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Silk fibroin (SF), the primary protein component of Bombyx mori silkworm cocoons, undergoes liquid-liquid
phase separation (LLPS), followed by coacervation into fibers, in the silkworm glands. The molecular mecha-
nisms underlying LLPS remain to be revealed. Here, we show that phosphate buffer (PB), a less commonly
utilized, but more biomimetic route towards triggering SF assembly, induces LLPS of water-soluble SF by
increasing hydrophobic interactions between SF chains. We demonstrate the ability of phosphate anions to
promote self-assembly of silk fibroin through LLPS, resulting in protein-rich droplets. Complementary compu-
tational modeling using a bead-spring representation of SF supports the experimental findings and confirms the
mechanistic origin of the assembly transitions, as driven primarily by hydrophobic interactions. FTIR spectros-
copy was used to investigate structural differences upon LLPS between the dense and light phases, which were
shown to be comprised mainly of random coil. After evaporation of the solvent, SF agglomerates were incor-
porated within the continuous silk matrix. This spatial confinement of solid droplets was stabilized by treatment
with ethanol solution, promoting f-sheet formation via protein backbone dehydration. The material formulation
was, finally, tested in simulated biological fluids (e.g., gastro-intestinal tract, based on European Pharmacopeia
9.0), highlighting the pH-dependent swelling, and overall stability of the films.

1. Introduction an initially homogeneous solution into two (or more) distinct liquid
phases. Both phases contain the solvent and solute, albeit at different
concentrations; LLPS is considered one of the possible mechanisms of

natural silk spinning [18] and is receiving great attention as a bio-

Natural silk fibroin (SF) [1,2], a protein derived from the threads
spun by Bombyx mori silkworm, contains a complex network of non-

covalent hydrogen bonds, resulting in a multiscale organization of
protein segments. Under certain conditions, this protein undergoes self-
assembly, transitioning from a soluble protein with predominantly
random coil secondary structure to f-sheets-rich insoluble material
[3-7]. This structural transition drew the attention of researchers aim-
ing to develop processes for conversion of silk into advanced materials
[8-11]. Indeed, SF is often recognized for its biocompatibility, biode-
gradability, and excellent mechanical properties [12-17].
Liquid-liquid phase separation (LLPS) is the spontaneous demixing of
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mimetic approach to produce advanced materials. However, the critical
questions of how SF undergoes LLPS under varying environmental
conditions inside the silk glands, and how SF coacervates convert into
the solid phase, remain unanswered.

Observing the natural B. mori silk spinning process, it was clarified
that liquid silk phase separation is affected by various factors, such as
metal ions concentration and pH [19,20]. The former plays a crucial role
in B. mori silk glands, regulating the LLPS formation. The pH, changing
throughout the spinning process, triggers silk fibroin self-assembly: from
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a random-coil-rich soluble protein, to a f-sheet-rich fiber.

Phosphate anions [7] have been found to play a role in promoting
B-sheet formation of spidroins during spider silk spinning. Moreover, it
has already been reported that phosphate salts can induce LLPS in both
native and recombinant spider silk proteins [21-23]. This fact is
generally regarded as a consequence of the salting-out effect, and this is
also consistent with findings regarding silkworm silk, where kosmo-
tropic ions have been shown to influence phase separation [20,23]. The
favorable interaction of phosphate with water [24-27] disrupts the
proteins hydration layer and promotes intra- and inter-protein in-
teractions. Furthermore, potassium phosphate has been used to prepare
silk fibroin particles for drug delivery [7] and, more recently, it was
reported that mild phosphate buffer can trigger self-assembly of silk
proteins at a solid-liquid interface [28-31]. Moreover, hydrophobic and
Hofmeister effect are believed to be strictly correlated. For example,
Besford et al. [32] demonstrated by theory and molecular dynamics
simulation a directly link between the rotational correlation of water
molecules around an ionic co-solute and the perturbation of water
structure, which ultimately leads to the hydrophobic interactions. The
connection between hydrophobicity and salting-out effect is shown also
for silk proteins, as different silk sequences with different hydropho-
bicity levels undergo LLPS in presence of different salts. More hydro-
phobic residues-rich sequences need less kosmotropic, or even mildly
chaotropic, salts [18,23]. Even though a full description of the driving
forces underlying LLPS in silk proteins would involve multiple mecha-
nisms, the modulation of hydrophobic interactions, controlled by ions in
the solution, plays an important role.

In general, protein microparticles formed through LLPS are revers-
ible and tend to redissolve upon rehydration or dilution in aqueous
media unless they undergo additional stabilization. Post-processing
treatment in organic solvents, like ethanol or methanol, is commonly
used to induce changes in secondary structure of SF, leading to
perceptibly higher stability [24,27,29,30]. In particular, the use of
ethanol for post-treatment is advantageous, compared to alternatives,
because it does not leave traces in the material after evaporation and can
be used to sterilize SF.

Additionally, when SF is formulated as particles, due to their
enhanced absorption capacity, this biomaterial becomes an interesting
vehicle, capable of transporting and delivering a wide range of bioactive
molecules [28,31,33-35]. The ability of SF particles to load high
amounts of bioactive molecules and protect them during the early stages
of digestion is advantageous for oral administration in pharmaceutical
and biomedical applications. Therefore, it is essential to investigate the
stability of LLPS-produced SF particles in simulated body fluids.

Despite the increasing recognition of liquid-liquid phase separation
(LLPS) as a key mechanism in natural silk spinning, several fundamental
aspects remain unresolved. In particular, it is still unclear how specific
environmental cues, such as ionic composition, drive silk fibroin (SF)
coacervation, how the resulting liquid droplets evolve structurally, and
how these, typically meta-stable, assemblies can be converted into me-
chanically and biologically robust solid materials.

Herein, we address these open questions by exploiting phosphate-
mediated LLPS of SF as a biomimetic route to fabricate stable protein-
based films. We demonstrate that phosphate ions effectively induce SF
coacervation, generating liquid droplets that can be retained within a
continuous protein matrix. By combining sequential LLPS with a post-
casting ethanol treatment, we elucidate how ethanol-driven dehydra-
tion promotes p-sheet formation and stabilizes the coacervate-derived
structures.

Furthermore, we integrate experimental observations with a coarse-
grained (CG) simulation model that captures both intra- and intermo-
lecular interactions of SF [34,35], successfully reproducing the experi-
mental phase behavior and providing mechanistic insight into the self-
assembly process. Overall, this work clarifies the role of phosphate-
induced LLPS in SF organization and establishes a controlled strategy
to translate transient liquid assemblies into robust films with enhanced
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stability in simulated biological fluids.
2. Experimental section
2.1. Materials

All chemicals used were of analytical grade. SF aqueous solution (50
mg/mL), potassium dihydrogen phosphate (KH;PO4) and potassium
hydrogen phosphate (KaHPO4), as well as 1,6-hexanediol (HDO), hy-
drochloric acid (HCI), absolute ethanol (EtOH) and urea were purchased
from Merck (Merck KGaA, Darmstadt, Germany) and used without
further purification. Adenosine triphosphate (ATP) was supplied by the
Department of Medicine and Surgery of the University of Perugia.

2.2. Preparation of PB-silk fibroin aqueous solutions and determination of
the phase diagram

A stock solution of 0.75 M potassium PB at pH 7 was prepared. From
that, PB solutions of 0.25 M, 0.375 M, 0.5 M, 0.625 M, were obtained by
diluting with deionized water. In the same way, the commercial SF so-
lution (50 mg/mL as reported by the manufacturer and further
confirmed by weighing the solution after drying) was thinned with
deionized water for lower concentrations, from 2 to 40 mg/mL.

Determination of the occurrence of LLPS in mixed SF/PB systems was
carried out by injecting 20 pL of PB solution under the surface of 100 pL
of SF solution. Post-mixing, we refer to the concentrations of SF and PB,
as they are in combined solutions. As such, for instance, 50 mg/mL of SF
becomes 42 mg/mL, and 0.75 M of PB becomes 0.13 M. The final-
concentration nomenclature is maintained from here on and is pre-
served for films derived from corresponding mixtures.

The phase diagram was defined by going through the above-
mentioned SF and PB concentration ranges. LLPS presence in each case
was validated by optical microscopy (HRX-01, Hirox Co. Ltd., Tokyo,
Japan). The data points in the phase separation map are classified
visually into two groups: [] - no LLPS observed, and o - LLPS present.

2.3. Turbidity using UV-Vis spectroscopy

The turbidity of the SF solution upon addition of PB was monitored
as a sign of phase separation. It was performed by means of a UV-Vis
Jasco V-570 (Jasco Corporation, Tokyo, Japan) spectropolarimeter.
Samples with pure SF (4 mg/mL) and SF 4 mg/mL + PB, with concen-
tration ranging from 0.04 M to 0.13 M, were prepared. Each sample was
then poured in a 1 mm path length quartz cell and the absorbance of the
sample at 600 nm was recorded.

2.4. Circular dichroism

Analysis of SF conformation in solution was performed by Circular
Dichroism. Measurements were carried out on a Jasco J-810 spec-
tropolarimeter. Quartz cells with a pathlength of 0.01 mm were used
and SF was diluted to 4 mg/mL, in order to get a definite signal from the
protein while avoiding saturation. Measurements were taken both with
and without the addition of 0.13 M PB. CD spectra of the solvents, pure
water in the case of SF and 0.13 M PB in the case of SF + PB, were ac-
quired too. Each spectrum was taken in the 190-350 nm range and
established after the average of 3 accumulations.

2.5. Fluorescence recovery after photobleaching

Fluorescence recovery after photobleaching (FRAP) experiments
were performed using a Nikon A1R+ laser-scanning confocal micro-
scope (Nikon, Japan). A combination of 488/561 nm lasers was used for
photobleaching at maximum intensity (100%), to ensure the sample
excitation with the 488 nm source and the fluorescence recovery with
the 561 nm one. All measurements were conducted with a 20x NA 0.7
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Nikon Plan-Apo objective. The confocal pinhole was set to 1.7 Airy units,
and images were recorded at a resolution of 512 x 512 pixels.

A circular region of interest (ROI) with a nominal radius of 1 pm was
selected for photobleaching, corresponding to an approximate area of
around 3 pm?. Fluorescence recovery was monitored over time using the
NIS-Elements AR software (Nikon). All experiments were performed at a
controlled temperature of 20 °C.

Samples for FRAP analysis were prepared by dissolving the rhoda-
mine B probe directly into the system. The LLPS solution was placed
onto a glass slide, covered with a 24 x 24 mm? coverslip, and gently
blotted to remove excess solution.

For image acquisition, four pre-bleach frames (~4 s total) were
collected and averaged to normalize fluorescence intensity. The
bleaching step consisted of three consecutive frames (~3 s). Recovery
dynamics were then recorded over approximately 75 frames, corre-
sponding to a total post-bleach acquisition time of ~130 s.

2.6. Computational modeling

Monte Carlo simulations were performed to gain insight into the
molecular mechanisms leading to phase separation in SF systems. Silk
fibroin chains were simulated with an extremely coarse-grained, bead-
spring model, as it had already been done by other authors with other
proteins [33,36]. A key feature in designing coarse-grained models for
proteins is their molecular weight as the coacervation conditions typi-
cally depend on the chain length. Silk proteins are no exception in this
regard, as they are composed of highly hydrophobic, repetitive regions
that act as stickers and shorter, polar regions that act as linkers [18,37].
Both valence and patterning of residues in the protein chains have been
shown, by both experiments and simulations, to be critical in controlling
saturation concentration [38]. Our model was designed to reproduce the
features of SF heavy chain. The native SF molecular weight, as found by
genome sequencing of the silkworms and confirmed by extracting the
solubilized protein directly from the insect's glands, is 390 kDa [39].
However, the chain is typically hydrolyzed during the regeneration of
fibers, yielding a broad molecular weight distributions [38]. The native
sequence of SF heavy chain consists of 12 repetitive regions interspersed
with 11 linkers [37]. Our regenerated SF has an average molecular
weight, reported by the manufacturer, of 100 kDa, about a quarter of the
native SF molecular weight. Consequently the model was developed
with a total of 3 repetitive regions connected by 2 linker sequences.

Each repetitive part is represented by a bead, which we will refer as B
(which stands for blue). The linker regions are modelled by a sequence
of three smaller beads. This choice was made to better represent the
dynamic nature of the linkers and to introduce a term able to replicate
the interactions among aromatic residues, present in the central part of
these sequences. Indeed, interaction among aromatic residues, the latter
having been shown to be important in phase separation of proteins
[18,40]. So, the linkers are depicted by a Y-R-Y sequence, where Y
stands for yellow and R for red; the R beads contain the aromatic part. B
beads were assigned a diameter of 6y = 2 nm, while for R and Y we set
OR = Oy = 1 nm.

Since all the experimental characterizations were performed at room
temperature, every parameter in the model with dimensions of energy
was expressed as multiple of kgT. The interactions between beads are
divided into two categories: bonded and non-bonded. The former are, in
turn, of two different types: finitely extensible nonlinear elastic (FENE)
attractions between consecutive beads, and bending potentials between
consecutive bonds.

The form of the FENE potential between consecutive beads i and j
(so, i,j = B,Y,R) is the following:

1 .\ 2
VS-ENE = - EgFENEr,znaxln (1 - (L) )
rmﬂ.)(

where rj; is the distance between the centers of beads i and j. Maximum
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bond length was set to be rpax = 1.205 with og being the average
diameter of beads i and j, and epgng = 1.0 kgT/nm*.
The bending potential between bonds I and J is expressed as:

1
V}’f"d = Exbend(l — cosOyy)

where 0y is the angle between consecutive bonds, and kpepg = 1.0 kgT.
The non-bonded attractive interactions, which are responsible for
the phase separation, were set to be homotypical: B beads interact only
with other B beads and R beads only with other R beads, as has been
proven to be the case for silk proteins [18], while there is no Y—Y
attraction as the Y beads are representative of non-aromatic parts of the
linkers that do not have substantial role in the phase separation. A
truncated Lennard-Jones potential was used, which explicit form is:

O; 12 O 6 1 12 1 6 2
(2 Y (e R i . ifr < X
Vo (r) = A (r) (r) <2.5) * (2.5) fr< 20
0ifr > 2.50;

where r is the distance between the centers of the two beads and i = B,R.
The simulations were run with different eg values, while keeping ep/eg
= 2. Among the remaining pairs of beads, a Weeks-Chandler-Anderson
(WCA) repulsion potential was used to simulate the excluded-volume
effect:

vy = § 4 () () r=an

0ifr>aij

where i,j = Y,B,R, 6jj is the same as previously defined and &ep = 1.0 kpT.

The Monte Carlo simulations were performed with 450 SF chains in a
cubic box, with dimensions defined to match the experimentally tested
concentration of SF.

2.7. Production of SF and SF/PB films and ethanol stabilization

Films were obtained from aqueous SF and mixed SF/PB solutions. To
specify, 120 pL of a solution would be deposited on a glass slide, and the
film would subsequently form upon evaporation of the solvent, at
ambient conditions. To stabilize the SF and SF/PB films, a 70% v/v so-
lution of ethanol in water was utilized. The films were placed inside a
glass Petri dish, and 3 mL of ethanol solution were dropped, fully
covering the sample. The treatment was carried out for 2 hours. After
that, the films were taken out with tweezers and placed on a clean Petri
dish to dry at room temperature.

2.8. Micro-FTIR characterization of LLPS films

Determination of the SF conformation in dried films was carried out
using micro-Fourier transform infrared (micro-FTIR) spectroscopy in
transmission mode. Measurements were performed at two different SF
concentrations presented in the Phase Diagram, with and without
addition of PB. The concentrations utilized were: 42 mg/mL SF, 8 mg/
mL SF, 42 mg/mL SF + 0.13 M PB, 8 mg/mL SF + 0.13 M PB; analysed
both before and after ethanol stabilization. Data were collected using
Bruker Tensor 27 spectrometer coupled with a Hyperion 3000 micro-
scope (Bruker Optics GmbH & Co. KG, Ettlingen, Germany), equipped
with 15X Cassegrain objective and 64 x 64-pixel focal plane array
detector.

A total of 15 pL of the solution was deposited onto a CaF; window.
From each sample, 3 maps, each consisting of 4096 spectra, were ac-
quired. Out of those, 500 spectra (per specimen) were selected as the
reference for SF secondary structure analysis. The selection was carried
out using an in-house Python script, to pick the spectra with the best
signal-to-noise ratio. The second derivative of each spectrum was
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calculated, followed by vector normalization, and the analysis of the
protein secondary structure was carried out looking at the negative
minima of the second derivative, particularly focusing on the content of
fB-sheets and disordered structures (random coils, turns).

The second derivative approach has some upsides, as it prevents
artifacts in the spectra that could arise from the baseline correction.
Moreover, it better separates the Amide I and II contributions, thus
facilitating the extraction of secondary structure components. Negative
intensities of the peak can be directly associated with the species' con-
centrations; this way the intensity of the minima in the second derivative
can be used in place of total area of the bands in the absorbance spec-
trum to estimate the sample composition. Assignments of the spectral
components were performed following the protocol described by Belton
etal. [41].

2.9. Degradation experiment in simulated body environments

Behavior of SF and SF + PB films was studied in simulated gastric and
intestinal environments. To specify, the former was approximated with
0.1 M HCI solution, while the latter - with 0.1 M potassium phosphate
buffer at pH 6.8. SF and SF + PB films were weighed and then exposed to
the simulated body fluids. Tests at 2, 4, 8, 16, 24 and 48 h were per-
formed. For each test, the film was weighed and subsequently immersed
in the fluid for the corresponding amount of time, then it was taken out
of the solution and let dry on air at room temperature. After 30 min of
drying, the film was weighed again to quantify the mass change. For
each condition, the degradation test was repeated three times. The films
studied, both in gastric and intestinal environment, were SF 42 mg/mL
and SF 42 mg/mL + PB 0.13 M. There were two sets of films of each
composition—one that had not undergone the ethanol treatment, and
one that had—so, 4 films in total.

3. Results and discussion

As mentioned above, LLPS of spider silk has been known to get
triggered by phosphate anions [23,42], thus hinting at a potential role of
phosphate in LLPS of B. mori SF. Before adding phosphate, the SF solu-
tion was transparent (Fig. 1a). However, it immediately turned turbid
upon PB injection. When the mixture was observed under optical mi-
croscope, the formation of coacervates was clear (Fig. 1b). These find-
ings were confirmed by turbidity experiments performed on SF and SF +
PB solutions, where the optical density of the system was measured as
function of PB concentration. The results corroborate phase separation
when PB concentration exceeds a critical threshold (Fig. 1¢). Depending
on the concentrations of SF and PB, mixed solutions exhibited two
distinct states: 1) a turbid LLPS solution with 2 phases clearly present -
the dense phase in droplets and the light phase of the solution itself, 2) a
transparent solution with no droplets (the only artifacts visible are solid

(b

( a ) Aqueous SF

+PB0.13M
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SF aggregates). Delayed LLPS, mentioned in literature [20], has not been
witnessed in our study, as we verified by measuring optical density of
the solution for several minutes (Supplementary information, Fig. S1).

The liquid-like nature of the droplets was assessed by means of op-
tical microscopy, as coalescence events between droplets were observed
(Supplementary information, Movie S1), as well as by FRAP experi-
ments. This latter technique relies on the assumption that photo-
bleached molecules within the droplet can diffuse away from the
bleached region and be replaced by unbleached fluorescent molecules,
leading to fluorescence recovery over time [20,43].

First, a qualitative analysis shows that the sample prepared using
rhodamine B exhibits an increasing intensity of red fluorescence within
the dense phase particles, indicating that the probe was successfully
loaded into the liquid condensates (Fig. 2a).

We then performed photobleaching experiments. A circular region
with a radius of 1 pm within the droplet was selectively photobleached
(Fig. 2b). A complete recovery of fluorescence was observed, consistent
with dynamic, liquid-like behavior.

As a control, a different sample was dried prior to photobleaching.
Under these conditions, where the droplets no longer exhibit liquid-like
properties, no fluorescence recovery was recorded (Fig. 2c).

A phase separation map was generated (Fig. 3a) based on microscopy
observations, determining the concentration of SF and PB under which
SF undergoes LLPS.

The effect of SF and PB concentrations on the size of dense phase
droplets was investigated. It was found that across the range of con-
centrations considered, the droplets average diameter remained in the
interval of 4-6 pm, with fluctuating variation (Fig. 3b). However, it was
confirmed with single-factor ANOVA test that the diameters were
meaningfully different (F = 152 with F; of 1.5).

There appears to exist a concentration of PB, at about 0.08 M, that is
conducive to a share of droplets with size in the range of 10-20 pm
(hence, the wider standard deviation for those).

Different studies have suggested that anions play an important role
in the silk spinning of spiders [42,44]. Since in the present case the
addition of phosphate ions induces LLPS in SF, we suggest that, akin to
what was reported for spidroin, hydrophobic interactions are likely
important factors in the LLPS of SF.

To verify this hypothesis, we investigated the effect on our samples of
different compounds, in order to get insight into the mechanism un-
derlying the LLPS of the SF protein. 1,6-hexanediol (HDO), widely re-
ported in the literature as a disruptor of weak hydrophobic interactions
[20,45,46], was added. NaCl and ATP were also selected as electrostatic
probes, and urea as hydrogen bond disruptor [47-49]. The addition of
10% HDO to our SF/PB solution in LLPS-state led to swift disappearance
of the droplets (Fig. 3c). This finding proves the fundamental role of
hydrophobic interactions in the formation of phosphate-induced LLPS of
silk fibroin.
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Fig. 1. LLPS behavior of SF and phosphate mixtures. (a) SF aqueous solution became turbid upon adding phosphate. (b) Micrographs of LLPS systems in liquid phase.
Concentrations of SF and PB are respectively 42 mg/mL and 0.13 M. (c) Turbidity measurements, showing increase in optical density of the solution after addition of

PB. The concentration of SF was 4 mg/mL.
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Fig. 2. SF phase separation was tested with fluorescence microscopy. (a) Micrograph obtained with Rhodamine B-labelled SF, showing the formation of the droplets.
(b-¢) Micrographs obtained from FRAP experiment (upper panels: 8 frames obtained before and after photobleaching, from left to right and top to bottom) and
normalized intensity of fluorescence over time (lower panels) of SF + PB liquid (b) and dried (c) sample. The white arrows indicate the sample regions where the
photobleaching occurred.
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Fig. 3. (a) Phase diagram of the SF + PB system obtained from microscopy experiments (b) Dense phase droplets size distribution in liquid phase. Bars represent the
average, whiskers correspond to standard deviation. (c) Optical images of SF + PB coacervates before (left panel) and after (right panel) the addition of HDO,
showing the disappearance of phase separation.

Different results were obtained in the tests with NaCl, ATP and urea, Circular dichroism was performed to get insight into the secondary
as shown in Fig. S2. This, reminiscent of what was reported for SF in the structure of the protein. In Fig. 4a, the CD spectra are depicted for both
presence of an anionic surfactant [47], corroborates that phase separa- SF and SF + PB. Our analysis, in accordance with previous findings,
tion is driven mainly by hydrophobic interactions. showed that regenerated silk fibroin in aqueous solutions is mainly in
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Fig. 4. Analysis of the secondary structure of SF in solution and after drying. (a) Circular dichroism spectra of SF 4 mg/mL, and SF 4 mg/mL + PB 0.13 M solutions.
(b) Mean FTIR spectra of the SF and SF + PB films obtained from solutions with different SF concentrations, calculated from the micro-FTIR maps. (c) Example of
secondary structures peak assignments in the Amide I band, based on the second derivative of the absorbance spectrum. The depicted spectrum comes from one of the
SF 42 mg/mL maps. (d) Behavior of secondary structure components for the SF and SF + PB films extracted from the micro-FTIR maps. Data are plotted as mean +/—

standard deviation.

random coil conformation, as evidenced by the large negative
decreasing behavior of the ellipticity while approaching 200 nm
[50,51]. This result is confirmed for the SF + PB sample, showing that it
is likely that secondary structure of the protein remains unchanged after
SF undergoes LLPS.

Similar results were obtained when we looked at the conformation of
SF in the dried films via micro-FTIR. In those spectra, the fingerprint
region for protein conformation is conventionally elected as Amide I and
II bands, at 1600-1700and 1470-1570cm ™}, respectively. The com-
parison of the mean spectra in Fig. 4b evidence that, in both SF samples
(8 mg/mL and 42 mg/mL), the Amide I and Amide II features peak
around 1655 cm™! and 1541 cm™?, respectively. The addition of PB,
whose characteristic signals arise at 985 and 1088 em ! (asterisks), does
not induce any detectable changes in band shape, indicating that SF
secondary structure is preserved. This observation is further supported
by second derivative analysis of the spectral profiles (Fig. 4c and d) and
it is consistent with the CD results: no statistically significant rear-
rangement is observed upon LLPS formation, indicating that SF main-
tains a similar secondary structure, predominantly random-coil, in both
the protein light and dense separated phases. This status quo persists
even after extensive solvent evaporation as observed in the resulting
films.

Consistently, the dried films tend to contain mainly disordered

structures, similar to the conformation of the protein in solution. This
indicates that the condensation of SF into coacervates by phosphate
addition does not alter the secondary structure of SF, either in solution,
or in dried films.

A modeling approach was carried out to get further comprehension
of the system. The detailed description of the model is presented in the
Materials and Methods section. In Fig. 5a there is a representation of the
simulated SF chain, with the attractive beads being the blue and red
ones. Simulations have been launched varying only 2 parameters: (i) the
size of the cubic box, adjusted to reproduce the experimental concen-
trations under the hypothesis that the SF chain molecular weight equals
the average molecular weight of the silk solution, and (ii) the value of eg
(and consequently e, since it has been fixed to eg /2), which is the in-
tensity of the Lennard-Jones attractive well. This parameter was varied
to mimic the increased hydrophobic interaction among the SF chains
caused by the addiction of the kosmotropic phosphate anions. The
repulsive interactions among the chains are accounted only with an
excluded volume WCA potential with parameters fixed among different
simulations. The model successfully captures the behavior of the pro-
tein, as by varying eg we can go from a situation where the chains are
dispersed in the box, condition that represents the homogeneous solu-
tion, to one where some of them start creating a cluster, meaning that
phase separation has occurred. In Fig. 5b and c, these two conditions are
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depicted. To quantitatively determine whether the phase separation had
happened at the end of the simulation, we defined the parameters N¢jys
as the total number of clusters in the box. Two SF chains are defined to
be in the same cluster if there is any non-bonded attractive interaction
among two or more beads of the chains. In this way, the occurrence of
LLPS is observed when there is a steep decrease of Nj,s. The behavior of
Ncus With €g is represented in Fig. 5d and e, for all the SF concentrations
tested. In this way, we can define the simulated critical depth of the well
ep* as function of the SF concentration. The model clearly mimics the
experimental data of the phase diagram, presented in Fig. 1e, where less
concentrated phosphate solution is needed at higher concentrations of
SF to obtain the phase separation. To be able to compare the experi-
mental results with the simulations we observed that, as reported in the
literature [52], the salting out effect of the kosmotropic phosphate ions
that drives the LLPS in silk protein systems is mainly an entropic effect.
In view of this, we performed a linear rescaling of the critical well depth
eg* on the concentration of PB from the phase diagram, following the
Asakura-Oosawa theory of depletion interactions [53]. This operation
led to good agreement between the simulations and the experimental
phase diagram, as reported in Fig. 5f, confirming the ability of the model
to explain the tendency of the system to undergo LLPS. Moreover, the
liquidity of the protein chains in the clusters was characterized by means
of the radial distribution function between the B beads, similarly to what
was done by Lemetti et al. [36]; the results are reported in the Supple-
mentary information, Fig. S3. They observed that, from the simulations'
point of view, one of the main difference between solid (which they refer
to as “aggregates”) against liquid ones (which they call by the term
“coacervates”) relies on the persistency of spatial correlations among the
beads, as in coacervates they extend to practically the full length scale
represented in the simulation. We observed a similar behavior in our
case, hinting towards the fact that a liquid phase is forming rather than a
solid one. We believe that this model represents a simple yet effective
starting point for describing the properties of SF protein explored via the

experimental characterizations carried out in the work, in particular the
phase diagram. Further analyses, which are currently in progress and
will be the subject of a future study, will be needed to assess the range of
applicability of the model presented here.

It is well known that alcohols cause conformational transition of silk
fibroin from random coil to p-sheet crystalline structure, leading to gel
formation. Several studies [54,55] clarified that the SF crystallization
mechanism can be described by the polar groups of alcohols pulling
water away from silk fibroin molecules, resulting in increased aggre-
gation of hydrophobic amino acids with the polarity being tuned by the
length of alcohol carbon chain. Hence, ethanol is expected to promote
gelation of silk fibroin via p-sheet crystallization. Fig. 6a shows that after
ethanol treatment the phase separation is still present, and particles with
similar sizes are stabilized into the SF matrix. The size comparison
among the stabilized particles is represented in Fig. S4 (see Supple-
mentary information). Fig. 6b and shows the mean FTIR spectra of the
SF (42 mg/mL) and SF (42 mg/mL) + PB (0.13 M) films after ethanol
treatment. A marked increase in p-sheet content is observed respect to
the non-treated samples, as indicated by the enhanced contributions at
1628 ¢cm ! and 1694 cm ' (dashed lines) in the Amide I region,
compared to the untreated SF films (Fig. 4 b—d). A magnified view of the
Amide bands for one sample, as long as the second derivative spectra
used for the analysis of the secondary structure, is shown in Supple-
mentary information, Fig. S5. The increase in f-sheets content resulted
from the hydrophobic interaction between silk fibroin protein chains
and additional alcohols.

Gel fractions can be used to measure the insoluble part of silk-fibroin
films by the gravimetric method, consisting in the calculation of the
mass percentage ratio between the initial sample and dried film, after
the immersion in simulated body fluids. Without the addition of ethanol,
SF and SF + PB dissolve rapidly both in gastric and intestinal body fluids
(see Movies S2-S5). On the other hand, it was found that the gel fraction
increased after ethanol treatment (Fig. 6¢). This finding is in good
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agreement with the mechanical strength of silk fibroin films that also
increased with the increasing amount of carbon atoms in monohydric
alcohol [56]. This, confirmed by FTIR spectra, is related to the confor-
mational structure of the silk fibroin itself after ethanol evaporation. The
polarity of alcohol caused some degree of p-sheet crystallization that
promoted physical crosslinks in the silk structure, resulting in gel for-
mation. Moreover, treatment with ethanol greatly enhances the physical
and chemical stability of the material. In fact, while for untreated SF and
SF + PB films rapid dissolution was observed for both gastric and in-
testinal simulated fluids, ethanol-treated films showed good perfor-
mances up to 48 h in both media (Fig. 6d).

4. Conclusions

This work demonstrates that phosphate anions can trigger liquid-
-liquid phase separation (LLPS) in silk fibroin (SF) aqueous solutions.
Phosphate-induced LLPS proceeds through enhancement of hydropho-
bic interactions between SF chains. This was consistently validated by
experimental evidence and corroborated by coarse-grained bead—spring
simulations, providing a molecular-level interpretation of the observed
assembly behavior. The phase diagram of SF was constructed by varying
the concentrations of SF and PB to determine the minimum PB con-
centration required for LLPS.

Spectroscopic analyses confirm that SF within the phase-separated
droplets predominantly retains a random coil conformation, demon-
strating that LLPS occurs independently of premature p-sheet formation.
During solvent evaporation, SF-rich droplets become spatially confined
within a continuous silk matrix, yielding a hierarchical material archi-
tecture. Subsequent ethanol treatment effectively stabilizes this struc-
ture by inducing p-sheet formation, resulting in structurally stable
materials.

The resulting SF formulations performance in simulated biological
fluids revealed pronounced pH-dependent stability profiles. Together,
these findings establish phosphate-mediated LLPS as tunable, bio-
mimetic, and versatile strategy for directing SF self-assembly. This
approach expands the toolbox for silk-based material design and paves
the way for the development of advanced biomedical and pharmaceu-
tical systems with programmable structure and functionality.

Despite the insights provided, this study holds some limitations that
should be acknowledged. In particular, the experimental conditions and
coarse-grained modeling approach do not capture the full physiological
complexity of Bombyx mori silk gland, including complete ionic envi-
ronment, concentration gradients, shear forces, and dynamic spatio-
temporal regulation present during natural spinning. Moreover, while
the stability of LLPS-derived films was evaluated in simulated biological
fluids, long-term degradation and in vivo behavior were not addressed
and do warrant future investigation.
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