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Abstract

Silk fibers have been used by humans for millennia to create textiles and have recently gained the attention of scientists due
to their unsurpassed mechanical properties. These properties arise from a sophisticated process by which the starting
material, a liquid feedstock consisting of high-molecular-weight silk proteins, is rapidly converted within silk glands into
solid fibers with a multi-scale hierarchical structure that is responsible for the material’s incredible robustness. Recently,
liquid-liquid phase separation (LLPS) has emerged as a powerful framework for understanding the self-assembly behavior of
silk proteins. Interestingly, LLPS-associated proteins typically exhibit disordered or dynamic conformations and have
sequences rich in low-complexity multivalent repeats, reminiscent of silk protein sequences. In this review, we explore the
evidence indicating that LLPS is a major aspect of silk fiber storage and assembly in both lepidopteran and spider systems.
We discuss insights derived from comparative analyses of amino acid sequences, specific chemical triggers, and potential
chemical interactions and contextualize the results from recent empirical investigations based on native and recombinant silk
materials. We also discuss how LLPS mechanisms might be applied to the sustainable production of silk-like materials that
replicate native hierarchical structures. Finally, we outline important areas for future investigations and speculate on how
findings from the field of silk research may help illuminate the more general field of biomolecular condensates.

Introduction fields. Due to silk fibers’ superior properties, researchers

have been exploring ways to produce them on a large scale

Silks are protein-based, externally acting fibers produced by
arthropods as a means for their survival [1]. Silks have been
extensively utilized in textile production for decades and
have more recently been recognized as outstanding mate-
rials that possess remarkable mechanical properties, such as
high tensile strength, extensibility, and toughness, surpass-
ing those of many man-made materials [2-5]. The
mechanical properties of silk, along with its lightweight
nature, biocompatibility [6], and biodegradability [7], have
made it an attractive material for applications in the bio-
medical [8-10], materials, automotive [11], and defense
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and modify their performance.

The main structural components of silk are large pro-
teins, termed fibroins in silkworm silk and spidroins in
spider silk, that are characterized by repetitive sequence
motifs that drive self-assembly and ultimately confer
remarkable mechanical properties. Inside the silk gland,
these proteins exist as a highly concentrated liquid pre-
cursor, or silk dope, that is ready to be transformed into
insoluble fiber upon processing though the spinning duct
apparatus [12]. Studies have shown that various factors such
as pH [13], ion concentrations [14, 15], and shear forces
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[16] help drive the transition of soluble silk protein into
insoluble fiber. Therefore, attempts to replicate the physi-
cochemical changes/gradients encountered by these proteins
in the natural spinning process in order to produce native-
like artificial silk fibers, known as biomimetic methods,
have recently gained attention [17, 18].

The organization of silk proteins in the prefibrillar soluble
state has been mainly viewed through three paradigms: the
micelle, liquid crystalline, and liquid-liquid phase separation
(LLPS) concepts. The micelle hypothesis proposes that silk
proteins in solution assemble into discrete micellar structures,
driven by thermodynamic interactions between their amphi-
philic sequences and the aqueous environment. In this model,
hydrophobic residues, primarily from repetitive domains,
form a core, while hydrophilic terminal domains create a
surrounding shell [19]. Observations of globular structures in
silk materials may be evidence for the existence of micelles
[20, 21]. On the other hand, the liquid crystalline theory
proposes that during the spinning process, silk proteins adopt
fluid yet compact and oriented conformations, consistent with
a beads-on-a-string arrangement [22, 23]. Liquid crystallinity
is thought to be crucial to the spinnability of silk dope,
imparting reduced viscosity and realizing pre-arrangement of
the structural elements, which enables controlled deformation
and the formation of aligned fibrillar structures upon expo-
sure to shear forces and flow. Recently, LLPS, or coacerva-
tion, as described below, has emerged as an alternative
framework to understand the self-assembly behavior of silk
proteins. It is important to note that despite their differences,
the three hypotheses are not mutually exclusive, but are rather
different prisms through which to conceptualize the highly
complex and dynamic phenomenon of silk assembly. Nota-
bly, some recent reports suggest more highly orchestrated
mechanisms of self-assembly. For instance, Landreh et al.
suggested a hybrid assembly pathway for spider silk that
incorporates elements of the LLPS and liquid-crystalline
models that are mediated by different repetitive sequence
features, termed liquid-liquid crystalline phase separation
[24]. Additionally, Moreno-Tortolero et al. proposed that in
Bombyx mori fibroin, higher-order intermediates form via
stacking of N-terminal domains in response to biophysical
changes in the spinning apparatus, leading to characteristic
assemblies that initiate fiber formation [25].

LLPS is a spontaneous physiological process in which a
homogeneous solution is separated due to a density transi-
tion and solvent release above a saturation concentration,
resulting in two coexisting phases: a dilute phase and a
dense phase [26, 27]. Inside cells, LLPS can compartmen-
talize proteins and nucleic acids into micron-scale mem-
braneless organelles (or biomolecular condensates) that
exhibit liquid characteristics; such condensates can further
transform into materials with different states, ranging from
viscous liquids and gels to solid aggregates [28-30].
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Membraneless organelles possess different physiochemical
properties and play a vital role in various cellular processes,
including transcription, genome organization, and immune
response. Furthermore, LLPS has been implicated in several
pathologies of protein aggregation [31], in which liquid
droplets formed from soluble proteins like TDP-43 and FUS
irreversibly transition into fibrillar deposits, leading to
neurodegenerative diseases.

LLPS is a product of electrochemical gradient forces
within cells and is promoted by multivalent interactions
[29, 32, 33]. These interactions are influenced by the spatial
arrangement of molecules in droplets. As such, LLPS is
highly sensitive to pH, temperature, RNA, salt concentra-
tions, and post-translational modifications [34-37]. Many of
the biomolecular condensates formed through LLPS are rich
in intrinsically disordered proteins (IDPs), especially those
featuring low sequence complexity and repetitive modules
[38]. These arrangements generate numerous weak and
transient interactions among the protein chains, resulting in
de-mixing into concentrated liquid droplets while avoiding
structural collapse or aggregation [36, 39, 40]. In addition to
IDPs, structured proteins can also undergo LLPS, especially
when they contain tandem repeats of interaction modules,
such as multivalent SH3 domains and proline-rich motifs
(PRMs) [33].

Similarly, silk proteins exhibit largely disordered con-
formations in solution and have sequences composed of
low-complexity multivalent repetitive motifs; in this regard,
silk proteins fit the general pattern of LLPS-associated
proteins. While early observations revealed phase separa-
tion in dragline silk proteins [41], the first systematic ana-
lysis of the subject was reported by Malay et al. (2020) [42],
who identified the conditions driving LLPS in recombi-
nantly produced MaSp2 dragline spidroin and proposed the
central role of LLPS in fiber self-assembly. Additional
studies have added considerably to our understanding of
these complex phenomena; however, many details have yet
to be elucidated. This review will focus on the research
progress made on the self-assembly of spider and silkworm
silk fibers, particularly work related to the LLPS theory,
including sequence and mechanistic considerations and
future research perspectives.

Sequence analysis

The sequence-structure-function relationships of silk pro-
teins have been explored, primarily in the context of fiber
mechanics. However, less attention has been given to how
these proteins navigate drastic changes in physical and
chemical environments—such as extracellular secretion,
storage as a concentrated liquid feedstock, and self-
assembly in the spinning ducts—prior to the formation of
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Fig. 1 Analysis of silk protein sequences. Representative full-length
spidroin sequences from the orb weaver spider Araneus ventricosus
(MaSpl, MaSp2, MaSp3, MiSp, and FISp) and silkmoth heavy-chain
fibroins (Fib-H) from Bombyx mori and Antheraea pernyi. A Overall
architecture of the silk proteins, with the relevant domains indicated.

solid fibers. It is likely that silk protein sequences have
evolved to balance the competing effects of these transi-
tional states, rather than solely to optimize the mechanical
performance of the fibers. In this context, native silk
sequences may be adapted for LLPS-driven self-assembly;
however, the underlying molecular determinants remain to
be fully elucidated.

We will consider silk protein sequences that are domi-
nated by low-complexity, repetitive regions, including
silkworm heavy-chain fibroin (Fib-H) [43, 44] and the
spidroin components of major ampullate (dragline) silk
(MaSp), minor ampullate silk (MiSp), and flagelliform silk
(FISp) [45]. These proteins have a common overall archi-
tecture, consisting of an extended repetitive region with low
sequence complexity that is flanked by N- and C-terminal
domains (NTD and CTD, respectively) with more complex
sequences (Fig. 1a). Despite being independently derived in
spiders and silkworms, the terminal domains play crucial
roles in orchestrating fiber self-assembly and fulfill parallel
biochemical functions in a remarkable case of convergent
evolution (Table 1; see section below) [46]. However, in
addition to being critically influenced by the terminal

meys

Separation between Tyr residues

B Amino acid composition of the core repetitive sequences. C Violin
plot illustrating the distribution of Tyr residues (the putative associa-
tive units during LLPS), represented as the distance (in number of
residues) between successive Tyr units along the repetitive sequences

domains, the properties of the fiber materials are largely
determined by the repetitive regions.

In a simplified schema, silk fibers have a semi-crystalline
organization consisting of crystalline (hard) and semi-
amorphous (soft) regions, with the former providing
mechanical strength through interchain crosslinking and the
latter providing elasticity upon deformation [43, 47-49].
For MaSp and MiSp spidroins, the crystalline crosslinks are
provided by poly-alanine blocks that form stacked p-sheets
within the fibers, with a remarkably similar design to that
found in wild silkmoth fibroins, e.g., Antheraea pernyi
(Table 1). For FISp (at least in Araneus ventricosus),
crosslinking is provided by 9-residue blocks enriched in
hydrophobic Val residues [50]. In contrast, for B. mori Fib-
H, Gly-Ala repeats that form interlocking interchain struc-
tures constitute the crystalline component [51].

All of the above silk repetitive sequences present a pro-
nounced compositional bias (Fig. 1b). Notably, the 4 smallest
amino acids—GQGly, Ala, Ser, and Pro (GASP)—account for a
large majority of residues, ranging from 76-89% (Table 1);
interestingly, these same 4 residues, along with Gln, are
generally similarly overrepresented among LLPS-associated
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proteins [52, 53]. The high prevalence of these 4 residues
likely enables the intrinsically disordered chains inside the silk
glands to adopt dynamic, rapidly shifting conformations
despite the intense molecular crowding and otherwise pre-
venting their catastrophic aggregation (especially considering
the presence of potential crosslinking sites in such confined
spaces). These effects are well documented for Gly, which
contributes maximum conformational flexibility, and Pro,
whose unique backbone topology prevents a collapse into
rigid secondary structures [54-56]. The high abundance of
Ala is primarily associated with the B-sheet forming poly-Ala
or Gly-Ala repeats. Interestingly, despite its relatively low
B-sheet propensity [57] and suboptimal contribution to
mechanical strength [58], Ala might be preferred for such fiber
crosslinking functions due to the evolutionary need to main-
tain balance between the stabilization of fiber crosslinks and
maintenance of conformational dynamics in the prefibrillar
solution state. The polar Ser residues are likely needed to
enhance the solubility of silk proteins in the silk dope through
hydrogen bonding with water molecules. We speculate that
GASP residues provide the underlying flexible “backbone”, or
scaffold, of protein chains in solution, while the other, bulkier
residues provide additional functionality relevant to self-
assembly and the modulation of specific interactions.

While silk proteins share similarities in repetitive
sequence composition, they also exhibit key differences
[59, 60]. MaSp2 is enriched in Pro and GIn-Gln motifs,
where Pro, which is also prevalent in FISp, contributes to -
turn flexibility and dragline silk supercontraction [61-63].
MaSp3 has an abundance of charged residues (Arg and
Asp) substituting for the Gln found in MaSpl and MaSp2.
MiSp is notably hydrophobic due to abundant Ala in poly-
Ala and Gly-Ala motifs. Among silkworm fibroins, B. mori
Fib-H consists primarily of repeating GAGAG(S/Y)
sequences, interrupted only by 25-residue mini-domains,
while A. pernyi Fib-H has an exceptionally high Ala content
(45%) due to extended poly-Ala runs (13 residues on
average), enhancing hydrophobicity.

It is useful to consider the repetitive sequences of silk
proteins in the context of the prevailing ‘“stickers-and-
spacers” paradigm (Fig. 2a, b) that describes how proteins
achieve LLPS by balancing associative interactions (stickers)
and flexible linkers (spacers) [32, 64]. Specific amino acids or
motifs act as stickers that govern transient, multivalent
interactions while spacers are more flexible regions that
provide conformational flexibility and prevent uncontrolled
aggregation, enabling the formation of liquid-like con-
densates [65]. While typically involving IDPs, folded
domains can also act as stickers that interact with repeats of
linear motifs via multivalent interactions, while the disordered
linkers that connect these domains act as spacers [65].

Aromatic residues are thought to play a key role as
stickers driving LLPS via - stacking interactions [32]. Tyr

is the predominant aromatic residue in silk proteins and is
present in all repetitive domains, with an abundance ranging
from 3.4-6.9% (Table 1). In addition to their overall
abundance, the spatial distribution of Tyr residues is crucial
for modulating phase behavior, as uniform spacing helps
balance LLPS and unregulated aggregation [66]. An ana-
lysis of silk protein sequences (Fig. 1c) reveals a non-
clustered yet non-uniform Tyr distribution, which may
reflect the need to accommodate crosslinking motifs like
poly-Ala within LLPS-prone sequences. In addition to
aromatics, charged, polar, and hydrophobic residues can
also function as stickers [32, 67]. This may explain
observed differences in the LLPS response: recombinant
MaSpl, despite having a slightly lower Tyr content than an
equivalent MaSp2 construct (3 vs. 3.5% of the repetitive
domain), exhibited a greater LLPS propensity in response to
potassium phosphate [61]. This difference may be attributed
to presence of Arg (3%) in the MaSp1 construct, as Arg can
enhance LLPS via m-cation interactions with Tyr [32].
Furthermore, the presence of Leu in the MaSpl sequence
(6.1%) may promote hydrophobic clustering, reducing
solubility and driving phase separation (Fig. 2b).

Figure 2c compares the sequence compositions of the
repetitive regions of the silk proteins MaSp1 and Fib-H with
those of well-established phase-separating proteins involved
in biomolecular condensate formation. Within cells, pro-
teins such as FUS, LAF-1, and hnRNPA1 undergo liquid-
liquid phase separation (LLPS) to form membraneless
organelles with essential biological roles. The phase
separation of these proteins is mediated by intrinsically
disordered sequences, and in certain cases—such as FUS
and hnRNPA 1—dysregulated phase separation can lead to
pathological aggregation associated with neurodegenerative
diseases. An analysis demonstrates that diverse sequence
compositions can support LLPS and also reveals some
distinct trends. Silk proteins exhibit a relatively low
sequence complexity, characterized by exceptionally high
abundances of glycine (approaching 50%) and aliphatic
residues, primarily alanine, as discussed above. In contrast,
intracellular phase-separating proteins tend to be enriched in
hydrophilic polar and charged residues. These differences
highlight the varied molecular strategies that are used to
achieve LLPS, emphasizing the significance of biological
and functional context in determining phase behavior.

Conserved nature of silk gland morphology
and function

Despite the sequence diversity among different silk pro-
teins, silk glands tend to have a consistent design and
similar overall functionality (Fig. 3). This is remarkable
considering that spider and moth silk spinning systems have

SPRINGER NATURE
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Fig. 2 Overview of silk protein LLPS. A Schematic representation of
potential molecular interactions governing LLPS of silk proteins in the
prefibrillar state. In solution, high-molecular-weight silk proteins adopt
dynamic and largely disordered conformations. The ability of poly-
meric silk proteins to remain in solution and avoid aggregation, even at
very high concentrations, depends on their having evolved optimized
sequences. The stickers-and-spacers model of LLPS predicts the
existence of sticker motifs, which provide transient and weakly asso-
ciative interactions, interspersed among more conformationally

aliphatic polar

independent evolutionary origins [46, 62, 63, 68]. In gen-
eral, the gland consists of a storage compartment or sac,
which contains the prefibrillar material, and a spinning duct
with a narrowing geometry, where the prefibrillar material is
assembled into fibrillar structures before being pulled out
via a spinneret as solid fibers in the exterior of the organism
[22]. Silk proteins (and other silk-associated proteins) are
synthesized and secreted into the gland lumen via sur-
rounding epithelial cells, where they are often deposited in
distinct layers [69]. The morphology of the silk gland
directly impacts the fiber formation process; in particular,
the spinning ducts regulate finely tuned interactions
between pH gradients, ion shifts, and shear forces to tightly
regulate LLPS, nanofibril formation, and shear-induced
chain alignment to promote the creation of hierarchically

SPRINGER NATURE
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dynamic spacer regions. In addition, silk protein repeat domains fea-
ture segments that will constitute the more strongly associative
assemblies (crosslinks) in the spun fibers. B Potential sticker types in
silk protein sequences, showing representative residues. C Analysis of
the residue composition of well-characterized proteins involved in the
formation of biomolecular condensates and representative silk proteins
(repetitive regions of MaSpl from A. ventricosus and Fib-H from B.
mori), demonstrating the diversity of sequences associated with LLPS

organized fibers (which can be regarded as a controlled
aggregation process) while avoiding uncontrolled or pre-
mature aggregation of the densely packed protein chains in
the silk dope material.

pH changes constitute a major aspect of silk spinning
[70] and are achieved through carbonic anhydrase activity
in both spiders and silkworms. In the spider major ampul-
late gland, the pH gradient ranges from 7.6 in the secretory
(or tail) region to 5.7 or lower near the distal end of the
spinning duct [69], while in B. mori, this acidification
gradient has been reported to range from pH 8.2-6.2 [71].
While relatively subtle, these changes in pH cause major
changes in silk protein conformation, particularly by trig-
gering intermolecular dimerization of spidroins via the NTD
[13, 72]. In contrast, in B. mori, fibroin acidification
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Fig. 3 Morphology of spider silk
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converts a disordered NTD into dimeric -sheet structures
that undergo higher-order stacking [73]. The pH decrease
also induces a structural change in the CTD of spidroin,
which might trigger the propagation of f-sheets in the
nascent fibers [74].

Ion gradients are another crucial function imparted by the
silk spinning apparatus. The spider major ampullate gland
(Fig. 3a) presents a distinct (yet non-quantitative) shift from
a chaotropic ion to kosmotropic ion composition [14], with
a progressive decrease in sodium and chlorine levels along
the direction from the sac toward the spinning duct,
accompanied by an increase in the levels of potassium,
phosphorus, and sulfur (the latter two presumably repre-
senting phosphate and sulfate anions, respectively). The
high level of NaCl in the sac is thought to prevent premature
protein-protein interactions, thus helping to maintain the
solubility of silk proteins prior to spinning [72, 75, 76].
Notably, exposure of recombinant MaSpl and MaSp2
proteins to phosphate (or other kosmotropic anions) at
concentrations beyond a critical threshold has been shown
to efficiently trigger LLPS [42, 61, 77], as detailed below. It
is worth noting that to date, only the ion composition in
major ampullate glands has been elucidated [14]. While ion
gradients are likely conserved across different types of
spider silk glands, their specific compositions may vary to
accommodate the distinct properties of each silk type.

In B. mori, silk fiber assembly is guided by metal ion
gradients along the silk gland. The gland consists of three
regions (Fig. 3b): the posterior silk gland (PSG), where
fibroins are secreted and stabilized by high metal ion con-
centrations to prevent premature fibrillation [78]; the middle
silk gland (MSG), where the silk feedstock is stored, sericin
is produced, and Ca*" levels remain high to further inhibit
fibrillation [78-81]; and the anterior silk gland (ASG),

>
>

where fibroins undergo phase separation and fibril forma-
tion before being extruded through the spinneret [82]. In the
ASG, a drop in metal ion concentration within the lumen,
coupled with pH shifts and shear forces, initiates the active
spinning process [78].

Structural changes in silk proteins during
self-assembly

Structurally ordered domains

In spidroin, the NTD folds into a globular structure con-
sisting of 5 a-helices connected by flexible loops
[13, 83-85]. The NTD oligomerization state is pH and salt
dependent [72, 83, 86]. At neutral pH, the NTD is in
monomeric form, while under mildly acidic conditions, it
undergoes dimerization with antiparallel orientation, giving
rise to connected chains that are essential for fibrillization.
The dimerization mechanism of the NTD is preserved in
different spidroin types [78, 79, 84, 87]. Spidroin NTDs
thus play a crucial role in the self-assembly process,
although they are not directly involved in LLPS [42].

The CTD of spidroins likewise adopts a-helical globular
structures, which form parallel-oriented dimers at neutral
pH [80]. The drop in pH during the spinning process has
been associated with the structural unfolding of the CTD
[80, 81] and has been suggested to regulate solubility [82]
as well as the alignment of secondary structures formed by
the repetitive domain [80] and to act as a trigger for p-sheet
formation [74, 81]. Interestingly, the CTD has been shown
to promote LLPS of MaSp2 in response to kosmotropic ions
[42]. While part of this effect might be attributed to the
effective doubling of the molecular weight of the protein as

SPRINGER NATURE
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a consequence of CTD homo-dimerization, the isolated
CTD also underwent LLPS in the presence of potassium
phosphate at low pH, which might be related to its increased
structural disorder [42].

Certain spidroin sequences also contain ordered domains
within the core repetitive regions. MiSp contains a 14 kDa
a-helical segment within the repetitive region, termed the
“spacer” domain, that is conserved among different species
[88]. Spacer domains from both A. ventricosus [89] and T.
antipodiana (termed the repetitive domains in the relevant
studies) [90] exhibit pH-independent conformations, while
shear forces were shown to induce fibrillization [89].

Regarding silkworm fibroin, the NTD of Fib-H from B.
mori exhibits a random coil structure at neutral pH; this
structure is converted into dimeric -sheet structures, which
then form higher-order assemblies [73]. As in the spidroin
case, the Fib-H NTD has been suggested to mediate the self-
assembly of silk in response to the pH acidification gradient
from the lumen of the posterior silk gland to the anterior silk
gland [73].

The CTD of B. mori Fib-H is a small (5.7 kDa) domain
that is connected to the fibroin light chain (Fib-L) via a
disulfide bond. It remains unclear what the role of the CTD
is upon acidification or changes in ion concentrations;
however, one hypothesis suggests that the spinning
mechanism induces micelle formation, in which the
hydrophilic NTD is located on the surface while the
hydrophilic CTD and Fib-L are located in the inner part of
the micelles, regulating the solubility of large structures
[91].

Repetitive domains

Various lines of evidence demonstrate that spidroin repeti-
tive sequences adopt predominantly random coil con-
formations in the prefibrillar solution state [76, 92, 93]. A
vibrational circular dichroism (VCD) study of native spi-
droin from T. clavipes and A. diadematus indicated that its
conformation is a mixture of random coils, polyproline II
(PPII) helices and some o-helices [92]. Studies using
recombinant spidroins have shown that the poly-Ala region
of the repetitive domain exhibits either random coil or a-
helix structures, with their relative contents depending on
the length of the poly-Ala blocks [93-96]. Upon spinning,
spider dragline silk forms a semi-crystalline fiber, with p-
sheet nanocrystals embedded within a semi-amorphous
matrix. In contrast, the glycine-rich region (GGX) of MaSp
silk fiber contains disordered 3; helices embedded in the
amorphous region, while the polyalanine region forms a f3-
sheet structure in the crystalline region [97-100].

In the presence of terminal domains, acidification causes
structural changes in the repeat domain of native spidroin,
from random coils/a-helices to f-sheets [96]. On the other
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hand, the conformation of the isolated recombinant repeti-
tive domain of spidroin does not change at low pH [93].
Interestingly, previous studies indicated that changes in ion
composition are strongly related to solubility and interactive
effects on the recombinant repetitive domain of spider
dragline silk [76]. A higher concentration of phosphate
anions promotes oligomerization of the recombinant repe-
titive domain, which is associated with LLPS [42, 61].

Like spidroin, native silk fibroin undergoes structural
changes from silk I to silk II structures when exposed low
pH and shear forces. Soluble silk I fibroin is thought to
adopt either p-turn structures or helical or partially helical
conformations [101]. X-ray diffraction analysis of silk fiber
revealed that after spinning, silk II fiber contains antiparallel
B-sheet structures[102]. Calcium ions, which are the most
abundant metal ions in the silkworm gland [103], have been
suggested to induce LLPS of RSF as part of its self-
assembly mechanism [104].

LLPS behavior of native or recombinant silk
proteins

Growing evidence suggest that silk proteins undergo phase
separation, which plays a key role in their hierarchical self-
assembly into fibers. Here, we review current findings on
the LLPS behavior of native and recombinant silk proteins.

MaSp1 and MaSp2

In recombinant MaSp2, LLPS at neutral pH was found to be
triggered by multivalent kosmotropic anions, such as phos-
phate, sulfate, and citrate [42], resulting in concentrated protein
droplets that displayed fusion and surface wetting properties. A
comparison of constructs with varying domain combinations
revealed that the CTD and repetitive regions were responsible
for the LLPS response. The propensity for LLPS was fur-
thermore correlated with the number of repetitive units, with
more repeats corresponding to lower ion concentration
thresholds for phase separation. MaSp2 subjected to LLPS
under more acidic conditions produced condensates with
altered morphology, with gel-like structures at pH 6 and
solidified fibrillar networks with submicron features at pH
5.0-5.5. Fibril network assembly occurred rapidly and was
directly dependent on the dimerization of the NTD domains;
interestingly, it also required the full complement of domains
on the same polypeptide. In another report, recombinant
MaSp1 was likewise found to undergo LLPS upon exposure to
kosmotropic anions, albeit with a higher propensity compared
with MaSp2 [61]. (Fig. 4a). As discussed above, this higher
sensitivity is hypothesized to arise from differences in
sequence, where Arg in the MaSpl repetitive region enables
cation-t interactions and hydrophobic Leu residues lower the
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Fig. 4 LLPS phenomena in silk proteins. A LLPS propensity of
MaSp1 N-R6-C (blue shading) and MaSp2 N-R6-C (red dotted line) in
response to potassium phosphate, plotted as a function of the protein
concentration (x-axis) and phosphate concentration (y-axis). Under
similar conditions, MaSp1 exhibited a markedly higher tendency for
phase separation than MaSp2. B LLPS of miniMiSp (40 mg/mL) upon
addition of 10 mM Tris buffer (pH 7.0) and 100 mM NaCl. C Phase
separation of B. mori silk fibroin (SF) as a function of protein and Ca>*
concentrations. Squares correspond to no LLPS observed, triangles
correspond to LLPS observed after 15 min, and circles correspond to

overall solubility, driving phase separation. MaSpl further
showed a bimodal response to NaCl, where spontaneous
LLPS occurred outside a particular concentration window
(200-1000 mM background NaCl concentration in a 3 mg/ml
solution at room temperature).

Another study revealed that the propensity for LLPS could
be significantly altered by changing the repetitive sequences
[105]. In a recombinant mini-spidroin NT2RepCT construct
based on MaSpl1, the introduction of point mutations, namely
Tyr to Phe and Arg to Leu, produced variants that retained the
ability to undergo LLPS in response to potassium phosphate,
revealing an expanded range of potential sticker residues.
Interestingly, such variants exhibited variable droplet size
and fluidity compared to the wild type, suggesting a highly
sensitive system whose material properties can be tuned
through slight changes in amino acid sequence.

Native dragline proteins also undergo LLPS under
similar conditions, as observed in native silk dope samples
from major ampullate gland of Trichonephila clavata [42].
In response to 0.5 M potassium phosphate (pH 8), the gland
extracts readily formed spherical droplets enriched in MaSp

I I *

Ca** Na*

LLPS observed immediately after mixing. The data point inside the
dashed box corresponds to the inset fluorescence images on the side of
the graph (scale bar 50 um). D Kyte-Doolittle hydropathy plots for the
repetitive regions of A. ventricosus MaSp2, MaSpl, B. mori Fib-H and
A. ventricosus MiSp. A higher hydrophobicity score might be related
to a higher propensity for LLPS and chaotropic-induced LLPS. Panel
(A) reprinted with permission from Reference [61]; copyright by John
Wiley and Sons Ltd. Panel (B) reprinted with permission from
Reference [106]; copyright by Elsevier. Panel (C) reprinted from [104]
under the Creative Commons CC BY license

proteins, while in 0.5 M potassium phosphate (pH 4.5), fine
fibrillar networks were observed. Despite such similar
results, it is important to exercise caution when comparing
findings between recombinant and native silk systems.
Important differences exist between these systems, notably
the higher molecular weight and multicomponent spidroin
composition in the native system, post-translational mod-
ifications, the potential formation of prefibrillar complexes,
the presence of accessory proteins and other chemical
components, all of which may influence the phase separa-
tion behavior of silk proteins.

MiSp

In a recombinant mini-MiSp system, LLPS-mediated fibril
formation was induced by NaCl, while no phase separation
occurred in the absence of NaCl (Fig. 4b). This contrasts with
MaSpl, where NaCl maintains solubility and prevents
unwanted interactions [76], suggesting possible differences in
ion distribution between the major and minor ampullate glands.
A recent study reported that the unstructured repetitive region
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of recombinant MiSp plays a vital role in LLPS-mediated fiber
formation [106] and that Tyr functions as a sticker. Addition-
ally, two studies have considered the conserved globular spacer
domain to be important for MiSp [89, 90].

Silkworm silk

Studies on silk fibroin suggest a key role of LLPS in silk
fiber assembly, particularly highlighting the influence of
calcium ions (Ca*") and the structural integrity of the
fibroin complex. Yang et al. [104] demonstrated that Ca’t,
which is abundant within silkworm silk glands, can induce
LLPS in regenerated silk fibroin (RSF) under macro-
molecular crowding conditions. Other divalent cations, such
as Zn*", Cu®*", Mn*", and Mg>*, along with kosmotropic
anions like phosphate and citrate, also promoted LLPS of
silk fibroin. Two potential mechanisms were proposed for
Ca*"-induced LLPS: (1) hydrophobic interactions facili-
tated by charge screening and (2) salt bridge formation via
electrostatic interactions between Ca’" and carboxylic
residues on the fibroin. Additionally, the binding of heavy
chain fibroin (Fib-H) to light chain fibroin (Fib-L) was
suggested to positively influence LLPS formation. Notably,
Ca’*-induced LLPS of silk fibroin could lead to silk fiber
formation upon acidification.

A previous study demonstrated that native silk fibroin
(NSF) extracted directly from the silkworm gland has the
inherent capability to form nanofibrils. In contrast, even at
the same concentration, RSF lacked the ability to self-
assemble into nanofibrils. This discrepancy suggests that
the native structural integrity of silk fibroin is crucial for
its self-assembly properties [107]. Recently, Zaki et al.
[108] investigated the LLPS behavior of regenerated
undegummed silk (RUS), which maintains native struc-
tural components, including Fib-H, Fib-L, and P25. The
RUS exhibited LLPS at concentrations above 10% (wt/
wt), whereas RSF did not form LLPS under similar con-
ditions. These findings imply that preservation of the
native fibroin complex is essential for LLPS and sub-
sequent self-assembly processes. The ability of NSF and
RUS to undergo LLPS and form nanofibrils underscores
the importance of the native protein architecture in silk
fibroin self-assembly and suggests that NSF and RUS
have similar properties to those of native protein extracted
from the silk glands [109].

Notably, MaSp1/2, MiSp and B. mori Fib-H present very
different hydropathy profiles despite having some simila-
rities in the amino acid sequence of the repetitive regions.
The repetitive regions of MaSpl/2 exhibit amphiphilic
features, while silkworm silk is more hydrophobic, and
MiSp is the most hydrophobic of the three (Fig. 4d). The
hydrophobicity of the repetitive domain of spidroin could
affect which ion species are able to promote LLPS. In the
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case of amphiphilic proteins like MaSpl/2, kosmotropic
ions are required to induce phase separation [42, 61] while
chaotropic ions promote solubility [76]. However, for
moderately hydrophobic proteins such as silkworm silk,
divalent cations are more effective in inducing LLPS [104],
and for highly hydrophobic proteins, such as MiSp,
monovalent chaotropic ions such as NaCl are sufficient to
induce LLPS [106] (Fig. 4d).

Applications of silk protein LLPS

Perhaps the most significant impact of silk protein LLPS to
date lies in its contributions to biomimetic methods of
spinning artificial silk fibers. Studies using either recombi-
nant MaSpl [61] or MaSp2 [42] demonstrated that kos-
motropic anion-based LLPS, when initiated in combination
with acidification (at pH 5.0-5.5), triggered the rapid
assembly of fine fibrillar protein networks, a result that is
dependent on having the full set of functional domains [42]
(Fig. 5a). Under unidirectional deformation, such network
structures could readily be converted into insoluble mac-
roscopic fibers with an internal hierarchical architecture that
consists of closely packed and aligned submicron fibrils.
Notably, the application of mechanical deformation during
fiber formation induced the emergence of pronounced
B-sheet conformations (i.e., the structures responsible for
the mechanical strength of native silk fibers). Thus, fully
biomimetic and efficient LLPS-based methods for spinning
silk fibers feature a genuine hierarchical architecture.

Furthermore, LLPS-based methods have been success-
fully integrated into microfluidics-based fiber spinning
systems [17, 77] to create platforms that mimic the phy-
siological changes that are induced in the spinning ducts
of native silk glands. Recently, Chen et al. successfully
replicated the self-assembly of spider silk by using a three-
inlet microfluidic device (Fig. 5b) [17], which provided
physiological and chemical triggers to structural proteins
via a customized channel arrangement and temporal
sequence. In their microfluidic system, MaSp2 spidroin
solution readily underwent sequential LLPS and fibril
formation upon exposure to kosmotropic anion solutions
and acidification at points A and B, respectively. Subse-
quently, in region C, the condensed MaSp2 material was
instantaneously transformed into a single continuous fiber
under the application of shear and mechanical deforma-
tion. To initiate sample flow, negative pressure (vacuum)
was applied from the outlet to mimic the natural pultrusion
process [22]. Crucially, the authors found that above a
critical threshold shear value, the poly-Ala blocks of
MaSp2 could be converted into beta-sheet structures,
resulting in water-insoluble fibers consisting of closely
packed nanofibrillar bundles.
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A 7

Fig. 5 Biomimetic spinning based on LLPS in silk protein.
A Condensate structures formed upon mixing labeled MaSp2 N-R12-
C with 0.5M potassium phosphate at different pH values. Liquid
droplets that exhibited dynamic fusion behavior were observed at pH 7
and 8. At lower pH, the resulting structures presented a more gel-like
appearance (pH 6) or rapidly underwent self-assembly into extended
fibril networks (pH 5). Scale bars, 10 um. B Overview of the micro-
fluidic device used for spinning MaSp2 N-R12-C fibers under bio-
mimetic conditions. The device design includes three inlets (1, 2, and
3), one outlet, and three monitoring sections (A, B, and C). The

LLPS-based fiber spinning has also been explored in
silkworm silk systems, particularly using regenerated
undegummed silk (RUS), which retains the native structural
integrity of fibroin proteins [108]. Notably, fibers spun from
RUS via wet spinning displayed tightly packed nanofibrillar
structures characteristic of native silk fiber, whereas those
spun from degummed RSF lacked this organization,
underscoring the significance of LLPS in producing bio-
mimetic silk fibers. Moreover, the study demonstrated that
RUS-derived fibers possess significantly superior mechan-
ical properties to those of fibers derived from RSF.

LLPS has also been shown to induce phase separation in
silk protein constructs with different terminal domains.
Mohammadi et al. used a three-block protein consisting of

confluence of the protein solution (1) and citrate-phosphate buffer (pH
7.0) streams (2) induced the formation of LLPS droplets (region A),
while subsequent exposure to citrate-phosphate buffer at pH 5.0
(section B) produced a continuous fiber along section C with a hier-
archical organization of oriented nanofibrillar bundles. Scale bar,
30 um. Panel (A) reprinted with permission from Reference [42];
copyright by The American Association for the Advancement of
Science. Panel (B) reprinted from [17] under the Creative Commons
CC BY license

spidroin repeat region flanked by cellulose-binding motifs
as a precursor for functional adhesives [110]. They pre-
viously explored the essential role of LLPS in the formation
of liquid-like coacervates (LLCs) and the effects of kos-
motropic ions on the formation of solid-like coacervates
(SLCs) [111]. Kosmotropic ions are vital in transforming
a-helices or random coils into f#-sheets, which are respon-
sible for the strength of fiber. However, it is observed that a
high concentration of strong kosmotropic ions (e.g., PO?[)
promotes the formation of SLCs. Their observations suggest
that the low surface energy of LLCs is particularly pro-
mising for adhesive applications as it could allow efficient
infiltration into porous structures and wet internal surfaces
[110]. When added to cellulose fibrils, LLC droplets easily
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stuck to cellulose fibers and infiltrated the fiber network,
even after drying.

Other studies point to potential applications based on
microscopic phase-separated silk droplets themselves. Hendra
et al. used fluorescently labeled microspheres of recombinant
MaSp2, designated MS-2, that were produced via LLPS in the
presence of potassium phosphate and heat solidified at 60 °C,
in order to explore the light guiding properties of spider
dragline silk [112]. The MS-2 microspheres demonstrated
robust fluorescence emission, which proved critical for their
role in energy transfer experiments.

In an interesting study, Wei et al. reported the formation
of artificial membraneless organelles in Escherichia coli
cells upon overexpression of recombinant spidroins con-
sisting of repetitive regions of MaSpl and MaSp2 (termed
116 and II16, respectively) [113]. The authors observed
hallmarks of LLPS associated with a dynamic liquid state,
as opposed to inclusion body formation. Notably, functio-
nalized compartments could be created via targeted colo-
calization of cargo proteins, such as metallothionein,
forming spatially sequestered nanoreactors that could pro-
duce selenium nanoparticles.

Future perspectives

Advancing our understanding of LLPS in silk spinning
systems opens several avenues for future research. One
critical area is elucidating the molecular grammar governing
LLPS in different types of silk proteins and their interac-
tions during phase separation. Investigating how silk pro-
teins, along with associated factors such as SpiCE proteins
[114], contribute to the material complexity of silk can
provide deeper insights into silk assembly mechanisms.
Exploring the phase separation mechanisms in more com-
plex types of silk, such as pyriform (PySp), aciniform
(AcSp), aggregate (AgSp), and tubuliform (TuSp) silks, is
another promising direction. Given their complex sequences
and structures, these silks may undergo distinct phase
separation processes. Understanding these mechanisms
could shed light on the evolutionary significance of con-
served motifs in silk assembly and function. The effects of
post-translational modifications (PTMs) [115], such as
phosphorylation, hydroxylation, and dityrosine cross-
linking, on LLPS also warrant further investigation. Fur-
thermore, investigating the molecular mechanisms of
fibrillation and the existence of pre-fibrillar complexes or
oligomers in various silk types is crucial. Modern compu-
tational approaches, including machine learning and Al-
based modeling, can offer powerful tools for identifying key
sequence motifs, simulating phase behavior, and integrating
experimental data to predict and model silk LLPS and
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assembly of higher-order structures. Understanding these
processes can inform the development of synthetic silk
materials that mimic the exceptional properties of natural
silk. By addressing these research areas, we will move
closer to realizing the potential of silk as a supermaterial
with diverse applications.
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