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Abstract
Liquid‒liquid phase separation (LLPS) is a phenomenon relevant in the multicomponent settings of many biological
processes, including compartmentation, pathological conditions such as Alzheimer’s disease, and protein assembly. LLPS
also plays a key role in spider silk fiber formation. Many spider silk fibers display properties such as elasticity in
combination with high mechanical strength, which result in an outstanding toughness exceeding that of steel or Kevlar. A
thorough understanding of the natural silk spinning process is thus vital for translation to artificial spinning techniques to
achieve biomimetic fibers with properties superior to those of other fibrous materials. This focus review summarizes the
milestones of research on spider silk assembly, starting from two initial theories, i.e., the liquid crystal theory and the micelle
theory, followed by evidence for the importance of LLPS in this process. Ex vivo studies and experiments utilizing
recombinant spider silk proteins have highlighted the importance of LLPS during spider silk assembly. Here, we provide a
consolidated view of the previously separate theories as a concerted, transitional concept, and describe practical implications
showcasing the importance of this unifying concept for technical silk spinning.

Introduction

Liquid‒liquid phase separation (LLPS) is a physical process
that often occurs in multicomponent mixtures. In LLPS,
solutions spontaneously separate into two immiscible liquid
phases, one with a low concentration and the other with a

high concentration of one or more individual components.
The driving forces for LLPS include temperature as well as
pressure changes, pH, charge neutralization, the specific
polarity of the constituting components, and other surface
characteristics, e.g., hydropathicity [1]. The process is
widely known to occur in polymer-diluent systems, with
applications, for example, in waste and pollution control or
in the food processing industry [1]. In biological and bio-
medical research, phase separation is known to be an
important compartmentation principle in physiological
processes, including RNA metabolism, ribosome biogen-
esis, DNA repair mechanisms, and signal transduction [2].
LLPS has also been reported to occur under pathological
conditions, especially in neurodegenerative diseases such as
Alzheimer’s disease [1, 3]. The LLPS of proteins has
recently received much attention since LLPS is essential for
the formation of biological adhesives, e.g., in sandcastle
worm cement or during the formation of mussel attachment
adhesives underwater, as well as in hard biomolecular
composites such as the squid beak [4]. Moreover, it has
been reported that LLPS of spider silk proteins is important
for fiber assembly [5]. A common feature of proteins
undergoing LLPS seems to be the presence of intrinsically
disordered protein regions (IDPs), which favor phase
separation to increase their concentration without structural
changes [6]. Weak but highly abundant noncovalent intra-
and intermolecular interactions are known to be the driving
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forces for LLPS in biological systems, leading the proteins
to condense in a concentrated liquid phase as a transition
state for further processing or reactions [6]. In this manner,
specific preassembly processes guided by intra- and inter-
molecular interactions are permitted that would not occur
without LLPS [7].

The natural spider silk spinning process is highly sophis-
ticated and involves liquid‒liquid and liquid‒solid transitions
of the underlying spider silk proteins (= spidroins) in
response to multiple biological, biochemical, and mechanical
cues [8]. Thus, a meticulously coordinated process is highly
important to prevent premature solidification of the spidroin
solution in the spider’s body, potentially obstructing fiber
formation and subsequent usage. However, research on spi-
ders or silk collected from spiders through milking is ham-
pered by the cannibalistic and territorial behavior of most
spider species, and only low quantities of silk can be acquired
at a time by forced silking. Thus, elucidation of the
mechanism underlying silk spinning from an aqueous solu-
tion has been performed mainly with rehydrated or recom-
binantly produced spider silk proteins [9].

On the basis of the work conducted in the past 20 years
on elucidating the assembly mechanism for major ampullate
spidroins (MaSps), we herein provide a topical overview,
highlighting the most recent advances.

Liquid crystal theory and micelle theory

Low-concentration solutions of certain amphipathic block
copolymers form nanometer-sized, approximately spherical
aggregates in a colloidal suspension [10]. However, at
higher polymer concentrations, self-assembly processes
lead to the formation of cubical or cylindrical nanocrystal-
line structures, so-called liquid crystals (LCs), that feature
liquid-like behavior [7, 11]. Polymers showing such beha-
vior have various technical applications, e.g., in LC displays
or holographic systems [12]. In 1999, Vollrath and Knight
reported that silk proteins in the spider’s major ampullate
gland and spinning duct also present LC characteristics,
with the long axes of the spidroins aligning parallel to one
another [13, 14]. This finding is in accordance with findings
in block copolymers. Strikingly, the concentration of spi-
droins in spider glands can reach 50 wt%, a spidroin con-
centration that cannot be easily established in vitro without
gelation or solidification of the protein solution. Vollrath
and Knight hypothesized that the reduction in viscosity
through a nematic phase preorientation of spidroins permits
their specific alignment during elongational flow throughout
the spinning duct, which is essential for the development of
the outstanding mechanical properties of spider silk fibers.
According to their observations, the following mechanism
was proposed for in vivo spider silk spinning: the LC

spidroin solution is drawn through an S-shaped duct to form
an elastic thread, whereby the inner core and the thin coat of
the thread are formed in two different zones. The inner core
is made up of short, narrow spidroin filaments, whereas the
shell of the thread is composed of hexagonal columnar LCs.
The epithelial layer of the duct allows increased exchange
of water and sodium ions for kosmotropic potassium ions,
as well as acidification, together initiating fiber assembly.
Simultaneously, the decreasing width of the tapered spin-
ning duct promotes specifically aligned states of the spi-
droin molecules. The spidroins are first oriented in parallel
but perpendicular to the epithelium before they turn to
become parallel to the epithelial walls. Next, the molecules
form bilayered disks, an orientation called the cellular
optical texture, which can further elongate and align to form
mainly β-sheet-rich structures [15]. Finally, the silk thread is
actively drawn from the exit spigot with the help of a
clamp-like valve (see Fig. 1) [14].

Despite the groundbreaking insights into spider silk spinning
processes, the proposed LC behavior of spidroins in spider
glands cannot fully explain how the proteins remain soluble at
high concentrations and cannot be replicated in vitro. Moreover,
many processing steps during silk formation were not under-
stood at the time of publication, further resulting in problems
when trying to artificially replicate the process.

Interestingly, during their work with rehydrated silk
fibroin from the silkworm Bombyx mori, Jin and Kaplan
reported micelle-like structures formed due to the
hydrophilic-hydrophobic-hydrophilic character of silk
fibroins, increasing their water solubility and preventing
premature solidification [16]. The authors proposed that the
micellar constructs coalesce and assemble into larger glo-
bules upon increased protein concentration. Physical shear
subsequently lead to elongation and alignment of these
globules during the drawing process in the spinning duct, an
essential condition for the formation of insoluble β-sheet-
rich silk threads (see Fig. 1).

Elucidating the mechanism of spider silk
formation

Ex vivo studies

The best-studied type of spider silk is the major ampullate
(MA) silk of orb-weaving spiders, which is used as dragline
silk and for the construction of web radii [17]. To date, in
the European Garden Spider Araneus diadematus, two
structurally similar MaSps have been identified, with
slightly different amino acid compositions [18]. MaSps are
composed of a repetitive core and can contain 3500 amino
acids flanked by nonrepetitive (NR) amino (N)- and car-
boxyl (C)-terminal domains of ~130 and ~110 amino acids,
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respectively [19]. Both NR domains are highly conserved
among species and have a five-helix structure. Under sto-
rage conditions, the C-terminal domains are present as
parallel dimers, whereas the N-terminal domains remain in a
monomeric state. These conformational characteristics and
the potential ability of N-terminal domains to dimerize later
in response to acidification are vital for spinning dope sto-
rage and correct silk fiber assembly [20]. In the core region,
poly-A, poly-GA, GPGQQ, GPGGX, and GGX sequences
can be found, wherein the poly-(G)A sequences contribute
to mechanical stability via β-sheet formation, whereas the
structural features of the other sequences allow flexibility
and elasticity of the spider silk fiber through assembly into
β-spirals, β-turns, and 31 helices (see Fig. 2A) [21].

Ex vivo biophysical studies of MA glands excised directly
from black widow spiders (Latrodectus hesperus) have pro-
vided significant insight into the structural and dynamic state
of spidroins in a native-like environment prior to fiber spin-
ning. Importantly, because these experiments were conducted

on whole glands immediately following dissection, the state
of the protein was as close to the true storage state as possible
to an in vivo experiment. Solution nuclear magnetic reso-
nance spectroscopy (NMR) of intact isotope-enriched black
widow MA glands has shown that spidroins behave like
classic IDPs [22]. Conformation-dependent isotropic chemi-
cal shifts were consistent with a random coil structure
(Fig. 2B), and NMR relaxation measurements (T1, T2, NOE)
revealed rapid spidroin backbone dynamics on the sub-
nanosecond timescale. The high degree of rapid backbone
motion is readily assessed from the heteronuclear 1H-15N
nuclear Overhauser effect (NOE) measured in two fields
(800MHz and 500MHz), which illustrates the highly flex-
ible nature of the spidroins stored in the gland prior to fiber
spinning (Fig. 2C). Diffusion NMR and cryogenic electron
microscopy (cryoEM) have been used to further explore the
internal global dynamics and nanoscale organization of spi-
droins in the gland environment of black widow MaSp [23].
Measuring the diffusion behavior of the spidroins in the silk

Fig. 1 Schematic depiction of the putative spider silk formation pro-
cess in vivo and two theories explaining the experimental observa-
tions, namely, the liquid crystal theory [14] and the micelle theory
[16]. Spidroins consisting of a long repetitive core region flanked by
nonrepetitive N- and C-terminal domains are excreted into the spider’s
gland tail, wherein the N-terminal domains are in a monomeric state,
while the C-terminal domains adopt a dimeric structure. In the
ampulla, according to the liquid crystal theory, spidroin molecules
form a nematic liquid crystalline phase under storage conditions.
During fiber formation along the spinning duct, the spidroin molecules
experience ion exchange, a gradual pH drop, water removal, and
elongational flow, resulting in a specific assembly process of the

spidroins from a cellular optical texture to β-sheet-rich nanofibrils. In
contrast, the micelle theory claims that the dimeric spidroin molecules
assemble into micellar constructs due to hydrophilic/hydrophobic
interactions under storage conditions in the ampulla. These micellar
structures coalesce into larger condensates that are elongated and
compressed as they pass through the spinning duct. In combination
with the pH decrease, ion exchange, and water removal, molecular
interactions lead to the formation of β-sheet-rich nanofibrils. In both
theories, the last step involves the transfer of the liquid-like nanofibrils
to a solid-state by drawing the silk thread from the exit spigot (i.e.,
applying shear forces)

Liquid‒liquid phase separation of spider silk proteins 833



gland via NMR revealed that the silk proteins are pre-
dominantly confined within entangled volumes that are sev-
eral hundred nanometers in diameter, suggesting the
existence of spherical micelles (Fig. 2D), as postulated in the
micelle theory [16]. 3D imaging of these nanostructures via
cryo-EM tomography revealed that the micellar assemblies

are morphologically complex, existing as hierarchical sub-
micron particles composed of networks of ~50 nm sub-
domains with an open core occupied by solvent (Fig. 2F).
When the native dope is physically sheared with a micro-
pipette, mimicking the extrusion process occurring within the
spinning duct, these subdomains within the hierarchical

Fig. 2 Structure, dynamics and assembly of native ex vivo L. hesperus
major ampullate spidroins (MaSps). A Schematic organization of
MaSps, the prevailing amino acid motifs of the repetitive core domain,
and their corresponding secondary structure. n= 20–100. B 1H/15N
HSQC NMR spectrum of isotopically enriched MaSps illustrates the
disordered, unstructured nature of the repetitive core regions, as
indicated by the poor chemical shift dispersion ( < 0.5 ppm) in the 1H
dimension. Reprinted from [22] with permission from Elsevier.
C NMR relaxation measurements show that the spidroins exhibit rapid
subnanosecond backbone dynamics in the major ampullate gland. The
NOE values are negative at 500MHz (black) and moderately positive
at 800MHz (red), which is consistent with this interpretation. Rep-
rinted from [22] with permission from Elsevier. D NMR diffusion
measurements of spidroins within intact MA glands show restricted
diffusion. The diffusion coefficient as a function of the interpulse delay
(Δ) shows exponential decay, indicating a diffusion restriction length
scale of ~250–300 nm. This finding supports the silk protein micelle
theory, which states that silk proteins are clustered in micelle-like

preassemblies in the gland environment. Adapted from [23]. E 1H/15N
HSQC NMR spectrum of isotopically enriched MaSp incubated in 4 M
urea to disrupt micelles showing chemical shift perturbations for
residues that are associated with micelle stabilization. The largest
perturbations are observed for the amino acid motifs GAA and AAG
(circled), while poly-A shows small perturbations, and the changes in
GGQ are negligible. Adapted with permission from [24]. Copyright
2021 American Chemical Society. F CryoEM tomography imaging
reveals that silk protein micelles are best described as complex
micellar nanoparticles composed of assembled subdomains with an
open core occupied by solvent. Adapted from [23]. G Significant
chemical shift perturbations in 13C occur for alanine Cα and Cβ sites in
the GAA and AAG motifs, which terminate the poly-A runs that
bridge the GGX regions. This is consistent with the disruption of
hydrophobic interactions as micelles disassemble in the denaturant.
Adapted with permission from [24]. Copyright 2021 American Che-
mical Society
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micelles transform, becoming elongated fibrils that remain
assembled as interwoven networks in the parent micelle.
These findings shed new light on the hierarchical organiza-
tion of spidroins in the gland, supporting the micelle theory.
However, significant questions remain concerning how other
physiochemical conditions relevant to silk spinning, such as
ions or pH, affect the spidroin superstructure during the
process of fiber formation.

In a recent NMR and dynamic light scattering (DLS)
study, native MaSp micelles extracted from L. hesperus silk
glands were investigated following urea denaturation to
monitor the molecular-level interactions responsible for
spidroin micelle stabilization [24]. Highlights of the inves-
tigation included determination of the critical spidroin
micelle concentration ( ~ 5 wt%) by diffusion NMR, mon-
itoring of micelle size during urea disruption with DLS, and
the use of 3D solution NMR to investigate isotope-enriched
samples to identify important motifs that are perturbed
during micelle disruption. The results from the 3D solution
NMR were particularly intriguing, indicating that the GAA
and AAG motifs flanking the poly-A runs were the most
perturbed by urea, suggesting that these regions may be
important for spidroin micelle stabilization (Fig. 2E).
Although these results pointed to a disruption of hydro-
phobic interactions for alanine Cα and Cβ sites in these
poly-A flanking motifs (Fig. 2G), the role of the scarcer
amino acids (Y, S, R) in the GGX regions remains to be
determined and should be the focus of future studies.

Engineered silk proteins

To address the challenges associated with working with
spiders, the establishment of recombinant spidroin mimetics

was crucial for further investigations of the fiber formation
process and its translation to artificial spinning setups to
obtain fibers for various applications. In 2004, we estab-
lished an approach to recombinantly produce two bioengi-
neered MaSps, eADF3 and eADF4, named after their
natural blueprints ADF3 and ADF4 (see Fig. 3) [18, 21].
This approach not only allows the large-scale fabrication of
spidroin mimics but also enables the customization of
engineered proteins tailored for their intended application
[25].

LLPS of eADF3, which is more hydrophilic than eADF4
is, results in a dense, highly concentrated and a less dense,
less concentrated phase [26]. This LLPS process was shown
to be highly dependent on the potassium phosphate (K-Pi)
concentration and needed a slightly acidic or neutral pH. In
contrast, high NaCl concentrations and pH > 8.5 inhibited
LLPS. By adding more K-Pi, β-sheet-rich fibers could be
drawn from the high-density phase but not the low-density
phase. Given that the NaCl concentration is also high in the
natural spider gland, this work provides evidence for one of
the key factors that prevents premature spidroin solidifica-
tion. Additionally, the importance of LLPS for colloidal
assembly, combined with control over ionic strength and
pH to form stable silk threads, was demonstrated, laying the
foundation for artificial silk spinning. The role of solvent
conditions was further analyzed in another study using a
microfluidic device [27]. It was found that fiber formation
occurred only when an elongational flow, a pH drop from 8
to 6, and an increase in K-Pi concentration to 500 mM were
applied simultaneously. We hypothesized that a narrowing
of solvent streamlines below the diameter of eADF3 sphe-
rical colloidal assemblies forces them into contact. The so-
called dangling ends—hydrophilic side chains on the

Fig. 3 Schematic of the genetic engineering of spider silk proteins,
exemplified by two major ampullate spidroin derivatives, namely,
ADF3 and ADF4 (Araneus diadematus fibroin), from the European
Garden Spider Araneus diadematus. Based on the general structure
and amino acid consensus sequences of the repetitive core modules of
ADF3 and ADF4, engineered spider silk protein mimics eADF3 and
eADF4 are derived by a reverse translation approach that combines

PCR-amplified authentic gene fragments and engineered synthetic
DNA modules into gene cassettes. After the cloning of multimerized
constructs and transformation into a bacterial host, such as E. coli, the
engineered silk proteins are recombinantly produced, extracted, pur-
ified, and lyophilized for storage. Adapted from [46] with permission
from Springer Nature
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outside of the assemblies—can then interact to form larger
globules with helical conformations, resulting in shear
thickening of the spinning dope. At this point, the process is
governed mainly by configurational changes in the
C-terminal dimerization domain, leading to the exposure of
hydrophobic sites. The addition of shear forces finally leads
to the formation of water-insoluble β-sheet-rich fibers due to
increased H-bond interactions in poly-A stretches. These
findings are comparable to those of Jin and Kaplan for B.
mori silk [16]. Interestingly, the second engineered protein,
eADF4, did not form silk threads in this microfluidic
device. Importantly, the eADF4 variant used did not contain
any C-terminal domain, in contrast to the eADF3 variant
used. However, the importance of the presence of such a
C-terminal domain for assembly was not known at
that time.

To gain a deeper understanding of spider silk fiber
assembly at the molecular level and to mimic the natural
spinning process in an artificial setup, various analysis
techniques have been utilized [28], building on the pio-
neering work of Exler et al. [26]. The NR domains of MaSp
are highly conserved between different spider species and
are essential for silk fiber formation [29]. Circular dichroism
(CD) spectroscopy demonstrated that the NR C-terminal
domain exhibited a mostly α-helical conformation crucial
for the formation of micellar assemblies, followed by LLPS,
which yielded larger liquid-like condensates [18]. Rheolo-
gical studies revealed that C-terminal domain-containing
molecules responded with a significant change in viscosity
to shear stress, whereas molecules with no NR domain
showed no changes. The lack of a C-terminal domain
suppressed correct fiber formation, and only aggregates
with randomly aligned β-sheets were formed [30]. Thus, the
C-terminal domain might play a vital role in protein storage
as well as fiber formation, permitting the formation of a
specific supramolecular assembly without premature
solidification.

The role of the NR N-terminal domain in the fiber
assembly process was first assessed by A. Rising and
coworkers [19, 31]. In contrast to the C-terminal domain,
which tends to undergo self-assembly and LLPS, the
N-terminal domain is responsible for the pH dependency of
fiber formation. Hereby, amide hydrogen/deuterium
exchange in combination with mass spectrometry (MS),
nondenaturing electrospray ionization MS, and analytical
ultracentrifugation revealed that the N-terminal domain,
which is monomeric under storage conditions, undergoes a
structural change upon acidification below pH 6.4, forming
antiparallel dimers through charge-mediated interactions of
monomeric subunits [19]. Far-UV CD spectroscopy
revealed that the five-helix secondary structure of the
N-terminal domain is not influenced by changes in the salt
concentration or pH. However, the significant changes in

the tertiary structure of the N-terminal domain to anti-
parallel dimers became apparent via near-UV CD spectro-
scopy upon changes in salinity at pH 6 and were
accompanied by greater structural stability than that at pH
7.2 [32]. High salt concentrations at pH 7.2 also strongly
increased structural stability, with 1H-15N heteronuclear
single quantum coherence spectroscopy (HSQC) revealing a
monomeric structure [32]. Therefore, the N-terminal
domain seems to have little importance during protein sto-
rage but is significantly involved in fiber assembly, as it
promotes antiparallel dimerization of the formed supramo-
lecular structures.

These studies, which used recombinant spidroins and
various analysis techniques, demonstrated that highly con-
centrated spidroins adopt a micelle-like architecture that is
induced mainly by interactions of their C-terminal domain.
Folded, hydrophilic sequences of the otherwise mostly
hydrophobic C-terminus are located on the outside of these
micelles to increase their solubility. The longer hydrophobic
sequences can be seen as spacers that provide mobility of
the chains and are hypothesized to play an important role
during LLPS of the micellar constructs into larger liquid-
like condensates [7, 20]. In spiders, preoriented spidroins
are directed through a tapered duct where the NaCl con-
centration, as well as the water content, continuously
decreases in exchange for kosmotropic K-Pi during fiber
assembly (see Fig. 4A) [7]. It is hypothesized that in the
presence of mechanical shear forces, a configurational
change in the C-terminal domain is promoted, leading to
exposure of hydrophobic patches and, consequently, to the
formation of elongated and aligned protein chains that form
H-bond-mediated β-sheet-rich nanofibrillar assemblies (see
Fig. 4B). A simultaneously occurring pH decrease in the
duct additionally induces antiparallel dimerization of the
N-terminal domains, connecting the spidroins to a fibrillar
network necessary for correct fiber assembly (see Fig. 4C).
The process of protein chain alignment and elongation to
form nanofibrils can thus be seen as a transition from an
LLPS-dominated state to a liquid‒liquid‒crystalline phase
separation (LLCPS)-dominated state, whereby relevant
intra- and intermolecular interactions can occur owing to the
densely packed spidroins [7, 32, 33]. The final step of
liquid‒solid phase separation (LSP) involves pulling of the
fiber from the exit spigot.

Several research groups have attempted to understand the
aqueous process of spinning to obtain fibers from soluble
proteins via the use of recombinant proteins. However, no
studies have provided a complete view of the assembly
process across hierarchical length scales from soluble pro-
teins in different dope preparations through the final spun
fibrous state. A study by Malay et al. used recombinant
MaSp2 to study spidroin assembly [34], supporting and
highlighting the importance of LLPS. Another study
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demonstrated with simple engineered three-block molecules
that coacervate formation is highly dependent on protein
architecture [35]. Surprisingly, different methods of coa-
cervate formation are possible even with the same protein,
whereby the realized process depends on the environmental
conditions. Thus, either liquid-like coacervates (LLCs) or
solid-like coacervates can be formed depending on the
phosphate ion concentration, but only LLCs permit the
drawing of fibers [35]. Similarly, Lemetti et al. demon-
strated a correlation between protein size and the phase
separation mechanism, whereby all the studied proteins
only assembled into coacervates above a certain con-
centration threshold. Below this threshold, smaller aggre-
gates were formed [36]. Most importantly, the concentration
threshold for coacervate formation was found to decrease
with increasing protein sequence length, providing valuable

insight for the bottom-up engineering of proteinaceous
materials for specific applications. Recently, Landreh et al.
published a comprehensive review focusing on the rele-
vance of different amino acids for silk fiber formation and
suggested that the fiber assembly process can be seen as a
sequential mixture of LLPS and LSP, termed LLCPS [7]. In
another recent study, a combination of biophysical methods,
including solution and solid-state (SS) NMR, DLS, and
light microscopy, was used to study the differences in
eADF3 ((AQ)12NR3) spider silk dopes reconstituted under
both biomimetic (preassembled) and classic conditions, as
well as fibers produced after aqueous wet-spinning from
both dopes [37]. This study provides a more complete
picture of how silk spinning dope preparation differences
dictate the downstream recombinant spider silk fiber struc-
ture and mechanics.

Fig. 4 Overview of the role of the N- and C-terminal domains of major
ampullate spidroins during storage and fiber formation. A General
scheme of the spidroin assembly process from partially dimeric to
micellar assemblies and larger droplet-like condensates, which are fur-
ther compressed and elongated on their way through the spinning duct.
Finally, a solid silk fiber is drawn from the exit spigot. B Schematic
representation of the molecular interactions during the spider silk
assembly process. After secretion by epithelial cells in the tail of the
upper part of the gland, the C-terminal domains (green) of the spidroins
are present as parallel dimers, often further stabilized by disulfide
bridges at their interfaces. Owing to hydrophobic–hydrophilic interac-
tions, the spidroins self-assemble into micelle-like structures, with the
terminal domains spanning the sphere surface, whereas the more
hydrophobic repetitive core domains are oriented toward the inside of
the micelle-like constructs. At this stage, the N-terminal domains (blue)
remain monomeric. In the distal part of the ampulla, the micellar pre-
assemblies undergo LLPS to form a protein-rich phase with micrometer-
sized liquid-like condensates, most likely triggered by a combination of
pH changes, high protein concentrations, altered viscosity, and “sticker”-

like interactions of amino acid residues such as tyrosine and arginine.
Strikingly, the repetitive core domain remains intrinsically unstructured
under these conditions. In the spinning duct, increasing acidification to
pH < 6.5 leads to antiparallel dimerization of the N-terminal domains
and, thus, the formation of a crosslinked spidroin network. Moreover,
the repetitive core region now becomes more structured by forming
helical secondary structures. Water removal and the exchange of chao-
tropic ions for kosmotropic phosphate in the spinning duct induce a
configurational change in the C-terminal domains, allowing for a more
packed alignment of the core regions and enhanced intra- and inter-
molecular interactions of poly-A motifs to form β-sheet-rich crystalline
regions. Owing to the elongational flow in the tapered spinning duct,
shear stress stretches the preassembled silk proteins to yield the final,
optimally packed and oriented nanofibrils that are pulled as solid fibers
from the spigot at the end of the spinning duct. C Rendered protein
structures of monomeric N- and dimeric C- and N-terminal domains
(adapted structures from the RCSB PDB data bank [47–49]). Both the
N- and C-terminal domains have a five-helix bundle structure
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Light microscopy and DLS revealed distinct differences
between classic spinning dopes (CSDs) and biomimetic
spinning dopes (BSDs) at the micro- and nanoscales for the
eADF3 system. In the BSD samples, liquid droplets
between 5 and 25 µm in diameter were clearly detected via
light microscopy, whereas micron-scale droplets were
completely absent in the CSD samples (Fig. 5A). The main
difference between the two dope preparations is that the

phosphate ions in the BSD initiate LLPS, whereas the CSD
contains Tris/HCl buffer and does not exhibit microscale
LLPS. On the nanoscale, DLS revealed that the two dopes
behaved differently during the concentration step, where the
monomer/dimer equilibrium coalesces to form pre-
assemblies in one step in CSD, whereas in BSD, this occurs
gradually over time, with protein assemblies reaching the
microscale (Fig. 5B).
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To investigate the eADF3 conformational structure in
CSD and BSD dopes and spun fibers, solution and SSNMR
were used to characterize the 13C/15N-isotope-enriched sam-
ples. Solution NMR revealed that the repetitive core of the
protein maintained intrinsic disorder in both dopes, with
some subtle but distinct differences observed (Fig. 5C). BSD
exhibited sharper resonances for numerous environments in
the 13C solution NMR spectra, illustrating a protein pre-
ordering effect in the BSD together with notable differences
in the tyrosine aromatic ring due to hydrogen bonding dif-
ferences at the C-OH moiety and presumably perturbations in
aromatic ring packing interactions between the two dopes.
Interestingly, 13C CP-MAS SSNMR revealed that poly-A β-
sheet formation was identical in fibers spun from both dope
preparations, with 77% β-sheet content observed from spec-
tral deconvolutions (Fig. 5D). However, a distinct difference
in at least one of the tyrosine aromatic rings was revealed in
the final fibers by SSNMR, where a large downfield chemical
shift was observed for the 1H aromatics in the 1H-13C HET-
COR SSNMR spectra when comparing the BSD and CSD
fibers (Fig. 5E). These results pointed to the participation of

tyrosine residues in spider silk assembly, where clear dif-
ferences were observed between both the dopes and the spun
fibers. This highlights the importance of tracking the non-β-
sheet domains in spider silk formation, as both systems dis-
play similar poly-A β-sheet conversions but distinct differ-
ences in tyrosine interactions.

Applications of artificial spider silk fibers

Natural spider silk fibers are known for their outstanding
properties, including their exceptional mechanical proper-
ties, unparalleled toughness, high biocompatibility, slow
biodegradation, low immunogenicity, and, in some cases,
microbe-repellent features [15, 38, 39]. The ability to pro-
duce artificial spider silk with similar properties has high
application potential in various fields, such as textile tech-
nology and biomedicine. By exploring different methods,
engineered spidroins have been processed into fibers via
solvent extrusion, wet spinning, electrospinning, and
microfluidic approaches (see Fig. 6A) [15, 40, 41]. In these
methods, spider silk proteins are simply dissolved in a
suitable solvent followed by a (classic) concentration step,
e.g., polyethylene glycol is used to remove water without
considering the biochemical prerequisites existing in vivo.
Since such dopes have long been used in artificial spider
silk formation, methods involving these dopes are termed
classic approaches. In contrast, following the relevance of
LLPS in spider silk formation, biomimetic dopes that did
not require a concentration step were developed to produce
bioengineered man-made fibers with mechanical properties
resembling those of natural dragline fibers (see Fig. 6B)
[40]. This successful approach uses the BSD and its LLPS,
as depicted above. Subsequently, LPS was induced by ion
exchange of chaotropic NaCl with comparatively kosmo-
tropic K-Pi and acidification to at least pH 5.7. Two dif-
ferent processing routes have been developed: one is based
on a spinning channel with a semipermeable membrane to
mimic the epithelial cells in the spinning duct of a spider,
while the second utilizes a wet spinning approach to gen-
erate continuous fibers [15, 40]. Concomitant shearing and
mechanical stretching forces align the spidroins in the fiber,
leading to intermolecular cross-linkages between adjacent
fibrils, while at the same time, water molecules are dis-
placed and removed. This nature-mimicking process resul-
ted in the first engineered spider silk fiber reported with a
nature-identical toughness, and an industrial scale-up of the
wet-spinning process was commercialized under the brand
name Biosteel® by the company AMSilk GmbH.

Other groups subsequently reported the processing of
man-made biotech fibers using different spidroins. Recently,
a microfluidic device approach demonstrated ion-induced
LLPS of recombinant spidroins, and parallel control over pH-

Fig. 5 Biophysical characterization of recombinant (AQ)12NR3 spider
silk proteins in the dope phase and as spun fibers. A Light microscopy
images of biomimetic spinning dopes (BSDs) (top, I-III) and classic
spinning dopes (CSDs) (bottom, IV-VI), both at a concentration of
100 mg/ml. Regions from II, III, V and VI are enlarged to visualize the
differences between the systems, where the BSD contains large dro-
plets indicative of LLPS. B DLS of BSD (left) and CSD (right).
Samples were taken after 0, 2, 4, and 6 h to follow the assembly
process of the spinning solutions. After this, no further changes were
observed, and the dope production was completed. During assembly,
the concentrations gradually increased. For BSD, the concentrations at
0, 2, 4, and 6 hours were 27, 63, 96, and 177 mg/ml, respectively. For
CSD, the concentrations at 0, 2, 4, and 6 hours were 25, 41, 106, and
197 mg/ml, respectively. These results are consistent with light
microscopy observations (A), which revealed that dopes prepared with
phosphate buffer create droplets significantly larger in size than those
created with CSD. C 1H-15N HSQC NMR spectrum of fully labeled
13C/15N-(AQ)12NR3 BSD collected at 850MHz. The bolded amino
acids indicate resonance identities with di- and tripeptide repeats on
the basis of 3D experiments [37]. Conformation-dependent chemical
shifts illustrate that the repetitive core of the silk protein maintains
intrinsic disorder in the condensed phase. D 1H-13C CP-MAS SS-
NMR spectrum of sparsely labeled 13C/15N-(AQ)12NR3 lyophilized
protein (black) and fibers spun from BSD (blue) and CSD (red) dopes.
The full spectrum (top) and magnified image of the low ppm region
(bottom) are shown. Fibers spun from both dopes have identical β-
sheet formation rates of 77% for poly-A domains according to spectral
deconvolutions [37]. E 2D 1H-13C HETCOR SSNMR spectrum col-
lected with frequency-switched Lee‒Goldburg (FSLG) homonuclear
proton decoupling for CSD (blue) and BSD (red) fibers. Slices were
extracted at the tyrosine side chain resonance to illustrate the differ-
ences between the 1H chemical shifts of one of the tyrosine aromatic
rings for the two fibers. A downfield 1H chemical shift in the BSD
fibers is observed, illustrating differences in aromatic ring packing for
fibers spun from the two dopes. The drift correction offset glitch due to
FSLG homonuclear decoupling is indicated with an asterisk (*).
Adapted with permission from [37]. Copyright 2023 American Che-
mical Society
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Fig. 6 Comparison of classic and biomimetic fiber spinning methods.
A Classic spinning methods include dry spinning, electrospinning, and wet
spinning of silk proteins from a concentrated solution to form randomly
aligned fibers. Often, organic and highly volatile solvents are used.
B Bioinspired spinning methods require aqueous solvents and recapitulate
the natural spinning mechanism by utilizing changes in pH and ion con-
centration to induce LLPS. Biomimetic spinning (left) induces LLPS prior
to the spinning process via the dialysis of a spidroin solution against a
phosphate-containing buffer, resulting in a low-concentration and a high-
concentration micellar phase. Bioinspired microfluidic spinning (right) uti-
lizes a microfluidic system. Citrate-phosphate buffer (CPB) and negative
pressure induce LLPS and fiber formation under continuous flow spinning
conditions, mimicking the native spider silk formation process (adapted
from [42]). Furthermore, both methods can be combined by using a pre-
assembled micellar spidroin phase for microfluidic spinning (middle).

C Stress‒strain curves of microfluidically spun recombinant spider silk
fibers from classic (CSD, colored dashed lines) and biomimetic (BSD,
colored solid lines) spinning dopes in comparison to those of natural spider
silk fibers (solid black line). The C- and N-terminal NR domains (CTD and
NTD) attached to eADF3 and eADF4 are vital for fiber assembly. Pink lines
depict the results for fibers spun from eADF3/eADF4 homo- and hetero-
dimer dopes derived in vivo in E. coli. The green lines indicate the results
from the spinning of in vitro-produced mixed dopes. The orange and blue
lines show the stress‒strain curves of eADF4 and eADF3 homomeric dopes.
The mechanical properties of the BSD fibers clearly exceeded those of the
CSD fibers. Microfluidic spinning of a BSD consisting of an eADF3/
eADF4 homo- and dimeric mixture prepared in vivo (solid pink line)
resulted in mechanical properties comparable to those of natural spider silk
fibers. Adapted from [43]; parts of the figure were prepared in BioRender
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driven fibrillation and shear-dependent induction of β-sheet
formation allowed spinning of fibers with a ß-sheet content
comparable to that of native dragline silk (see Fig. 6B) [42].
Since the whole fiber formation process was performed in a
continuous flow system, the native spinning mechanism was
closely mimicked. Interestingly, by combining the hetero-
dimeric constructs of both engineered spider silk proteins
eADF3 and eADF4 as in vitro mixtures or as in vivo
assemblies produced in E. coli, it was possible to imitate the
natural fiber properties even more closely by utilizing both
the BSD approach and a microfluidic spinning setup. The
resulting biomimetic fibers outperformed both fibers made of
homodimers of only single spidroin variants and mixtures
provided by the classic spinning dope approach and pre-
sented mechanical properties close to those of the natural MA
silk of A. diadematus (see Fig. 6C) [43]. These findings
support the importance of MaSp interaction at the (supra)
molecular level in preassemblies, the contribution of inter-
molecular interactions of terminal domains to controlling
solubility, and self-assembly into higher-order protein struc-
tures to yield spider silk fibers. Taken together, the reported
approach resulted in the toughest man-made protein fibers to
date, strongly indicating that the mechanical performance
increases with the extent of LLPS to preassemble the spi-
droins in the dope [44, 45].

Conclusion and outlook

The liquid crystal, micelle, and LLPS theories were pre-
viously viewed as individual concepts that all describe at least
parts of native spider silk assembly. As in vivo studies are rare
due to the challenges of working with live spiders, the com-
plete silk-spinning mechanism remains unresolved. However,
evidence strongly indicates that all three concepts can be seen
as constituting a concerted, transitional mechanism for fiber
assembly. Micellar function, LLPS to form micrometer-sized
liquid-like condensates, and nematic phase generation most
likely occur alongside each other in the upper gland parts (tail
and ampulla). Next, ion exchange, pH drop, and elongational
shear stress upon drawing through the tapered spinning duct
induce configurational changes in the terminal domains,
elongation, and alignment of the preassembled spidroins. The
final assembly into β-sheet-rich nanofibrils and drawing from
the exit spigot yields a solid fiber. The highly conserved C-
and N-terminal NR domains play a vital role in correct fiber
formation. This was further supported by ex vivo studies on
native MA glands, which revealed the highly dynamic nature
of the spidroins in the ampulla that behave like IDPs but self-
assemble into micelle-like superstructures. Recent studies that
combine biophysical methods have allowed the tracking of
LLPS in recombinant spider silk systems and the determina-
tion of how LLPS influences silk protein structure and

organization across length scales, including by structure
determination in the final wet-spun fiber. These studies have
highlighted the importance of scarcer residues with a polar
sidechain, such as tyrosine, in LLPS and silk assembly, with
the role of several other residues remaining to be elucidated.
Another important, open-ended question regarding LLPS and
the assembly of spidroins into fibers is the role of the different
proteins in the process, as spider silk is a complex multi-
component system. We anticipate that combining studies on
recombinant MaSp1 and MaSp2 constructs together with the
native system will allow elucidation of each protein’s role as
well as protein‒protein interactions important in LLPS and
spider silk formation more generally. Even though the current
knowledge of this process has allowed the fabrication of
artificially spun silk fibers with native-like mechanical prop-
erties, deeper insights into this system will help yield mate-
rials with high toughness and tensile strength, high
biocompatibility, weak immune response induction, and no
cytotoxicity for various applications.
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