to
473 s−1. The fiber diameter could be predicted computation-
ally based on the function of flow rates and the shear force, and
the device was used experimentally to produce fibers with 3%
PEG as the dehydration agent. It is interesting to find that the
shear stress generated by the chip was still several orders of
magnitude lower than that in the silkworm gland, which may
be one significant reason for the low crystallization in most
artificial silk fibers.141

In addition, a recent study describes a technique called in-
chip direct laser writing (DLW), which marks an advance over
conventional methods to achieve coaxial flow (mainly done
through manual integration of a glass capillary to a PDMS
channel), and has been used to manufacture various designs of
spinnerets within the channel, an example of which is shown in
Figure 4f.142

As illustrated here, considerable progress has been achieved
in recent years regarding the development of microfluidics
approaches to the production of biomimetic silk fibers.
However, there are still major challenges to be made, such
as (a) how to replicate the design of in vivo spinning systems,
including the fabrication long, narrow microfluidic channels
with a circular cross section that would to allow the silk protein
dope to flow and gradually complete the phase separation
without aggregation, (b) how to design the microfluidic chip
such that the various chemical triggers are introduced in the
correct spatiotemporal order, and (c) how to integrate the
different stages of the process to enable the continuous
production of biomimetic fibers over extended times, etc.

6. CONCLUSION
As recent reports suggest and as we hope this review illustrates,
we are still far from having a complete grasp of the true
complexity of spider dragline silk. Future studies should

continue to shed light on the details concerning the
interactions among the different biomolecular components of
spider silk and in doing so allow scientists to better mimic the
unique properties of the natural fiber using artificial methods.
Such developments would pave the way for the creation of new
and exciting materials with high-performance capabilities while
minimizing the negative environmental impact.
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