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Many studies try to comprehend and replicate the natural silk spinning pro-
cess due to its energy-efficient and eco-friendly process. In contrast to spider
silk, the mechanisms of how silkworm silk fibroin (SF) undergoes liquid-liquid
phase separation (LLPS) concerning the various environmental factors in the
silk glands or how the SF coacervates transform into fibers remain unexplored.
Here, we show that calcium ions, among the most abundant metal ions inside
the silk glands, induce LLPS of SF under macromolecular crowded conditions
by increasing both hydrophobic and electrostatic interactions between SF.
Furthermore, SF coacervates assemble and further develop into fibrils under
acidification and shear force. Finally, we prepare SF fiber using a pultrusion-
based dry spinning, mirroring the natural silk spinning system. Unlike previous
artificial spinning methods requiring concentrated solutions or harsh solvents,
our process uses a less concentrated aqueous SF solution and minimal shear
force, offering a biomimetic approach to fiber production.

Silk fibers produced by silkworms have exceptional mechanical strength
and toughness achieved by their protein structure and the hierarchical
assembly of the proteins to fibrils'2. Silk fibroin (SF), the main protein of
silk fiber, consists of a heavy chain (H-chain; ~391 kDa) and a light chain
(L-chain; ~27 kDa). The H-chain has an extended hydrophobic repetitive
domain interspersed with hydrophilic spacers and hydrophilic terminal
domains’, where the L-chain is connected to the carboxylic terminal
domain of H-chain by a single disulfide bond*. The hydrophobic inter-
actions and the self-assembly to beta sheets of the repetitive domain are
responsible for the high mechanical strength of silk fibers®. The hydro-
philic spacers and terminal domains control the assembly of SF and
regulate the transformation of liquid SF solution into solid fibers® %, This
domain structure allows the silkworms to instantly produce strong silk
fibers from an aqueous protein dope solution with the advantages of
minimal force, low energy consumption, and little to no environmental
harm®%°. Thus, understanding and replicating the natural silk fiber pro-
duction process holds significant promise for enhancing current
methods for commercial synthetic fiber production.

The conversion of SF from a liquid solution to a solid fiber is
controlled by a range of chemical and physical factors inside the silk
glands. Specifically, from the posterior to the anterior silk gland, SF
experiences gradual acidification, converting the secondary structure
from a random coil to beta sheets" ™. A shear force, mainly generated
by pultrusion, further facilitates the conversion of SF from liquid
solution to fibers®™. Throughout this process, various metal ions'>",
such as calcium ions (Ca®') and potassium ions (K*), actively regulate
the silk spinning process, mainly by controlling the secondary struc-
ture and shear sensitivity of SF?>., Particularly, Ca®* is regarded as one
of the most important metal ions as it prevents the premature struc-
tural transition of SF before it is spun into fibers and modulates the SF
self-assembly by interacting with the negatively charged amino acids
during spinning'>**,

On the other hand, liquid-liquid phase separation (LLPS), a phe-
nomenon in which one component of a solution spontaneously sepa-
rates from the remainder of the solution forming a condensed phase
called a coacervate, has received recent attention as a crucial
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component of the silk spinning process. While the term LLPS has not
been used for SF until recently, the phenomenon itself has been
reported since the 1980s*2, A number of reports have blended SF with
other polymers and observed globular structures”*°. Importantly, Jin
and Kaplan studied the primary sequence of SF and proposed a micelle
model, where they suggested that the domain structure of SF may drive
the formation of nano- and microscale spherical assemblies in an aqu-
eous milieu®. Furthermore, in a recent report, Eliaz et al. observed LLPS
of native SF in the middle silk glands of silkworms, confirming the
existence of LLPS in vivo®. However, the critical question of how SF
undergoes LLPS under the various environmental factors inside the silk
glands (i.e., metal ions, pH, and shear force) and how the SF coacervates
transition to solid fibers remains unanswered.

One potential factor closely associated with the LLPS of SF is the
ionic environment within the silk glands. Several proteins with a similar
domain structure as SF, characterized by a hydrophobic domain
flanked by hydrophilic terminal domains, have been reported to
undergo LLPS in response to ionic compounds®>*, For example,
phosphate ions have been found to induce the LLPS of spidroin, the
protein constituting spider silks, through a process mediated by the
carboxyl-terminal and repetitive domains®. In addition, the interaction
between metal ions and the terminal domains of cytoplasmic proteins
(e.g., tau, a-synuclein, FUS) has been reported to regulate LLPS®.
Hence, it is plausible that the LLPS of SF may exhibit similar ion-
dependent behavior. Specifically, Ca*" is a strong candidate for indu-
cing LLPS of SF, given its abundance within the middle silk gland where
LLPS has been observed'®'**, Therefore, a detailed study on the rela-
tionship between Ca?* and LLPS of SF is required to obtain a better
understanding of the silk spinning mechanism.

Herein, we investigated the role of Ca® in the LLPS of SF and
further evaluated the transition of coacervates into fibrils by external
stimuli, namely acidification and shear force. We found that the addi-
tion of Ca*, in the presence of the widely used crowding agent dex-
tran, spontaneously condensed SF into coacervates. Furthermore,
acidic conditions and applying shear force led to the transition of these
SF coacervates into fibrils. We utilized this transition of SF coacervates
and successfully spun SF fibers with hierarchical structures. Our work
identifies a role for Ca?* in inducing LLPS of SF. Moreover, our biomi-
metic dry spinning method presents the potential of understanding
the natural silk spinning mechanism and offers an efficient method for
fiber production.

Results

Calcium ions induce the LLPS of SF

As mentioned above, since the LLPS of SF has been observed in the
middle silk gland of the silkworm, together with the high content of
Ca”, it suggests a potential role of Ca* in the formation of the LLPS of
SF. To investigate the effect of Ca?* on the LLPS of SF, we added Ca*
(37.5 mM) to a mixed solution of 1.5% (w/v) SF and 2.5% (w/v) dextran
(SF Dex), where dextran was added to increase the interactions
between the SF proteins®. Calcium chloride was chosen as the source
for Ca*" as the chloride anion has negligible impact on the LLPS of SF,
which will be discussed later. Before adding Ca*', the SF_Dex solution
was transparent (Fig. 1a). However, the solution immediately turned
turbid after adding the Ca*. When the mixture was observed under an
optical microscope, the formation of coacervates was observed
(Fig. 1b). In addition, the coalescence of the coacervates confirmed
their liquid-like properties (Supplementary Fig. 1). To verify which
polymer, SF or dextran, was constituting the coacervate phase, a
fluorescence microscope was used. Rhodamine B (red) and FITC-
dextran (green) were used to visualize SF and dextran, respectively.
Fluorescence microscopy images revealed that upon the addition of
Ca”, the two polymers were segregated into two separate phases
(Fig. 1b), where SF formed the spherical coacervate phase and dextran
was observed in the area outside the coacervates (dilute phase).

In order to determine the concentration of SF and Ca® under
which SF undergoes LLPS, a phase separation map was generated
(Fig. 1c) based on microscopy observations (Supplementary Fig. 2a)
and turbidity measurements (Supplementary Fig. 2b). Depending on
the concentration of SF and Ca?', the mixed solution exhibited three
different states: 1. a turbid, LLPS solution (2-phase region; circles in
Fig. 1c), 2. a transparent solution (1-phase region; squares in Fig. 1c),
and 3. a solution undergoing delayed LLPS (Supplementary Fig. 3),
which was considered as a threshold concentration for undergoing
LLPS (binodal line; triangles in Fig. 1c). The effect of SF and Ca®* con-
centrations on the degree of LLPS was investigated by evaluating the
coacervate size and the turbidity of the solutions under the 2-phase
region (Fig. 1c; Supplementary Fig.2b). At the same SF concentration,
the coacervate size was constant regardless of the Ca** concentration.
Similarly, there was no noticeable difference in turbidity between
these solutions (Supplementary Fig. 2b). However, changing the SF
concentration impacted the coacervate size. Specifically, when the SF
concentration was 1.5% (w/v), the coacervate diameter ranged from 20
to 30 um, and when the concentration was decreased to 0.5% (w/v),
the diameter decreased to less than 10 um. Further dilution resulted in
coacervates with a diameter of less than 1 um. This size reduction was
attributed to the sparseness of the SF proteins in diluted solutions.
When coacervates came into contact with other coacervates, they
coalesced and formed a larger coacervate. However, when the coa-
cervates were sparsely distributed, coalescence occurred less often,
resulting in coacervates with smaller diameters. The coacervate size
reduction correlated with the turbidity decrease of LLPS solutions with
decreasing SF concentration, which is likely due to the reduced light
scattering from smaller and sparser coacervates. Therefore, while the
formation of LLPS was Ca®* concentration-dependent, the coacervate
size was dependent on the SF concentration. However, increasing Ca*
concentration did not have a noticeable effect on the coacervate size
or the turbidity of the solution. These results indicated that solutions
with additional Ca®" above the threshold concentration do not have a
stronger tendency to undergo LLPS.

SF are condensed in a random coil state inside the coacervates
While further increasing the Ca* concentration above the binodal line
did not have a notable effect on the degree of LLPS (Fig. 1c; Supple-
mentary Fig. 2), it could have a different effect on the SF inside the
coacervates. Therefore, we investigated the effect of different Ca**
concentrations on the concentration, conformation, and diffusivity of
SF inside the coacervates while the initial SF concentration was fixed at
1.5% (w/v). In order to analyze the coacervate and the dilute phase
individually, these two phases must be separated®>*. Therefore, the
solutions were centrifuged (10,000 x g for 15 min) to achieve fast and
uniform precipitation, resulting in a precipitated bottom phase and a
supernatant in the upper portion (Fig. 1a). For samples that did not
undergo LLPS (0 mM and 0.75 mM Ca*"), centrifugation resulted in no
visible change between the bottom and upper portion of the solutions.
However, sedimentation of SF may have occurred without visual
changes. To account for this possibility, the lowermost and uppermost
portions of the centrifuged solution were collected even though no
visual sedimentation had occurred.

The SF concentration in each phase was calculated by employing
UV-Vis spectroscopy (Fig. 1d). The SF concentration was determined
from the absorbance at 278 nm (Supplementary Fig. 4), which corre-
sponds to the absorbance of Tyr residues abundant in SF. The SF
concentration in the bottom phase of the phase-separated solutions
(27.5mM Ca*') was found to be 9-9.9% (w/v), which was 6-6.6-fold
greater than the SF concentration in the initial solution 1.5% (w/v).
Thus, we quantitatively confirmed that Ca**-induced LLPS of SF resul-
ted in condensation of SF in the coacervates. However, the SF con-
centration in the bottom phase of the phase-separated solutions was
unaffected by different Ca®* concentrations. This result indicates that
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Fig. 1| Calcium ions induce the LLPS of SF. a The silk fibroin and dextran solution
(SF_Dex) became turbid after the addition of Ca** (37.5 mM). The turbid solution
was further separated into two phases after centrifugation (10,000 x g, 15 min).

b Optical and fluorescence images of Ca*-induced LLPS of SF. ([SF]=1.5% (w/v),
[dextran]=2.5% (w/v), [Ca*]=37.5 mM. Red: SF dyed with rhodamine B, green: FITC-
dextran. Scale bar=50 um). ¢ Phase separation map as a function of the SF and Ca*
concentrations. The red binodal line was drawn by connecting the data points
where LLPS was observed after 15 min. The inset fluorescence images correspond
to the solutions from each data point inside the dashed boxes. (squrae: No LLPS,
triangle: LLPS observed after 15 min, circle: LLPS observed immediately after mix-
ing; scale bar=50 um). d SF concentrations of the bottom and the supernatant
phase at different Ca?* concentrations calculated from the absorbance at 278 nm.
Data are presented as mean + SD for n = 3 independent experiments. e FTIR spectra
of the bottom and the supernatant phase of each solution with different Ca?*

concentrations. f Relative proportions of different types of secondary structure of
the SF in the bottom phase determined via deconvolution of the amide I peaks. Data
are presented as mean + SD for n =5 independent experiments. The deconvolution
of the spectra for Ca**_0 mM and Ca?*_0.75 mM was not conducted because of the
existence of dextran in the bottom phase. In (d, e), data from samples that
underwent LLPS are highlighted in red. g Diffusion coefficients calculated from
FRAP measurements of SF coacervates from different Ca?* concentrations. Data are
presented as mean + SD for n =3 independent experiments. The statistical sig-
nificance (P < 0.05) of the differences was checked using one-way analysis of var-
iance (ANOVA) with Tukey’s test. h Turbidity of SF_Dex solutions with different
types of cations and anions at the same concentration (37.5 mM). The highlighted
columns indicate the solutions that underwent LLPS. Data are presented as

mean = SD for n =3 independent experiments. The corresponding data points of
the bar graphs in (d, f, g, h) are indicated as triangles.

increasing the Ca®* concentration above the threshold concentration
for undergoing LLPS did not increase the degree of condensation of
SF, similar to the effect of Ca** concentration on the coacervate size
and turbidity of the solution discussed above (Fig. 1c).

The composition and the secondary structure of SF in each phase
were studied from the FTIR spectra of the bottom and the supernatant

phase of the samples with different Ca** concentrations (Fig. 1e; Sup-
plementary Fig. 5). No marked difference was observed in the super-
natant spectra regardless of whether the samples underwent LLPS. In
these spectra, characteristic peaks of both SF (amide |,
1600-1700 cm™; amide II, 1470-1570 cm™) and dextran (glycosidic
linkage, 950-1050 cm™) were observed (Supplementary Fig. 6 for pure
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polymer). However, the FTIR spectra of the bottom phase were sig-
nificantly different depending on the LLPS formation. For the samples
that did not undergo LLPS, the bottom phase spectra exhibited char-
acteristic peaks of both SF and dextran. On the other hand, for the
samples that underwent LLPS, the bottom phase spectra exhibited
only the characteristic peaks of SF but not those of dextran. This shows
that while both SF and dextran were present in the dilute phase, only
SF was present in the coacervates, consistent with the fluorescence
image analysis (Fig. 1b). Furthermore, deconvolution of the amide |
peak revealed that the secondary structure of SF within the coa-
cervates was predominantly random coil, regardless of the Ca*" con-
centration (Fig. 1f). This result is consistent with the circular dichroism
(CD) spectra, which revealed that SF in the LLPS solutions was in a
random coil structure (negative ellipticity near 195 nm; Supplemen-
tary Fig. 7). These results indicate that the condensation of SF into
coacervates by Ca?* did not alter the secondary structure of SF.

FRAP analysis was conducted on coacervates with different Ca*
concentrations to compare the diffusivity of SF. The surfaces of the
glass slides and coverslips used for FRAP measurements were con-
jugated with dextran to prevent the spreading of SF coacervates. To
minimize the effect of size, coacervates with diameters larger than
12 ym were chosen for FRAP experiments. The FRAP data were fitted to
an exponential decay function to obtain a diffusion coefficient, which
represented the diffusion rate of SF inside the coacervates. The dif-
fusion coefficient was found to be independent of the Ca* con-
centration, revealing that while Ca®* induces the condensation of SF
into coacervates, it does not inhibit the mobility of the SF chains
(Fig. 1g; Supplementary Fig. 8). Our FTIR data described above (Fig. 1e,
f), which revealed that SF remained in a random coil state, further
support these results.

Taken together, we have found that Ca®* condensed SF inside the
coacervates without altering the secondary structure or the mobility of
SF. A high SF concentration and a stable random coil secondary
structure are crucial components of a dope solution for the silk spin-
ning process for retaining the viscosity without irreversible beta sheet
transition. Our results confirm that the Ca*-induced SF LLPS meets
these requirements.

Divalent cations and kosmotropic anions also induce LLPS of SF
Next, we investigated whether the induction of LLPS was a specific
characteristic of Ca** by evaluating the occurrence of LLPS in the
presence of different types of cations that can be found inside the silk
glands'®" (Fig. 1h; Supplementary Figs. 9 and 10). The occurrence of
LLPS was found to depend on the valence state of the cations. No
turbidity changes or coacervates were observed when monovalent
cations (sodium and potassium ions) were added to the SF solution.
However, when divalent cations (zinc, copper, manganese, magne-
sium, and calcium ions) were added to the solution, coacervates and an
increase in turbidity were observed (Fig. 1h; Supplementary Fig. 9).
Additionally, the degree of LLPS differed depending on the type of
divalent cation. Notably, the addition of zinc or copper ions led to
greater turbidity than that observed with the same concentration of
calcium ions. A large error bar in turbidity was obtained upon the
addition of copper ions, owing to the fast sedimentation and gelation
of the coacervates. This result was expected, as multiple studies have
reported that copper ions strongly interact with SF, inducing the for-
mation of beta-sheets even at low concentrations®®, The addition of
manganese ions led to turbidity to a degree similar to that induced by
calcium ions. The addition of magnesium ions led to delayed LLPS,
where the coacervates slowly appeared over time (Supplemen-
tary Fig. 11). According to studies conducted on alginate hydrogels,
magnesium ions have a weak tendency to form crosslinks via electro-
static interactions owing to the strong affinity between the magnesium
ions and water molecules®*°. These interactions may be the reason for
the relatively weak driving force for the phase separation of SF in the

presence of magnesium ions. We also performed the same experiment
with trivalent cations (ferric ions), but SF gelled immediately after
mixing. The fast gelation is possibly due to the strong interaction
between ferric ions and SF chains**2, Therefore, there is a correlation
between the valence state of the added cation and its ability to drive
LLPS of SF. Moreover, the effect of these different types of cations in
different combinations and ratios on the state of SF coacervates may
further reveal the fundamental role of metal ions during the silk
spinning process. Meanwhile, we also observed that the pH of the
solution altered depending on the types of cations added (Supple-
mentary Fig. 12a). However, adjusting the pH with 0.1 M HCI to similar
values observed with the added cations did not induce LLPS, sug-
gesting that the pH value was not the determining factor in the LLPS of
SF with cations (Supplementary Fig. 12b).

In addition to cations, anionic compounds are also present inside
the silk glands as counter ions. Compared to cations, the effect of
anions during the silk spinning of silkworms remains largely unex-
plored. However, multiple studies have suggested that anions play an
important role in the silk spinning of spiders. Specifically, phosphate
ions are known to drive LLPS of spidroin proteins by increasing
hydrophobic interactions®***. Therefore, we investigated whether
anions can also induce LLPS of SF following a mechanism similar to
that of spidroin. The anions were selected based on their position in
the Hofmeister series**. Similar to what was reported for spidroin, the
addition of kosmotropic anions (citrate and phosphate ions) induced
LLPS, whereas the addition of chaotropic anions (iodide and thiocya-
nate ions) did not induce LLPS (Fig. 1h; Supplementary Fig. 10).
Therefore, hydrophobic interactions are likely important factors in the
LLPS of SF.

Mechanism of calcium ion-induced LLPS of SF

For LLPS to occur, attractive forces between proteins are required®.
The above results revealed that divalent cations promote LLPS of SF
while monovalent cations did not, suggesting electrostatic forces may
be involved in forming LLPS. On the other hand, the addition of kos-
motropic anions resulted in LLPS of SF, indicating hydrophobic
interactions may also be one of the driving forces for LLPS. Previous
studies have reported that Ca** mediates the rheological properties
and the self-assembly of SF during silk spinning by interacting with the
negatively charged amino acids of SF*?°*, Based on these observa-
tions, Ca** may be driving LLPS by forming salt bridges via electrostatic
interaction with carboxylic acid residues of SF. On the other hand, an
increase in hydrophobic interactions may also be a factor in Ca*-
induced LLPS. However, unlike the kosmotropic anions observed
above, Ca®* is chaotropic, which weakens hydrophobic interaction
between proteins. Another possibility is that Ca®* shields the negative
charge of carboxylic acid residues of SF and destabilizes the electro-
static repulsion, increasing the hydrophobic interactions between SF
chains. Therefore, we proposed two possible mechanisms through
which Ca* might promote the LLPS of SF: 1. hydrophobic interactions
via charge screening and 2. salt bridge formation via electrostatic
interactions.

We first added 1,6-hexanediol to investigate the feasibility of the
first proposed mechanism. The 1,6-hexanediol is an amphiphilic
compound known to disrupt the hydrophobic interactions between
polymers, which is widely used for investigating hydrophobic inter-
actions in LLPS***”, From fluorescence microscopy observations, we
found that this addition decreased the size of the SF coacervates
(Fig. 2a). Moreover, after the addition of 5% (w/v) 1,6-hexanediol, the
coacervates entirely disappeared. Therefore, hydrophobic interac-
tions between SFs are closely related to Ca*-induced LLPS.

Next, we determined the zeta potential of the solutions to inves-
tigate whether the hydrophobic interactions were induced by charge
screening (Fig. 2b). In the absence of Ca?, the zeta potential of the
SF_Dex solution was —17.6 mV. As the Ca?* concentration increased, the
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Fig. 2| Mechanisms for calcium ion-induced LLPS of SF. a Fluorescence images of
silk fibroin (SF) coacervates with different concentrations of 1,6-hexanediol (scale
bar =50 um). b Zeta potential of SF and dextran (SF_Dex) solutions with different
concentrations of Ca?. Data are presented as mean + SEM for n =3 independent
experiments. ¢ Zeta potential of SF_Dex solutions with different concentrations of
Na'*. Data are presented as mean + SEM for n =3 independent experiments. The
dotted orange line in (b, ¢) indicates the lowest zeta potential of the SF_Dex solu-
tion with added Ca?* at which LLPS was observed ([Ca*']=7.5 mM). d Turbidity
change in the SF LLPS solution (1 mL, [Ca?*]=7.5 mM) with increasing Na" content.

2.5% 1,6-hexanediol

5.0% 1,6-hexanediol

@

Na*

ey ' =y
o o o o o
M M M M

Zeta potential (mV)

o o,
1 1

Ca**_7.5mM

Ca**_7.5mM
+Na*_75 mM

Ca**_7.5mM
+Na*_75 mM
+Ca?*_75 mM

-104
154
-204

Zeta potential (mV)

[
o
r

&
S

+Ca?_75 mM

Data are presented as mean + SD for n =3 independent experiments.

e Fluorescence images of SF coacervates with different cation compositions (scale
bar=50 um). f Zeta potential of the SF_Dex solution with different cation compo-
sitions. Data are presented as mean + SEM of n =3 independent experiments. The
highlighted columns in (b, f) indicate the solutions that underwent LLPS. Due to
instrumental limitations, samples were diluted to 1/10 their initial concentration
before zeta potential measurements. The corresponding data points of the bar
graphs in (b, ¢, d, ) are indicated as triangles.
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zeta potential became less negative, indicating reduced electrostatic
repulsion leading to increased interactions between SF chains. Nota-
bly, the solutions that underwent LLPS had zeta potentials close to
zero (-5.5--2.0mV). This correlation demonstrates that charge
screening increases the hydrophobic interactions between SF chains,
promoting LLPS. It should be noted that dextran also exists in the
solution along with SF. However, the zeta potential of dextran was
different from SF with different Ca** concentrations (Supplemen-
tary Fig. 13). Thus, we ruled out the effect of dextran and safely con-
cluded that the zeta potential data obtained with SF_Dex solutions was
the result of charge screening of SF.

On the other hand, monovalent cations can also participate in
charge screening*®. Unlike Ca®*, we observed that adding monovalent
cations did not induce LLPS (Fig. 1h; Supplementary Fig. 9). To explain
this observation, we analyzed the zeta potential of SF_Dex solutions
with monovalent sodium ions (Na*; Fig. 2c) and potassium ions (K*;
Supplementary Fig. 14) as controls for Ca*. The monovalent cations
also increased the negative zeta potential close to zero. However, while
7.5mM of Ca*" induced a zeta potential of SF to =5.5 mV, monovalent
cations required higher concentrations (>37.5 mM) to reach a similar
zeta potential value. It has been known that divalent cations are more
effective for charge screening than monovalent cations®. Interest-
ingly, although the zeta potential approached a similar value near zero
charge, the monovalent cations did not induce the LLPS of SF. If the
increased hydrophobic interactions via charge screening were the only
driving force for the LLPS of SF, LLPS should have occurred with high
concentrations of monovalent cations. Therefore, another attractive
force, such as salt bridge formation, might be involved in Ca*-induced
LLPS of SF, which is our second proposed mechanism.

The possibility of salt bridge formation was assessed using Na*
and K" as competitive inhibitors. Since monovalent cations can bind to
negatively charged carboxylic groups, they can compete with other
multivalent cations®. If salt bridges drive the LLPS of SF, the addition
of monovalent cations will disrupt the salt bridges, resulting in a coa-
cervate dissolution similar to what was observed with alginate
hydrogels®. To quantitatively determine the degree of LLPS, we
measured the change in turbidity of the phase-separated solutions
after adding Na* (Fig. 2d; Supplementary Fig. 15a) and K" (Supple-
mentary Fig. 15b). As expected, the turbidity of the LLPS solutions
decreased as the monovalent cation content increased. The dissolu-
tion of SF coacervate was also confirmed by a fluorescence microscope
when an excess amount of Na* was added (Fig. 2e). Interestingly, when
we added extra Ca®* (equimolar concentration of the added Na*), the
initial LLPS state of the solution was restored (Fig. 2e). This reversibility
of LLPS suggests that the reversible exchange of Ca®* and Na' takes
place at the negative amino acid residues of SF, like other proteins™*.
Several articles report that Ca®* forms salt bridges between negative
amino acid residues of SF'>*** and acts as a “sticker” in SF assembly?’.
Therefore, the salt bridges mediated by Ca* are driving the LLPS of SF.
Moreover, we also found that the zeta potential remained relatively
constant during the inhibition (addition of Na*) and recovery (further
addition of Ca*") processes (Fig. 2f), which suggests that hydrophobic
interactions via charge screening remained constant during the reg-
ulation of LLPS. This result shows that both the hydrophobic interac-
tion and salt bridge formation are the driving forces of the LLPS of SF.

Calcium ion-induced SF LLPS is mediated by the L-chain

To evaluate the possible interaction sites (i.e., negatively charged
amino acids) of SF with Ca®', we studied the structure of SF using an
amino acid sequence provided by UniProt. Among the 5525 amino
acids comprising SF (H-chain and L-chain), only 77 are negatively
charged (aspartic acid and glutamic acid). While this ratio alone makes
the involvement of negatively charged amino acids questionable, the
arrangement of these amino acids suggests otherwise (Fig. 3a). Most of
the negatively charged amino acids in SF are located in terminal

domains of the H-chain (the amino-terminal domain (NTD) and
carboxyl-terminal domain (CTD)) and the L-chain. When we consider
the pl of each terminal domain, the NTD of the H-chain is negatively
charged, while the CTD of the H-chain is positively charged at neutral
pH due to the high content of positively charged amino acids (lysine
and arginine) located in the CTD. However, the existence of the L-
chain, which is linked to the CTD of the H-chain via a disulfide bond,
makes the overall charge at this region negative®. Therefore, if Ca*
plays an important role in inducing the LLPS, any change in the
negatively charged domain or region would alter the LLPS behavior.

To confirm this hypothesis, we added 2-mercaptoethanol, which is
commonly used to reduce disulfide bonds, to the LLPS solution to
detach the L-chain from the H-chain, which consequently changes the
overall pl of the CTD region of the H-chain (Fig. 3a). Adding 2.5%
2-mercaptoethanol to the phase-separated solution decreased the
density and size of the SF coacervates (Fig. 3b). Moreover, further
increasing the concentration of 2-mercaptoethanol to 5% completely
dissolved the coacervates. Dithiothreitol (DTT), another commonly
used reducing agent, yielded the same result, providing further evi-
dence that the reduction of disulfide bonds disrupted the LLPS. In
addition, we repeated the experiment with ethanol to assess whether
the amphiphilic structure of 2-mercaptoethanol disrupted LLPS, finding
that the addition of up to 5% ethanol did not disturb LLPS. Therefore, we
concluded that the reduction of disulfide bonds was responsible for the
observed LLPS disruption and, thus, that attachment of the L-chain to
the CTD of the H-chain is vital for the induction of LLPS. Moreover, most
of the past studies conducted on SF have focused on the H-chain®®. Our
results suggest that further research on the L-chain might be crucial for
a better understanding of the silk spinning mechanism. It should be
noted that the SF undergoes hydrolysis during the degumming and
regeneration process”~®. Nevertheless, our SDS-PAGE result showed
that, although hydrolysis did occur, the SF used in our research retained
its native structure, i.e., H-chain and L-chain (Supplementary Fig. 16).
Therefore, we confirmed that the fundamental structures we based our
hypothesis were still intact.

Acidification yields SF coacervates with shear sensitivity

The SF inside the silk glands is spun into fibers by acidification and
shear force®. We prepared phase-separated solutions with different
pH values (pH 5.0, 4.5, 4.0, 3.5, and 3.0) to investigate the effect of
acidification on the SF coacervates. The pH value of LLPS solutions was
controlled by mixing with an equal volume of acidifying solution with
the same dextran and Ca®* concentration as the LLPS solution to
maintain the solution in the 2-phase region. The final composition of
the LLPS solution was 0.75 % (w/v) of SF, 2.5% (w/v) of dextran, and
37.5mM of Ca*. The acidifying solution was titrated in advance to a
predefined pH value required to reach a target pH after mixing with the
LLPS solution. The shear force was applied using a syringe needle.

At pH 5.0, there was no discernible difference in the coacervates.
However, below pH 4.5, the coacervates started to assemble without
coalescing (Fig. 4a, b). Next, we applied a shear force by directly
stretching the SF coacervates using a syringe needle under an optical
microscope (Fig. 4c, d; Supplementary Movies 1-6). There was no
noticeable difference in the coacervates at pH 5.0. At pH 4.5, the
assembled coacervates started to deform into short fibrils when shear
force was applied. Nevertheless, it was still challenging to stretch the
coacervates into fibrils. However, after further reducing the pH below
4.0, the assembled coacervates were able to be stretched and drawn
out of the solution into fibrils. Furthermore, the drawn fibrils showed
an elastic response, recoiling upon detachment from the syringe
needle (Supplementary Movie 4). It should be noted that fibrils were
also observed from the assembled coacervates at pH below 4.5 without
stretching with a syringe needle (Fig. 4b), which formed as a result of
the flow generated during pipetting and by the application of cover-
slips, thus demonstrating the shear sensitivity of SF coacervates under
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Fig. 3 | Calcium ion-induced SF LLPS is mediated by L-chain. a Illustration of the silk fibroin (SF) structure before and after the addition of reducing agents.
b Fluorescence images of SF coacervates with different concentrations of 2-mercaptoethanol, dithiothreitol (DTT), and ethanol ([Ca**]=37.5 mM, scale bar=50 um).

acidic conditions. We also investigated the effect of basic pH (up to 10)
on the SF coacervates using various alkaline solutions (NaOH, NH,OH,
and Ca(OH),) and observed inhibition of LLPS. The dissociation of
coacervates at alkaline pH is likely due to increased electrostatic
repulsion between SF chains®.

Based on the above optical observations, two stages of transition
appeared to occur during acidification and applying shear force: 1.
connection/assembly of coacervates (pH 4.5) and 2. shear-induced
fibril formation (<pH 4.0). Interestingly, the threshold pH for coa-
cervate assembly, pH 4.5, is similar to the pl of the NTD (pl=4.6) of the
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Fig. 4 | Assembly and fibril formation of SF coacervates with acidification and
shear force. a Optical and (b) fluorescence images of silk fibroin (SF) coacervates at
different pH values. ¢ Optical and (d) fluorescence images of SF coacervates at

different pH values after direct stretching with a syringe needle. The blue arrows in
(c) indicate shear-induced fibril formation of coacervates. The white arrows in (b, d)
indicate bead-on-a-string structure (c: scale bar=100 um; a, b, d: scale bar=50 um).
e Panoramic image of a fiber stretched from a droplet of LLPS solution (pH 3.5,

[Ca*]=37.5 mM). f Diffusion coefficient calculated from FRAP measurements of SF
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coacervates at different pH values ([Ca**]=37.5 mM). Data are presented as

mean = SD for n =3 independent experiments. The statistical significance (P < 0.05)
of the differences was checked using one-way analysis of variance (ANOVA) with
Tukey’s test. A significant difference was found between pH 4.0 and pH 3.0
(P=0.01651), while no significant differences were observed between pH 3.5 and
pH 3.0 (P=0.06183) or between pH 4.0 and pH 3.5 (P=0.54017). The corre-
sponding data points of the bar graphs in (f) are indicated as triangels.

SF H-chain (Fig. 3a). It has been reported that the NTD of the H-chain
forms a dimer at pH 4.6°". Thus, the observed assembly among coa-
cervates at pH 4.5 might be related to the formation of NTD dimers.
The reduced electrostatic repulsion of the SF coacervates due to the
protonation of the negatively charged SF surface could be another
reason for the assembled coacervates. Furthermore, the shear sensi-
tivity of SF and the mechanical strength of silk fibers are attributed

mainly to the repetitive domain*". Considering that the pl of the
repetitive domain (including the hydrophilic spacers) is 3.7 (Fig. 3a),
the shear-induced fibril formation below pH 4.0 may be due to
reduced electrostatic repulsion, leading to increased interactions
between the repetitive domains.

In addition, we repeatedly observed a distinct “bead-on-a-string”
structure during the transition from coacervates to fibrils (Fig. 4b, d, e;
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Supplementary Fig.17; Supplementary Movie 6). When a shear force
was applied, either by direct stretching with a syringe needle (Fig. 4d)
or by flow generated by applying a coverslip (Fig. 4b), fibrils were
observed with coacervates strung through the middle, resembling a
beaded necklace. To better understand the development of fibrils from
coacervates, we observed the stretching process in real-time using an
optical microscope (Supplementary Fig. 17; Supplementary Movie 6).
Upon stretching, the assembled coacervates were observed to align
linearly along the direction of the applied shear force. In this aligned
position, we believe that maximum elongation was achieved in the
middle of the aligned coacervates, which led to the formation of fibrils.
Observation of the drawn-out fibers showed that the fibers consisted of
bundles of fibrils that had been further stretched from the bead-on-a-
string structures (Fig. 4e). Some unstretched coacervates were also
observed to be attached to the middle of the fiber, where they formed a
spindle-knot structure, resulting from Rayleigh instability®?, commonly
observed with artificially spun silk fibers®® and silk fibers in nature®*,

While detailed analysis is required to explain the formation of
bead-on-a-string structures, it may have occurred due to the dimer-
ization of NTD connecting the assembled coacervates, similar to the
report by He et al., which suggested that NTD dimerization modulates
the assembly of SF micelles®’; and also the report by Hagn et al., which
presented the importance of NTD dimerization in shear-induced fiber
formation of spider silks®®. Moreover, the fibrils appearing between
coacervates upon stretching may have developed from SF chains
unraveled from the coacervates, either in micelles®” or through the
simple unfolding of hydrophilic and hydrophobic domains®®*°. In
addition, similar structures can be found in recent studies on fibrils
developed from silk coacervates’®” and fiber formation by
consolidation’. Further study on the bead-on-a-string structure may
help elucidate the transition of SF from coacervates to fibrils.

Next, we performed FRAP measurements to determine the effect
of different pH values on the diffusivity of the SF chains inside the
coacervates (Fig. 4f). Before comparing the SF diffusivity at each pH,
we point out that the FRAP behavior of the coacervates was affected by
the degree of contact with a glass substrate (Supplementary Fig. 18).
Specifically, during FRAP measurements, the coacervates observed at
pH 5.0 and 4.5 were in contact with the glass slide and coverslip sur-
faces. Meanwhile, the coacervates at pH 4.0, 3.5, and 3.0 were posi-
tioned between the glasses without interacting with either surface.
This difference may have come from increased interfacial tension from
the sol-gel transition of SF inside the coacervates. While we chemically

a

Fig. 5 | Pultrusion-based dry spinning of silk fibers from an SF LLPS solution via
acidification. a Pultrusion-based dry spinning from the LLPS dope solution.

b Fluorescence image of the LLPS dope solution without acidification (scale bar =
50 um). ¢ Fluorescence image of a fiber immediately after spinning (scale
bar=200 um). d SEM image of a spun fiber after drying for 24 h (scale bar=10 pm).

modified the glass surfaces with dextran to prevent the wetting of
coacervates, the diffusivity of SF still appears to be affected by contact
with glass surfaces. Therefore, we determined the diffusion coefficient
only at pH 4.0, 3.5, and 3.0.

The diffusion coefficient was not significantly different between
pH 4.0 and pH 3.5 (Fig. 4f). However, at pH 3.0, the coacervates showed
slower diffusion, indicating the onset of a sol-gel transition inside the
coacervates. The sol-gel transition of SF typically indicates a secondary
structure transition from random coil to beta sheets®°. However, FTIR
analysis of the coacervates at different pH values revealed that the
secondary structure of SF remained in a random coil state (amide |
peak at 1642 cm™) even at the lowest pH (Supplementary Fig. 19a). In
addition, the drawn-out fibers (pH 3.5) existed predominantly in a
random coil state (amide 1 peak at 1638 cm™). Further investigation
using a thioflavin T (ThT) fluorescence assay showed that the structural
transition occurred 6-8 h after acidification (Supplementary Fig. 19b).
These results suggested that acidification primarily induced the shear
sensitivity of SF coacervates by increasing the interaction between the
SF chains, followed by a delayed secondary structural transition.
Similar delayed kinetics have been observed with fibers spun from silk
fibroin extracted from the posterior silk gland®.

Pultrusion-based dry spinning of silk fibers from an LLPS solu-
tion via acidification
We extended our research to developing fibers from Ca®*-induced SF
LLPS solutions by utilizing the effect of acidification and shear force
on SF coacervates. For our LLPS system, we opted for a pultrusion-
based dry spinning method for fiber production’”*. The dope solu-
tion for dry spinning was prepared by the same method used in the
above acidification experiment but with a higher SF concentration
(6-17% (w/v)). Based on our observations at different pH values
(Fig. 4), pH 3.5 was selected as the optimal condition for dry spin-
ning. While dry spinning was also possible at pH 4.0 and pH 3.0, the
drawn-out fibers easily disconnected from the dope solution at pH
4.0, making continuous spinning difficult. Moreover, achieving
continuous spinning at pH 3.0 was challenging because SF coa-
cervates easily formed aggregates even with low physical agitation.
Adjusting the pH to 3.5 allowed dry spinning with SF concentra-
tions of 6% (w/v), 10% (w/v), and 17% (w/v) (Fig. 5a; Supplemenatry
Fig. 20a, b; Supplementary Movies 7, 8). SF solutions with different
concentrations all had the same effect, namely that increasing the
concentration of SF did not affect LLPS formation (Fig. 5b;

e SEM image of the cross-section of a spun fiber after drying for 24 h (scale
bar=500 nm). f Automated draw spinning using a step motor. The initial SF con-
centration used for the above images was 10% (w/v), and the SF concentration in the
dope solution was 2.5% (w/v). The dextran and Ca*" concentrations in the dope
solution were 2.5% (w/v) and 37.5 mM, respectively.
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Supplementary Fig. 20b). Fluorescence microscopy observation of the
spun fibers revealed that the coacervates developed into micro- and
nanofibrils, forming a hierarchical structure (Fig. 5c). When the fibers
were observed using a scanning electron microscope (SEM), the sur-
face of the fibers exhibited microfibril-like patterns (Fig. 5d). Examin-
ing the cross-section of these fibers revealed that the fibers consisted
of nanofibrils embedded in a polymeric matrix resembling the natural
structure of silk fibers, where the sericin protein layer envelops two
strands of SF fibrils (Fig. 5e; Supplementary Fig. 20c). The polymeric
matrix may consist of dextran and SF in the dilute phase. Furthermore,
the spun fibers quickly dried and solidified in the air in less than 5 min.
Automated spinning was also possible by placing the drawn-out fibers
on a rotating collector (Fig. 5f; Supplementary Movie 9). This finding
shows that by adjusting the pH to 3.5, coacervates could be drawn into
fibrils, and other coacervates could be spontaneously collected in the
vicinity, suggesting the possibility of automated fiber production.

It should be noted that the method we used for inducing LLPS and
adjusting the pH resulted in the dilution of the SF solution. To create
the LLPS condition, we have to add dextran and Ca* solution to the
initial SF solution. Moreover, an acidifying solution should be added
just before spinning. Therefore, the actual SF concentration in the
dope solution used for spinning was 1.5-4.25% (w/v), which was one-
quarter of the initial SF concentration. A silk fiber dope solution
requires a high concentration of SF to obtain sufficient viscosity for the
spinning process™’®. To our knowledge, most published studies on
artificial silk spinning used a concentrated SF solution above 10% (w/v);
few studies have used water as a solvent’>”’. For dry spinning, the high
concentration requirement becomes more crucial, and it inevitably
leads to the use of organic solvents, as obtaining an aqueous SF solu-
tion with high concentration and a stable random coil conformation is
challenging. This indicates that the high SF concentration and organic
solvents frequently used for traditional silk spinning may not be
necessary for artificial silk production using LLPS dope solutions. Our
results demonstrated that the combination of inducing LLPS and
carefully controlling the pH could lead to the development of an effi-
cient, biomimetic silk spinning method.

Nevertheless, a few issues in our dry spinning design must be
resolved before mass fiber production can be achieved. While the
fibers were elastic right after being drawn from the dope solution,
often stretching 2-3 times its initial length (Supplementary Fig. 20d),
they rapidly dried and became brittle (strength: 30-40 MPa, elonga-
tion at break: <0.1). The main reason for the mediocre mechanical
properties is the absence of beta sheets (Supplementary Fig. 19a). It
may be possible that the Ca?* used to induce LLPS acted as a chaotropic
salt and prevented the structural transition of SF>*’%, While the present
study accentuates the facile silk fiber production using biomimetic
systems, the mechanical properties of the resulting fibers can be
improved by adequate post-treatment inducing beta sheets, such as
ethanol treatment or post-spinning drawing. Moreover, it should be
noted that the current research was conducted using a diluted system
compared to the concentrated natural silk dope solution (20-30%)">"°.
The behavior characterized using diluted solution, such as the degree
of SF condensation inside the coacervates, zeta potential, and FRAP
behavior in response to pH, may shift at higher SF concentrations. A
detailed study with highly concentrated SF solutions on these prop-
erties may help bridge the observation from our current research to
understanding the native spinning mechanism more accurately.

Discussion

In summary, we revealed that Ca** may act as a key driving force in
inducing the LLPS of SF during the silk spinning process. Two
mechanisms were proposed for Ca*-triggered LLPS of SF based on
experimental observations: increased hydrophobic interactions via
charge screening and salt bridge formation via electrostatic interac-
tions. The LLPS of SF was inhibited by detaching the L-chain from the

CTD of the H-chain, suggesting that a terminal domain-specific inter-
action may exist between Ca?* and SF. This result suggests that the
L-chain may be a crucial structure of SF for silk spinning. We also
observed that acidification triggered the assembly of SF coacervates,
which subsequently developed into fibrils upon stretching. Finally, we
successfully achieved pultrusion-based dry spinning from the aqueous
LLPS dope solution. This demonstrates the potential of our spinning
systems and provides a guideline for producing fibers with minimal
environmental impact and enhanced energy efficiency. Furthermore,
we expect our findings to contribute to understanding the silk spin-
ning mechanism, suggesting a link between the recently proposed
LLPS of SF and the ionic environment within the silk glands.

Methods

Preparation of the regenerated aqueous silk fibroin solution
Degumming is required to remove the sericin layer which is coating the
SF fibers of the silkworm cocoons (provided by the National Institute of
Agricultural Sciences, Korea). A 40 g cocoons were cut into four pieces.
The cocoon pieces were boiled at 100 °C for 30 min in one liter of an
aqueous degumming solution containing 0.2% (w/v) sodium carbonate
(Junsei, Japan) and 0.3% (w/v) sodium oleate (Junsei, Japan). Then, the
cocoon pieces were boiled again for 30 min with fresh degumming
solution. The resulting SF was dried in an oven held at 50 °C.

The obtained SF was dissolved in a 9.3 M LiBr (Alfa Aesar, USA)
solution at 60 °C for 4 h. The dissolved solution (10% (w/v)) was dia-
lyzed in a deionized water bath for 3 days using a dialysis tube (6-8 kDa
molecular weight cutoff). The temperature of the water bath was kept
constant using a refrigerated circulator set at 4 °C. After dialysis, the SF
solution was stored at 4 °C until use. The obtained SF had a molecular
weight of approximately 344 kDa, which was calculated from the SDS-
PAGE data (Supplementary Fig. 16). SF solution that had been stored for
fewer than 10 days was used for all experiments. The concentration of
the SF solution was measured using a moisture analyzer (MB95, Ohaus,
USA). The concentration of the regenerated SF solution was 3.0-3.5%
(w/v). The concentration was diluted or concentrated depending on
the experiment. For example, to construct a phase separation map,
the SF solution was diluted to the desired concentration (0.2-3.0%
(w/v)). For fiber spinning, the SF solution was concentrated to 6.0%
(w/v)-17.0 % (w/v) by dialyzing against a 20 wt% PEG solution. For the
other analyses, an SF solution of 3% (w/v) was used to minimize any
agitation caused by diluting the regenerated silk fibroin solution.

Induction of the LLPS of SF

An aqueous solution of SF was mixed with an equal volume of 5% (w/v)
aqueous dextran (60-76 kDa; Sigma-Aldrich, USA) solution and a
negligible volume of calcium chloride dihydrate (Sigma-Aldrich, USA)
solution. For instance, 500 uL of SF solution, 500 uL of 5% (w/v) dextran
solution, and 25 uL of 1.5 M calcium chloride dihydrate stock solution
were mixed using a micropipette to obtain an SF LLPS solution with a
Ca?" concentration of approximately 37.5mM. The concentration of
Ca** was controlled by changing the concentration of the stock
solution.

In the ion specificity for LLPS induction experiment, the solutions
were prepared using the same protocol as that described above. The
concentrations of SF and the salt stock solution were fixed at 3% (w/v)
and 1.5 M, respectively. The following salts were used for the experiment:
FeCl; (Sigma-Aldrich, USA), ZnCl, (Sigma-Aldrich, USA), CuCl, (Sigma-
Aldrich, USA), MnCl, (Sigma-Aldrich, USA), MgCl, (Sigma-Aldrich, USA),
NaCl (Merck, Germany), KCI (Sigma-Aldrich, USA), sodium citrate tri-
basic dihydrate (Fluka, USA), NaH,PO, (Sigma-Aldrich, USA), KI (Sigma-
Aldrich, USA), and KSCN (Sigma-Aldrich, USA).

Phase separation map
A phase separation map was drawn as a function of the SF and Ca®
concentrations. The occurrence of LLPS was determined based on
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changes in turbidity, optical microscopy (Eclipse LV100, Nikon, Japan),
and inverted fluorescence microscopy (Celena S, logos Biosystems,
Korea). The data points in the phase separation map were classified
into three different groups: [] no LLPS; A LLPS observed after 15 min
of mixing SF, dextran, and Ca*; and O LLPS observed immediately
after mixing.

Fluorescence microscopy

Fluorescence microscopy images were obtained using an inverted
fluorescence microscope. Rhodamine B (Sigma-Aldrich, USA) and
FITC-dextran (70 kDa; Sigma-Aldrich, USA) were used to label SF and
dextran, respectively. The typical mixing process was as follows: 5 uL
of 0.02 M rhodamine B solution was mixed with 25 uL of Ca*" stock
solution and 500 pL of 5% (w/v) dextran solution. To label dextran, 5%
(w/v) FTIC-dextran was mixed with unlabeled dextran at a 1:9 volume
ratio. Afterward, 500 uL of SF solution was mixed using a micropip-
ette. The final solution was dropped on a glass slide and covered with
a coverslip for observation. For experiments involving the addition of
1,6-hexanediol (Sigma-Aldrich, USA), 2-mercaptoethanol (Sigma-
Aldrich, USA), dithiothreitol (DTT, Sigma-Aldrich, USA), or ethanol
(Merck, Germany), each compound was mixed with 5% (w/v) dextran
solution before mixing with Ca** and SF. A panoramic fluorescence
image was obtained by connecting multiple low-magnification
images.

Turbidity measurements and SF concentration calculations
The turbidity of the solution was quantified by measuring the absor-
bance at 550 nm using UV-Vis spectroscopy (Optizen POP, Mecasys,
Korea). The solutions were loaded in disposable polystyrene cuvette
with a 1cm pathlength for the measurements. For the SF concentra-
tion calculations, a quartz cuvette with a 1cm pathlength was
used. The SF concentration of a solution was determined by using
a calibration curve relating SF concentration to absorbance at 278 nm.
Each solution was diluted to one one-hundredth of its initial
concentration to decrease the absorbance to a reliable range
(below 2.0).

Separation of the coacervates from an SF LLPS solution

To separate the coacervate phase from the dilute phase, each LLPS
solution was centrifuged at 10,000 x g for 15 min. After centrifugation,
the turbid portion of the solution precipitated to the bottom, dividing
the solution into two bulk phases: the precipitated bottom phase and
the transparent supernatant phase. These phases were separated using
a micropipette with caution.

FTIR

The bottom and the supernatant phase of each solution after cen-
trifugation were transferred to separate microtubes, frozen with
liquid nitrogen, and freeze-dried for 3 days. For the dry-spun fibers,
4-5 fibers were carefully gathered in a bundle and loaded on an
attenuated total reflection (ATR) crystal for measurement. FTIR
spectra were measured using an ATR-FTIR instrument (Nicolet sum-
mit, Thermo Fisher Scientific, USA) with 8cm™ resolution and
64 scans. For the figures, the full-scan spectra were normalized to the
intensity of the amide I peak.

Deconvolution of the amide I peak was performed using OMNIC 9
and Origin 2018 software. In brief, the amide I peak was baseline cor-
rected and processed with the Fourier self-deconvolution (FSD) func-
tion in OMNIC. The processed data were fitted with the Peak Analyzer
tool provided in the Origin software. Finally, the fitted peaks were each
assigned to a secondary structure as described in previous studies®**2,
The detailed information used for the secondary structure assignment
can be found in the supplementary information (Supplementary
Table 1). Measurements were repeated five times for each sample for
deconvolution.

Acidification of SF coacervates

To adjust the pH without disrupting the coacervates, an LLPS solution
was mixed with an equal volume of acidifying solution containing the
same concentration of dextran and Ca*". For example, to change the
pH of an LLPS solution with a Ca** concentration of 37.5 mM (prepared
by mixing 500 pL of 3% (w/v) SF, 500 uL of 5% (w/v) dextran, and 25 uL
of 1.5M Ca?*" stock solution) to 3.5, we mixed an equal volume of an
acidifying solution of 2.5% (w/v) dextran and 37.5 mM Ca?* with a pH
value of 2.4. The pH of the acidifying solution required to reach the
target pH was predefined, and the solution was titrated in advance. To
avoid the introduction of additional cations, pH titration of the acid-
ifying solutions was performed using 1M HCI (Duksan, Korea) and an
aqueous solution of 2.5% (w/v) dextran and 37.5mM Ca*'. Afterward,
the pH-adjusted SF coacervates were transferred to glass slides for
observation using optical and fluorescence microscopy. Special care
was given to minimize the shear force applied to the SF coacervates
during mixing and transfer via a micropipette. Shear force was applied
by manually stretching the SF coacervates using a syringe needle.

CD and ThT analyses

CD analysis was performed using a circular dichroism detector (Chir-
ascan plus, Applied Photophysics, UK) to analyze the secondary
structure of SF. The LLPS solution was loaded in a 0.01 mm pathlength
cuvette without dilution. Each sample was measured three times and
smoothed (window size 3) using Chirascan software.

We performed thioflavin T (ThT; Sigma-Aldrich, USA) fluores-
cence analysis to evaluate the formation of the beta-sheet structure of
SF. First, the pH of the LLPS solution was adjusted. The detailed method
for adjusting the pH is explained in the “Acidification of SF coacervates”
section. Next, 1 uL of 2mM ThT was mixed with 200 uL of pH-adjusted
LLPS solution and transferred to a 96-well black plate. The well plate
was loaded into a microplate reader (Synergy H1, BioTek, USA) at 25 °C.
The change in fluorescence intensity (excitation: 420 nm, emission:
480 nm, sensitivity: 75) was measured every 30 min for 12 h.

Zeta potential measurements

The zeta potential was measured using a Zetasizer Nano ZS90 (Mal-
vern, UK). Due to instrumental limitations, all the samples were diluted
to one-tenth of their initial concentration. The diluted samples were
transferred to a folded capillary zeta cell for analysis. Each sample was
measured three times. Each measurement represents the average of
four consecutive readings.

Changing the cation composition

When the cation composition of a solution was changed, a fixed
volume of concentrated bulk cation solution was used. For example,
the solutions used to obtain the result in Fig. 2e, f were obtained by the
following procedure: First, an LLPS solution with a Ca®* concentration
of approximately 7.5 mM was prepared by mixing 25 uL of 300 mM Ca**
stock solution, 500 pL of 5% (w/v) dextran solution, and 500 L of 3%
(w/v) SF solution. Next, 25 uL of 3.0 M Na* stock solution was added to
the LLPS solution, yielding a Na* concentration of approximately
75 mM. Finally, 25 uL of 3.0 M Ca?* solution was added to increase the
Ca” concentration of the LLPS solution.

A similar method was used to prepare the solution used to obtain
the results shown in Fig. 2d. An LLPS solution of 1 mL with a Ca®
concentration of 7.5mM was first prepared. Afterward, the Na* con-
centration of the LLPS solution was increased by adding 25 uL of 3.0 M
Na" stock solution at a time.

Amino acid composition and pl calculation

The content of aspartic acid and glutamic acid in SF was calculated by
using the information found in UniProt (heavy chain (H-chain): entry
P05790; light chain (L-chain): entry P21828). The pl value of each
domain was calculated using the ExPASy pl calculator.
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Fluorescence recovery after photobleaching (FRAP)

The glass slides and coverslips used for FRAP measurements were
chemically modified with CM-dextran using EDC/NHS chemistry®**,
The glass surfaces were cleaned using NaOH (Samchun, Korea), soap,
and ethanol before surface modification®. The clean glassware was
placed in a 3% (v/v) (3-aminopropyl)triethoxysilane (APTES; Sigma-
Aldrich, USA)/ethanol solution for 2 h. The amidated glassware was
sonicated in ethanol for 5min, rinsed with ethanol, and dried using
nitrogen gas. Next, a reaction solution containing 3% (w/v) CM-dextran
(Sigma-Aldrich, USA), 50 mM 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide hydrochloride (EDC; Sigma-Aldrich, USA), and 50 mM
N-hydroxysuccinimide (NHS; Sigma-Aldrich, USA) was prepared. The
pH of the solution was adjusted to 7 before the amidated glassware was
added. The reaction was carried out for 18 h at room temperature with
gentle rocking. Finally, the glassware was rinsed with deionized water
and dried with nitrogen gas.

Fluorescence-labeled SF was synthesized with rhodamine B iso-
thiocyanate (RBITC; Sigma-Aldrich, USA). RBITC was dissolved in
dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA) to a concentration of
8 mg/mL. The pH of the 3% (w/v) SF solution was adjusted to 9 using
0.1 M sodium carbonate (Junsei, Japan). Next, the RBITC and SF solu-
tions were mixed at a ratio of 1:5 (v/v) and kept in the dark at 4 °C for
8 h. Afterward, the solution was dialyzed (6-8 kDa molecular weight
cutoff) in the dark at 4°C for 4 days against deionized water. The
obtained RBITC-labeled SF was mixed with unlabeled SF at a ratio of 1:9
(v/v) before analysis.

The FRAP experiments were performed using an SP8 X Leica
confocal laser scanning microscope (Leica, Germany) with a 40x water
immersion objective. An LLPS solution was prepared as described in
the “Phase separation map” section with 3% (w/v) SF solution mixed
with RBITC-labeled SF. A sample for FRAP was prepared by dropping
25 uL of LLPS solution onto dextran-modified glass slides. The droplet
was covered with a dextran-modified coverslip (24x40 mm), and the
edges around the coverslip were coated with commercial nail polish.
This process reduces coacervate drift during FRAP measurements.
Drift occurs because of the convection generated by the evaporation of
the solution at the liquid-air interface around the coverslip. Applying a
coating at the interface prevents evaporation and hence improves the
stability of the coacervates. Nail polish was applied at least one hour
before measurements to ensure that the coating was sufficiently dry.

The coacervates were partially bleached (4 um in diameter) with
20% laser power for 15 s. Postbleach recovery images were acquired at
0.433 s intervals. The fluorescence intensities from three regions of
interest (ROIs) were used for the correction and normalization pro-
cesses: 1. photobleached area; 2. background; and 3. whole image. The
fluorescence intensities were corrected and normalized using the fol-
lowing equations to account for the background signals and
photofading®®:

lata o Averaged intensity of the photobleached area at time ¢

'background o= Averaged intensity of the background at time ¢

Lyhole 0" Averaged intensity of the whole image at time ¢

Icorrectedfpost

=Background-corrected intensity of the photobleached area after photobleaching

lcorre(:tedfpre

=Background-corrected intensity of the photobleached area before photobleaching

I _ ldaltal ® lbackground ®
corrected ) ~

@

lwhole ® lbackgroundm

lcorrected o lcorrectedfpost

()

normalized) ~ |
corrected-pre

corrected-post

The diffusion coefficient was derived according to the method
used by Ray et al.¥’. Briefly, the Inormaiizea(t) curves were fitted to an
exponential decay function using Origin software. From the fitted
function, the half-time to full recovery was defined and subsequently
converted to the diffusion coefficient.

Pultrusion-based dry spinning of SF LLPS solutions

First, the SF solution was concentrated by dialysis against a 20 wt% PEG
solution (MW 20,000; Sigma-Aldrich, USA) using a 3.5 kDa molecular
weight cutoff dialysis tube. Dialysis was performed at 4 °C for 18 h
while the PEG solution was stirred with a magnetic stirrer at 80 rpm.
The concentration of the resulting SF solution was determined
using a moisture analyzer. The resulting concentration of SF was
15-17% (w/v). The obtained SF solution was diluted to reach the target
concentration.

The dope solution for dry spinning was prepared by mixing the
LLPS solution with an acidifying solution. The concentrated SF solution
(500 pL) was mixed with 5% (w/v) dextran solution (500 uL) and 25 uL
of 1.5M Ca®* stock solution to induce LLPS (Ca*, 37.5mM). Next, the
LLPS solution was acidified to pH 3.5 by following the procedure
described in the “Acidification of SF coacervates” section. The pH of
the acidifying solution required to reach a final pH of 3.5 was measured
prior to use. To minimize unwanted agitation/shear, the LLPS and
acidifying solutions were directly mixed on top of a flat surface. Fibers
were drawn from the LLPS solution using tweezers. Fluorescence
images were obtained immediately after repeating this process on a
glass slide. The detailed morphology of the drawn fibers was analyzed
using scanning electron microscopy (SEM) (Sigma, Carl Zeiss, UK). The
drawn fibers were sufficiently dried for 24 h and sputter-coated with Pt
to a thickness of approximately 5nm. The samples for SEM cross-
section imaging were prepared by cutting the fibers using a scissor. For
automated spinning, the drawn fibers were attached to a rotating
collector. The collector was rotated using an Arduino step motor. The
fiber collector was designed using a CAD program and printed using a
DLP printer (Photon Mono 4k, Anycubic, China). The spun fibers were
air-dried in a fume hood.

Statistical analysis and reproducibility

The deconvolution of the FTIR amide I spectra was conducted five
times. All other analyses were conducted three times. The zeta
potential data are presented as a mean value with standard error. All
other analyses data are presented as a mean value with standard
deviation. The statistical significance (P < 0.05) of the differences was
checked using one-way analysis of variance (ANOVA) with Tukey’s test,
which was performed with Origin 2018 software. All imaging has been
performed more than three times with similar observations.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this research are available within the
article, supplementary information, or source data file. Source data are
provided with this paper.
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