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From Snapshot to Movie: Visualizing Native Silk Spinning
Defines the Paradigm for Bio-Inspired Spinning

Qinrui Lin, Yi Liu, Yumo Li, Liujingzhou Li, Fritz Vollrath, Minbiao Ji,*
and Zhengzhong Shao*

Biomimetic spinning mimics natural filament formation by inducing
stress-driven fibrillation of protein molecules into nano-filament bundles. Silk
proteins, like fibroin or spidroin, have inspired analogues such as liquid
crystals or micelles for spinning feedstocks. However, these often miss the
dynamic nature of natural feedstocks, making stress-induced fibrillation
difficult to replicate. A “flow-induced dehydration” hypothesis is proposed to
explain how native silk proteins respond to stress during spinning. In Bombyx
mori, fibroins transition from a homogeneous state in the posterior region to
a two-phase structure in the middle gland. Dense entangled fibroins support
conformational changes, while diluted regions ensure flowability. this model
is validated using reconstituted silk feedstocks with induced phase
separation, producing fibres with excellent mechanical properties and offering
a new direction for bio-inspired fiber processing.

1. Introduction

The pull-trusion spinning of natural silks, be it in spi-
ders or silkworms, is emerging as a model and paradigm
for the production of fibers with a wide range of mechan-
ical properties.[1]Importantly, the spinning technologies re-
sembling the whole process of natural spinning, defined as
biomimetic spinning, have been shown to be surprisingly cheap
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energetically.[1a,2]Key for both, the costs of
spinning and the mechanical properties
of threads, seems to be the feature of
stress-induced fibrillation.[3]Spider (arach-
nids) and silkworms (insects) have indepen-
dently evolved silk spinning that in both
cases relies on the formation of highly
aligned microstructures. Existing spinning
technologies that capture some specific fea-
tures of natural spinning are defined as
bio-inspired spinning. Such bio-inspired
spinning technology focuses on promot-
ing the mechanical performances of nat-
ural silks by aiming to copy their highly
aligned microstructures rather than aiming
to copy their economical process of stress-
induced fibrillation. Typically, the process-
ing of these bio-inspired feedstocks into
filaments is achieved by non-biological

input of energy and/or chemicals reminiscent of the re-
quirements associated with the production of synthetic
fibers.[4] In short, truly bio-mimetic spinning has so far
eluded industry or indeed even laboratory benchmark
trials.
Biological stress-induced fibrillation can, in essence, be inter-

preted by two competing concepts assigning the assembly of na-
tive fibroins to analogues of either i) a type of liquid crystal or ii)
an agglomeration of micelles.[5] The fundamental gap between
a) native fibroins of the natural feedstocks and b) reconstituted
silk fibroins of the bio-inspired feedstocks is often attributed
to structural differences: native Bombyx silk fibroins consist of
both heavy and light chains, while reconstituted fibroins are
mostly composed of heavy chains. This has led to the belief
that truly biomimetic spinning can only be achieved by fully
replicating the complex structures of native fibroins and closely
mimicking the chemical environment of natural feedstocks.[6]

However, our findings outlined below demonstrate that stress-
induced fibrillation is determined by specific molecular fea-
tures and can be successfully replicated using regenerated fi-
broins, without the need to strictly replicate the natural feedstock
composition.
Since stress-induced fibrillation is a dynamic transition,

we must assume that the spinning process relies on how
the organization of natural feedstocks evolves under the flow
stress, rather than some specific and intermediate states
identified as analogues of micelles or liquid crystallites.
We assert that most modeling approaches largely ignore
the fluidic properties of natural feedstocks during stress-
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Figure 1. Dynamic transition processes in the anterior region of the silk gland (ASG) during biospinning. a) Schematic illustration of a silk gland
of Bombyx Mori. A photograph of a dissected silk gland is in Figure S2 (Supporting Information). b) Left: photographs of a dissected ASG. Right:
Characterizations of the microscale alignment by Stimulated Raman spectroscopy (SRS). Polarization dependence of the amide III band intensity of
native fibroins inside the ASG. The amide I band is attributed to the C═O stretching of peptide bonds and can be used to characterize the alignment of
protein chains. Compared to conventional Raman spectroscopy, the Raman signals in stimulated Raman scattering (SRS) are enhanced by ≈106 to 107

times.[9] This advantage enables SRS to monitor changes in the molecular structure of native fibroins in the ASG in real time.[10] c) Schematic illustration
of applying different flow-induced stresses to the native fibroins inside the ASG. The extensional stress is applied by stretching the native fibroins in the
head of ASG. The compressive stress is applied by squeezing the back of the ASG. d) Left: SRS images of the native fibroins in ASG underwent different
stresses. The Raman signals in these SRS images originate from the C-H vibration. Right: Polarization dependence of amide III band intensity of native
fibroins underwent different stresses.

induced fibrillation.[5b,7] In consequence, molecular-level
guidance for preparing bio-inspired feedstocks tends to be
missing.
Here, we apply the lens of the fluidic properties of natural

feedstocks in order to examine the importance of hypothetical
liquid crystalline and micelle morphology features. Appropri-
ate fluidic properties comprise i) states of hydration as well as
ii) responses to shear under a range of different flow scenar-
ios. Our approach allows us to define and test hypothesis of
the molecular behavior of natural feedstocks under conditions
of spin extrusion. Accordingly, bio-inspired silk feedstocks were
constructed for “artificial” spinning. The quality of our feedstocks
was evaluated by characterization of i) their hydration states
and ii) their responses to different flow conditions. The fibril-
lation processes were monitored through the stress-strain be-
haviors for assessing the biomimicry of our feedstocks during
flow. The mechanical characteristics of the resulting fibers were
compared with both natural silks and other so-called bio-inspired
fibers.

2. Results and Discussion

2.1. Dynamic Transition in the Formation of the “Liquid
Crystalline” State

Previous research identified the liquid crystalline state of native
fibroins due to increased birefringence in the anterior region of
the silk gland treated with chemical fixation.[8] This phenomenon
is typically associated with fluids of highly aligned microstruc-
tures, such as liquid crystallites. Here we demonstrate that such
aligned microstructures are formed by extensional flow and can-
not be maintained in a static state. The microscale alignment of
native fibroins in the anterior region of the silk gland was moni-
tored by stimulated Raman spectroscopy (SRS) without involving
any chemical treatment (Figure 1a,b; Figure S1, Supporting In-
formation). In the static state, the native fibroins in natural feed-
stocks show isotropic Raman scattering intensity at various an-
gles in the polarized plot of Raman spectra (Figure 1b), indicat-
ing minimal alignment. In the dynamic states, only the native
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Figure 2. Dynamic transition processes in MSG during natural spinning. a) Schematic illustration of the different sections of MSG. b) Scanning electron
microscopy (SEM) images of MSG in a fixed silk gland. All samples for SEM experiments were dehydrated by a critical point dryer and fractured in liquid
nitrogen. Scale bars: 20 μm for main images; insets 1 μm. c) and d) T2 MRI images of silkworms at sagittal and coronal views, respectively. e) The
variation of T2 relaxation times of natural feedstocks. Data were presented as mean±SD, n = 4 ROIs.

fibroins subjected to extensional flow exhibit anisotropic inten-
sity in the polarized plot of Raman spectra (Figure 1c,d). The na-
tive fibroins under compressive flow remain isotropic and swell
out of the gland (Figure 1d). These different responses to flows
of native fibroins in the anterior region of the silk gland reveal
that the increased birefringence of native fibroins is more likely
to be caused by flow-induced orientation rather than any inherent
properties, such as liquid crystallinity.

2.2. Dynamic Transition in the Formation of “Micellar” or
“Liquid–Liquid Phase Separation” States

The micellar or liquid–liquid phase separation state was identi-
fied based on the globular morphology of native fibroins in the
middle region of the silk gland (MSG).[5b] It should be noted that
such morphological features continuously change throughout

the MSG (Figure 2a). According to the changes, we divided the
natural spinning process in MSG into three stages (Figure 2b).
i) When homogenous natural feedstocks in the posterior region
of the silk gland (PSG) enter the MSG (Figure S3, Supporting
Information), native fibroins form interconnected spheres with
rough surfaces; ii) In the middle of MSG, the spherical native
fibroins transform into phase-separated structures with porous
surfaces. The pore size of these spheres decreases along the flow
direction during spinning (Figure S4a–c, Supporting Informa-
tion). iii) In the tapered junction between MSG and ASG, the
porous spheres begin to coalesce, and the porous surface dimin-
ishes (Figure S4d, Supporting Information). The three stages
of changed morphology reveal that the underlying chain con-
formation is changed during natural spinning. This issue has
been overlooked by simply generalizing native fibroins in nat-
ural feedstocks as analogues of micelles or liquid-liquid phase
separation.
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To directly visualize the dynamic changes of natural feedstocks
in spinning, magnetic resonance imaging (MRI) was performed
on an anesthetized yet spinning silkworm. T2-MRI images cap-
ture the hydration states of native fibroins in natural feedstocks
bymeasuring the relaxation times of spin-spin interactions inwa-
ter protons.[11] Increased hydration and fluidity generate bright
T2 MRI signals, ascribed to elevated water mobilities with pro-
longed T2 relaxation times.[12] The T2-MRI contrast progressively
darkens in spinning (Figure 2c,d; Figure S5, Supporting Informa-
tion), revealing that this stage of natural spinning in the MSG is
a continuous process of dehydration. By characterizing the sec-
ondary structures of native fibroins with different fluidities by Ra-
man spectroscopy, we determined that dehydration is associated
with increased aggregation of fibroin chains. This chain aggrega-
tion restricts the mobility of amide bonds, resulting in narrower
peak width and higher relative intensity of the C═O stretching
vibration (≈1660 cm−1) compared to the aromatic rings (≈1616
cm−1) (Figure S6, Supporting Information).[13]

Besides the qualitative assessment of the dehydration in nat-
ural spinning, changes in T2 relaxation times highlight two sig-
nificant stages of dehydration and reduction of fluidity. The first
occurs at the interconnection between PSG and MSG, where
the T2 relaxation time drops from 63.9 to ≈58.1 ms (Figure 2e).
This process is associated with the formation of phase separa-
tion, suggesting changes in underlying molecular structures in
the metastable native fibroins. The second stage is at the ta-
pered junction between MSG and ASG, where extensional stress
is introduced, and the T2 relaxation times of natural feedstocks
rapidly decrease from 49.5 to 23.8 ms (Figure 2e). This rapid de-
hydration reveals the critical role of extensional stress in natural
spinning. Collectively, these results reveal the empirical impli-
cations of perceived interpretations of natural spinning by treat-
ing the observed intermediate state as a static equilibrium, while
overlooking the dynamic changes occurring in the native fibroins
of natural feedstocks. As a consequence, the bio-inspired feed-
stocks, as analogues of micelles or liquid crystals, require extra
consumption of energy and chemicals for fibrillation.

2.3. Correspondences between Rheological Behaviors and Chain
Conformations

However, current evidence is still insufficient to fully explain the
dynamic changes of fibroin chains during stress-induced fibril-
lation. To investigate these changes at the molecular level, we
applied different types of flow stress to natural feedstocks and
examined their molecular behaviors through rheological param-
eters. In natural spinning, two types of flow-induced stresses are
applied to natural feedstocks: shear and extensional stress. Exten-
sional stress arises from elongational flow deformation, which re-
sults from the tapered dies used in biospinning.[14] During elon-
gational flow, the fibroin chains are stretched, generating inter-
nal stress that resists deformation through interchain interac-
tions. Extensional viscosity measures this resistance to flow. In
this study, we developed an apparatus for uniaxial stretching to
measure extensional viscosity while minimizing shear stress in-
tegration (Figure S7, Supporting Information), because uniaxial
stretching of solutions only integrates elongation deformation
rather than internal frictions between flow layers.[14a,15] For all

natural feedstocks from different sections of the glands, exten-
sional viscosity increases as deformation (measured as strain) in-
creases (Figure 3a,b; Figure S8, Supporting Information). This
strain-hardening behavior is typically attributed to interchain as-
sociations, which act like “hooks” that resist deformation. Since
native fibroins have linear structures and show negligible con-
formation transitions, as observed in the Raman spectra (Figure
S9, Supporting Information), the strain-hardening properties are
likely due to entanglements,[14a] like those in linear polymers.
It is important to note that the extensional viscosity of natural

feedstocks decreases at higher extensional rates. This is uncom-
mon for conventional polymers.[16] Similar behaviors have been
observed in wormlike micelle solutions with two-phase struc-
tures, where themicelle’s inner region exhibits solid-like rheolog-
ical behavior, while the interspaces behave like liquids.[17] Based
on this analogy, we propose that the inner and interspaces of
globular native fibroins contribute separately to both the strain-
hardening behavior and the thinning behavior at higher exten-
sional rates. The strain-hardening is assigned to the entangled
inner space of the globular fibroins, which promotes fibroin de-
hydration (Figure 3c). In contrast, the thinning behavior results
from the disentangled interspace, which facilitates the extensibil-
ity of natural feedstocks.
Next, we examined how natural feedstocks respond to shear

flow. Shear force arises from friction between fluid layers [14a],
which can disentangle fibroin chains (Figure 3d). The main ef-
fect of shear stress is a transition in the secondary structure,
which is prevented by entanglement. According to the amide
I band (ranging from 1200–1350 cm−1 ) in the Raman spectra
(Figure 3e; Figure S10, Supporting Information), native fibroins
have an amide I band centered at 1260 cm−1 , indicating ran-
dom coil structures.[18] After applying shear stress, the amide I
band the amide I band shifts to 1240 cm−1 , indicating the for-
mation of regularly folded 𝛽-sheets. This type of secondary struc-
ture transition under shear stress has not been observed in ho-
mogeneous regenerated solutions.[19] Since natural feedstocks
possess hydrogel-like properties, we interpret the shear-induced
𝛽-sheet formation as analogous to the shear-induced crystalliza-
tion of polymer melts. Both processes rely on the critical role of
metastable phase separation, which aids crystallization by pro-
moting conformational ordering and segment orientation.[20–21]

Molecular behaviors under shear stress were analyzed by ex-
amining changes in rheological parameters, specifically the elas-
tic and viscous responses. Elastic responses, which describe the
material’s ability to store energy, were measured by the storage
modulus. Viscous responses, which describe the material’s abil-
ity to dissipate energy, were measured by the loss modulus. We
first assessed the relative contributions of these two parameters
in relation to the degree of deformation. Natural feedstocks from
the middle section of MSG exhibit an elastic-dominated range
up to ≈20% strain, whereas those from the posterior and ante-
rior sections of MSG exhibit elastic-dominated behavior up to
≈100% strain (Figure 3f). The shorter elastic-dominated range
in M-MSG feedstocks suggests they are more prone to disentan-
glement compared to the other sections. This may be linked to
the morphological differences in interspace structures: The feed-
stocks from the posterior and anterior sections of MSG show in-
terconnected morphologies, while the feedstocks from the mid-
dle are fully phase-separated.
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Figure 3. Correspondence between rheological behavior and chain conformation. a) Schematic illustration of the chain conformation of native fibroins
under extensional stress. b) Transient extensional viscosity of natural feedstocks from themiddle region ofMSG plotted against Hencky strain (ameasure
of deformation). c) Raman spectra of native fibroins before and after stretching. The relative intensity of tyrosine bands (I850/I830) is 2.6 ± 0.1 for native
fibroins and 2.9± 0.1 for stretched native fibroins. The increase of this value is attributed to the elevated level of hydrophobicity around tyrosine residues.
For the stretched natural feedstocks, this phenomenon is related to expel hydration water as observed in the MRI images. d) Schematic illustration of
the chain conformation of native fibroins under shear stress. e) Raman spectra of native fibroins extracted fromM-MSG sheared at 1% and 100% strain.
The spectra were acquired using a 785 nm laser with a grating density of 1800 gr mm−1. f, The variations of storage (filled) and loss (hollow) modulus
at different degrees of shear deformation (measured as strain).

We also monitored changes in viscoelasticity during 𝛽-sheet
formation. Since 𝛽-sheets are regularly folded structures, they
enhance the fibroin chains’ ability to store energy, as reflected
by the continuous increase in storage modulus across all natural
feedstocks from different gland sections (Figure S12, Supporting
Information). However, the loss modulus, which reflects energy
dissipation, showed differences among the sections (Figure S12,
Supporting Information). While the loss modulus in fibroins
from the posterior and anterior sections of MSG remained stable
under shear stress, the loss modulus of fibroins from the middle
sections of MSG continued to increase. This behavior aligns with
earlier observations that the feedstocks from the middle sections
of MSG are more prone to disentanglement, which corresponds
to weaker inter-fibroin associations.

2.4. Molecular Behaviors of the Flow-Induced Fibrillation Process

The molecular behavior under shear stress underscores the role
of disentanglement in facilitating the deformation of highly con-
centrated native fibroins. Based on these observations, we pro-
pose that the keymolecular requirement for the biospinning pro-
cess is the presence of metastable two-phase structures (Figure
4). A dense phase formed by entangled fibroins undergoes de-
hydration due to extensional stress, promoting the formation of
𝛽-sheets under shear stress. Meanwhile, the interspace of these
dense phases becomes disentangled, providing the extensibility
needed for fibroin deformation. As a result, globular native fi-

broins can be easily transformed into elongated building blocks
when entering the anterior section of the silk gland. The weakly
associated interspaces enable these building blocks to form ori-
ented structures in the ASG, which then serve as precursors to
the highly oriented microstructures found in natural silk.
While our proposed hypothesis helps to integrate previously

fragmented understandings of the biospinning process, it pri-
marily focuses on native proteins within the middle silk gland.
Direct and quantitative evidence of protein assembly in the ante-
rior silk gland, posterior silk gland, and spinneret remains lack-
ing due to the challenges in accessing and analyzing native feed-
stocks in these regions. Acquiring such data will require the de-
velopment of precise, in situ characterization methods. More-
over, we have observed that the geometry of silk glands varies
among species, such as in spiders and Antheraea pernyi (Chinese
tussah silk). These anatomical differences may lead to variations
in flow stress during spinning. Therefore, the general applicabil-
ity of our flow-induced dehydration hypothesis should be further
tested across different silk-spinning species.

2.5. Natural Feedstocks and Bio-Inspired Feedstocks

To validate our natural spinning hypothesis, we sought to mimic
the stress-induced fibrillation process using reconstituted silk
fibroin (RSF)-based feedstocks with similar phase separation
structures. Phase separation in the RSF solutions was induced by
adding phosphate ions, which shielded the interactions between
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Figure 4. Schematic illustration of the biospinning process propounded in this research. The native fibroins in PSG (orange shaded) are in a homoge-
neous state. The native fibroins in MSG (cyan shaded) are in phase phase-separated state, which was recognized as analogues of micelles. The fibroin
chains are initially interconnected and transformed into an entangled, separated state. The degree of entanglement is elevated along the flow direction.
The spherical native fibroins are elongated in the tapered junction betweenMSG and ASG because of the integrated extensional stress. The native fibroins
form elongated droplets in ASG (blue shaded) and undergo crystallization along the flow direction. The elongated fibroins were aligned by flow stress
so that increased birefringence could be observed. The elongated droplets serve as the precursor of fibril bundles as the building blocks of hierarchically
aligned natural silks (Figure S12, Supporting Information).

RSF chains (Figure 5a). The phase-separated RSF solutions (RSF-
LLPS) consist of two liquid phases: micro-sized droplets forming
the dense phase, and the remaining solution constituting the di-
lute phase. Also, we noticed the required amounts of phosphate
ions increased in acidic RSF solutions. Since RSF becomes less
charged in low-pH environments, the mechanism for phosphate
ions inducing phase separation is reducing electrostatic repul-
sion and necessitating higher ionic strength to trigger phase sep-
aration. These findings support the hypothesis that phosphate
ions promote LLPS mainly by weakening interchain electrostatic
interactions.
It should be noted that the LLPS solutions were formed using

≈3 wt.% RSF because it corresponds to the initial concentration
obtained after dissolving degummed silk in LiBr, without further
concentration. Although both lower and higher concentrations
can form LLPS, each presents specific challenges. Lower concen-
trations require less phosphate due to weaker interchain associ-
ations, but they lack sufficient viscosity for pre-fiber formation
and are less cost-efficient. Higher concentrations, on the other
hand, require significantly more phosphate to induce LLPS and
are prone to precipitation due to salt overload in the dense phase.
Before studying the dynamic properties, we analyzed the dif-

ferences between native and reconstituted fibroin in homoge-
neous solutions. Native fibroins consist of both heavy and light
chains. While reconstituted fibroins are degraded and primar-
ily composed of heavy chains.[22] With the same mass concen-
trations, the presence of the hydrophilic light chain in native fi-
broins allows them to form phase-separated solutions at a lower

concentration of phosphate ions compared to reconstituted fi-
broins (Figure S13, Supporting Information). We hypothesized
that stronger interchain interactions between heavy chains in re-
generated fibroins require a higher concentration of phosphate
ions to effectively shield these interactions.
To support this hypothesis, we compared the changes in water

mobility between phase-separated RSF and homogeneous RSF
solutions at the same concentrations. Notably, water mobility in
homogeneous RSF solutions was more restricted compared to
RSF-LLPS solutions (Figure 5b). Conversely, for native fibroins,
water mobility in the homogeneous PSG region was higher than
in the phase-separated solutions. Such a difference highlights the
importance of hydrophilic light chains for stabilizing native feed-
stocks at high concentrations. While RSF, without light chains to
segregate heavy chains, possesses strong interchain interactions,
which act as an energy barrier to fibrillation. In other words, fo-
cusing heavily on increasing feedstock concentration may pro-
duce unintended side effects in bio-inspired spinning processes.

2.6. The Responses of Bio-Inspired Feedstocks to External Flow

To investigate the flow-sensitive properties of the dense phase, we
compared changes in chain conformation and hydration states
before and after applying external stress. It should be noted
that the concentration of the dense phase, obtained via gravity
settlement or centrifugation, was ≈8 wt.%, providing an ideal
viscosity for pre-fiber formation. The dense phase subjected to
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Figure 5. Dynamics and Properties of LLPS in Regenerated Silk Fibroin Systems. a) Photographs of RSF solution (left), RSF-LLPS solution (right), and
a microscope image showing micro-sized droplets within RSF-LLPS (inset). Scale bar: 500 μm. b) T2 relaxation times of homogenous RSF solutions
(Homo), dense phase of RSF-LLPS (Dense), and stressed RSF-LLPS (Stressed). Data were presented as mean±SD, n = 4 ROIs. c) Raman spectra of the
dense phase of RSF-LLPS, separated by centrifugation (Stressed) and gravity settlement (Dense). The spectra were acquired using a 785 nm laser with
1800 gr mm−1 grating density and 3 s accumulation. d) Transient extensional rheology of stressed RSF-LLPS feedstocks with two different extensional
rates. e) Variation of storage/loss modulus of stressed RSF-LLPS feedstocks at different degrees of deformation. f) Variation of storage and loss modulus
of stressed RSF-LLPS feedstocks in oscillation shear rheology tests with 1% and 100% strain.

external stress exhibited shortened T2 relaxation times
(Figure 5b), indicating dehydration. Along with dehydration,
changes in the amide I Raman band—such as a narrowed peak
width and increased relative intensity—suggest that dehydration
enhances chain aggregation (Figure 5c). These changes in T2
relaxation times and the amide I Raman band are consistent
with results obtained from natural feedstocks, corroborating that
both natural and our bio-inspired feedstocks share similar flow
sensitivity.
Next, we examined the responses of the dense phase in RSF-

LLPS to extensional and shear flow. Under extensional stress,
RSF-LLPS exhibited biomimetic strain-hardening at a fixed ex-
tensional rate, and thinning behavior as the extensional rate in-
creased (Figure 5d). Additionally, the dehydration process under
extensional stress was directly observed (Figure S14 and Video
S1, Supporting Information).
In shear rheology, the storage moduli of both RSF-LLPS and

stressed RSF-LLPS solutions showed thickening behavior at 1%
strain, similar to natural feedstocks (Figure 5e,f). The loss mod-
ulus remained nearly stable, akin to the connected structures in
natural feedstocks (Figure 5f). These findings confirm that the
phase-separated droplets are associated with weak physical inter-
actions, similar to those seen in natural feedstocks. Since these
responsive properties to external stress were not observed in con-

centrated homogeneous RSF solutions (Figure S15, Supporting
Information), we can conclude that the molecular architecture
formed through phase separation is essential for the dynamic
properties of both native and regenerated fibroins.

2.7. Bio-Inspired Spinning Using Artificial Phase-Separated
Feedstocks

Encouraged by the shared dynamic properties between natural
and our bio-inspired feedstocks, we tested their ability to un-
dergo stress-induced fibrillation and monitored changes in their
microstructures during this process (Figure 6a). Upon stretch-
ing, the viscous RSF-LLPS feedstocks initially form fibers with
highly aligned building blocks, without the formation of 𝛽-sheets
(Figure 6b; Figure S16, Supporting Information). These fibers
can be significantly extended through additional stretching, dur-
ing which 𝛽-sheets are formed.
Based on changes in the force-strain curves during this pro-

cess, bio-inspired fibrillation can be divided into two stages
(Figure 6c): 1) Initial fiber formation stage: Characterized by a
broad yielding plateau, where the stress is primarily generated
by the elongation of globular dense phases. 2) 𝛽-sheet forma-
tion stage: Marked by the coexistence of a yield point and a
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Figure 6. Structure and Mechanical Properties of our bio-inspired fibers. a) Left: Photographs of the fibrillation process. Right: pre-fiber formed from
stretching the stressed RSF-LLPS feedstocks and the stretched pre-fiber. Scale bar is 100 μm. b) Scanning electronmicroscopy (SEM) images of stretched
prefiber. Scale bar: 10 μm. c) Force-displacement of the prefibers in the repeated stretching process. d) Raman spectra of the prefiber and the stretched
prefiber, acquired using a 785 nm laser with 1800 gr/mm grating density and an accumulation time of 3s. e) Stress at break and modulus of aligned and
partially aligned bio-inspired fibers. Data presented as mean ± SD, n = 10, statistical significance, ***p ≤ 0.001. f) The ultimate strength and stiffness
of our biomimetic fibers versus existing artificial fibers produced by conventional bio-inspired spinning methods.[1a,23]

hardening region, where the friction between elongated building
blocks generates shear forces, promoting 𝛽-sheet formation and
further alignment (Figure 6d). Both stages contribute to increas-
ing the force. The disentangling of the building blocks ensures
that the regenerated fibroins are fully aligned during repeated
stretching, reducing yielding behavior after successive stretches.
These two stages of fibrillation closely replicate the natural spin-
ning process seen inA-MSGandASG,without the need for harsh
experimental conditions.
The obtained fiber still demonstrates brittle features because

of large amounts of phosphate ions and incomplete 𝛽-sheet for-
mation. The finalization of bio-inspired fibers requires salt re-
moval and crystallization in a 30% ethanol solution. To our sur-
prise, the fibers displayed coloration under polarized light, which
is correlated to highly ordered internal structures, enabling them
to act as diffraction gratings (Figure S17, Supporting Informa-
tion). The mechanical performances of our bio-inspired fibers
are closely linked to their microscopic alignment. Highly aligned
fibers exhibit a remarkable ultimate strength of 610± 51MPa and
stiffness of 17.0 ± 1.0 GPa (n = 10) (Figure 6e; Figure S18, Sup-
porting Information). The standard deviation of these data comes
from the defects and inhomogeneity in fiber formation. In con-
trast, partially aligned fibers—those produced without repeated
stretching during the bio-inspired spinning process—show re-
duced strength but increased toughness (Figure 6e; Figure S19a,
Supporting Information). These findings confirm that crystal-

lization and alignment improvement can be achieved simultane-
ously, as observed in the natural spinning process. The above data
demonstrate our bioinspired spinning method can reduce both
chemical usages, by avoiding large coagulation baths, and en-
ergy consumption, by eliminating high-energy sonication steps.
These advantages highlight the potential of our LLPS-based ap-
proach for future scale-up. While this section primarily serves
to validate the underlying mechanism rather than to propose an
industrial production method, the practical efficiency of our bio-
inspired spinning in large-scale production remains to be esti-
mated.
Moreover, the strength and stiffness of our fibers outper-

formmost existing fibers created through perceived biospinning
methods and native silkworm silks (Figure 6f; Figure S19b, Sup-
porting Information). Such performances are lower than those
of force-reeled native silks (Figure S19b, Supporting Informa-
tion) and have the potential for further improvement by elaborat-
ing processing parameters. According to the structure-property
relationship of semicrystalline polymer fibers, the stiffness and
strength of our bio-inspired fibers are closely linked to the align-
ment of 𝛽-sheets. In our draw-spinning method, this alignment
is influenced by several factors, including the stretching speed
during both pre-fiber formation and post-stretching, as well as
the maintenance of internal stress during ethanol treatment. No-
tably, the solvent exchange process during ethanol treatmentmay
introduce inhomogeneity between the outer and inner layers of
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the fiber due to differential diffusion of water and ethanol. There-
fore, optimizing this draw-spinning approach requires a detailed
analysis of the crystallization kinetics and solvent exchange dy-
namics.
Beyond the processing parameters, the above fiber forma-

tion process demonstrates that RSF-LLPS solutions can repli-
cate key features of stress-induced fibrillation observed in nat-
ural biospinning. However, it is important to note that in na-
tive silk spinning, pre-fiber formation, dehydration, and crys-
tallization occur within the duct, where flow stress and the
chemical environment are precisely and continuously regu-
lated. Our bio-inspired fiber formation serves as a prelim-
inary validation of the flow-based hypothesis, but does not
fully replicate these tightly controlled conditions. The poten-
tial of RSF-LLPS feedstocks for biomimetic spinning can be
further tested using microfluidic devices, which can better
mimic the spatial and temporal regulation of the natural silk
duct.

3. Conclusion

In this study, we distinguish the process of natural spinning
from the dynamic morphing of the native fibroin molecules. By
identifying relationships between the dynamic properties and the
morphological features of these fibroins, we outline a molecular
framework contributing to how natural feedstocks respond to ex-
ternal stress for fibrillation. In natural feedstocks, native fibroins
form entangled dense phases that undergo successive phases of
extensional deformation, which aligns them into the building
blocks fundamental for the formation of the fiber. These phase-
separatedmacromolecular structures, in their disentangled state,
allow extensibility at very high concentrations. We propose that
the essence of natural spinning lies in the flow-responsive prop-
erties of these phase-separated structures. We validate this con-
cept by examining the convergence of dynamic properties be-
tween native fibroins and artificial LLPS solutions formed by
phosphate ions. In other words, the observed dynamic transition
can biomimetically be achieved by replicating chain conforma-
tions, without the need to precisely replicate the chemical envi-
ronment of appropriate artificial feedstocks. Changes in chemi-
cal environments, such as pH levels and ion concentrations, fa-
cilitate the stress-induced fibrillation process but are not its pri-
mary cause. Using this framework, our set-up produced fibers
with outstanding mechanical properties by allowing the forma-
tion of highly aligned microstructures similar to those found in
the native model silk of Bombyx as well as other animal silks. Im-
portantly for practical use, the consumption of both energy and
chemicals was minimized in our biomimetic spinning process
by eliminating multistep concentration and coagulation.
In summary, this study redefines our understanding of natu-

ral spinning and highlights the critical role of bio-inspired phase
separation in polymer processing. The unique phase separation
observed in the silk gland has important implications for the
fabrication of synthetic polymers into highly ordered, mechani-
cally strong fibers. By drawing insights fromnatural systems, this
work not only deepens our knowledge of fiber formation but also
paves the way for new innovations in synthetic fiber production.

4. Experimental Section
Preparation of Fixed Silk Glands: The silk glands, extracted from fifth

instar Bombyx mori silkworms during silk spinning, were initially rinsed
with 0.1 m PB buffer three times for 10 min each to remove sericin, fol-
lowed by a 12 h immersion in modified Karnovsky fixative. This fixative
comprised 2% glutaraldehyde, 2% formaldehyde, 0.1 m sodium cacody-
late, 0.01 m calcium chloride, and 0.35 m sodium chloride, pH adjusted to
7.4 using hydrochloric acid. After fixation, the glands were further cleansed
with 0.1 m PB buffer and deionized water to eliminate any residual salts.

Preparation of Silk Spinning Feedstocks: The silk spinning feedstocks
were obtained from freshly dissected glands of fifth instar Bombyx mori
silkworms. Initially, the silkworms were carefully dissected to remove their
glands, which were then placed in a Petri dish. To remove the sericin, the
glands were thoroughly washed with an isotonic 0.75 m NaCl solution.
Using fine tweezers, the epitheliumwas delicately peeled off, and the gland
contents were once again rinsed in the isotonic salt solution to ensure
thorough cleansing.

Preparation of Regenerated Silk Fibroin LLPS Solution: The regenerated
silk fibroin aqueous solution was prepared from Bombyx mori silkworm
cocoons using a well-established procedure described previously. Initially,
the cocoons were degummed by boiling them in a 0.5 wt.% NaHCO3 so-
lution for 45 min. After a thorough rinse with deionized water and drying,
the silk was then dissolved in a 9.3 mol L−1 LiBr solution at 60 °C for an
hour. This solution underwent dialysis against deionized water for three
days to totally remove the LiBr, resulting in a silk fibroin aqueous solution
with a protein concentration of ≈4 wt.%.

After dilution to a 3 wt.% concentration, the regenerated silk fibroin so-
lution had 0.75 m phosphate buffer (pH = 7) added dropwise until reach-
ing a final phosphate concentration of 0.125 m. This prepared solution
was subsequently stored at 4 °C for 12 h, with intermittent shaking every
30 min during the initial 3 h, to ensure the formation of a stable LLPS so-
lution. The dense phase of the prepared LLPS solution was subsequently
separated either by natural sedimentation at room temperature or by cen-
trifugation.

To ensure consistency in the properties of RSF-LLPS dense phases, the
separation process was standardized by carefully controlling themass and
speed during centrifugation to maintain consistent centrifugation stress.
For gravity settlement, the process was conducted at 4 °C to slow down
phase separation and minimize external stress. Comparative tests show
that both methods yield dense phases with comparable morphology and
rheological behavior.

Fabrication of Biomimetic Silk via LLPS: To fabricate the protofibrils of
biomimetic silk via LLPS, the dense phase obtained from silk LLPS through
centrifugation was constantly stretched at a speed of 50 μm s−1. This pro-
cess utilized a Physica MCR 301 rheometer (Anton Paar GmbH, Austria)
configured with an 8 mm parallel plate and a 1 mm gap distance. The
protofibrils were first immersed in a 50% ethanol solution for 10 min and
then, while still in the solution, gently stretched to twice their length using
tweezers. After this process, they were allowed to dry and subsequently
stored in the air.

Characterization: Surface and cross-sectional scanning electron mi-
croscopy (SEM) images were obtained by using a Zeiss Gemini SEM 500
at 3 kV. SRS measurements were performed using a custom-built SRS mi-
croscope. The SRS system employed a tunable pump beam and a fixed
Stokes beam, generated by an OPO laser (Insight DS+, Newport, CA),
with picosecond chirping for resolution. The beams, modulated for in-
tensity, were merged and directed into a laser scanning microscope (FV
1200, Olympus) using a 60× water immersion objective lens. The trans-
mission light was filtered, detected, and demodulated to acquire the sim-
ulated Raman loss (SRL) signal, enabling imaging. A motorized stage ad-
justed beam delays for rapid SRS image capture, simplifying the process
of assembling and obtaining detailed images. All MRI images were ac-
quired by using a 7.0 T Novila magnetic resonance imaging system (Chen-
Guang Medical, China). A spinning silkworm was anesthetized with 1%
isoflurane. T2-weighted images were acquired with a TR of 2000 ms, TE of
17.8 ms, and a 1 mm slice thickness. T2 relaxation times were measured
using a multi-echo turbo spin-echo sequence (TR = 5500 ms, 0.8 mm
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slice thickness). Signal intensities were fitted to a mono-exponential de-
cay model using prim software to generate T2 maps. The T2 relaxation
times were obtained by randomly selecting 4 regions of interest on the T2
map.

Shear rheological tests were conducted at 25 °C using a Physica MCR
301 rheometer (Anton Paar GmbH, Austria) in a strain-controlled mode
with a 10 mm taper-plate configuration and a 0.4 mm gap. To prevent
evaporation, a small amount of low viscosity mineral oil was applied at
the edge of the dense phase. The constant strain oscillation experiments
were performed at 1% and 100% strain levels for 300 s each. For exten-
sional rheology tests, the setup was adjusted to an 8 mm parallel-plate
with a 1 mm gap. The diameter of the protofibrils during extension was
monitored using an optical microscope camera. The mechanical proper-
ties of biomimetic LLPS silk were tested on an Instron 5565 mechanical
testing machine (Instron, Norwood, USA) with a load cell of 2.5 N. All
tests were carried out at 20−25 °C and relative humidity of 50–60%. The
cross-sectional area of each fiber was calculated by determining the di-
ameter using an optical microscope and then multiplying it by the shape
factor, which was statistically derived from analyses conducted with Field
Emission Scanning Electron Microscopy (FESEM).

Statistical Analysis: The value of n = 4 indicates the number of inde-
pendently selected ROIs in the T2 maps, and the data were presented as
mean ± SD.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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