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ABSTRACT: Despite the significant presence of water in the
liquid−liquid phase separation (LLPS) of biomolecular conden-
sates, its critical role beyond the solvent effects has been largely
overlooked. In this study, we investigate the synergistic effects of
water on modulating the substructure and properties of
biomolecular condensates. We designed and synthesized a series
of peptide-based droplets with varying microstructures. Utilizing in
situ Raman and Fourier transform infrared (FTIR) spectroscopy,
we elucidate how an increased hydrogen bonding network between
the peptide and water, coupled with a decreased hydrogen bonding
network among peptides, drives the transition from multiphasic to homogeneous configurations. Furthermore, we demonstrate that
this transformation can be dynamically regulated by adjusting peptide-water interactions through the application of Chaotropic and
Kosmotropic agents. Our findings underscore the essential role of hydration water in the LLPS of single-component systems, paving
the way for innovative strategies in the design and modulation of advanced hydrated materials.

■ INTRODUCTION
Water is an essential component of cellular systems, playing a
crucial role in maintaining osmotic balance, facilitating protein
folding, and enabling molecular recognition.1−5 Beyond these
foundational roles, water significantly influences molecular self-
assembly processes in supramolecular chemistry, impacting
phenomena such as adhesion,6−9 gelation,10−13 fibrillation14−17

and among others.18−25 The unique tetrahedral structure of
liquid water allows each water molecule to establish hydrogen
bonds with four neighboring molecules, forming a dynamic
three-dimensional network.1,26,27 The introduction of solutes
disrupts this equilibrium, prompting a reorganization of water
molecules in their vicinity.26 Solutes exhibit distinct effective
solvated volumes based on their hydrophobic or hydrophilic
properties, classified into hydration water�comprising closely
associated first and second hydration shells�and bulk water,
located beyond these shells.17,27 Interactions within these
systems can be categorized as solute−solvent, solute−solute,
and solvent−solvent interactions, each contributing to the
stabilization of the overall system.27−29 External factors such as
pH, temperature, redox status, and ionic strength can induce
the release of hydration water into the bulk phase.27,29 This
entropically favorable process, coupled with enthalpically
driven intermolecular interactions, could be sufficient to
trigger molecular self-assembly or phase separation.27,29

While the role of water in supramolecular chemistry is well
established, its influence on liquid−liquid phase separation
(LLPS) remains underexplored.30,31 Recent studies have begun
to illuminate water’s role in LLPS,27,32−35 however, the

mechanisms by which water modulates the substructure of
LLPS droplets are still poorly understood.
In this study, we investigated a series of short peptides,

WGnW (n = 0∼3), that undergo LLPS to form liquid droplets
(Figure 1a). We discovered that dipeptide WW forms core−
shell droplets with a solid-like inner core surrounded by a
liquid-like outer shell. As the peptide composition shifts from
WW to WGGGW, the inner core transitions from solid-like to
liquid-like, resulting in homogeneous droplets (Figure 1b).
Through molecular engineering and amino acid mutations, we
demonstrated that the core−shell structure is primarily
dictated by the amphiphilicity of the amino acid composition,
rather than the peptide length or arrangement. Using in situ
Raman and FTIR, we revealed a decrease in peptide−peptide
interactions alongside an increase in peptide-water inter-
actions, correlating with the transition to homogeneous
droplets (Figure 1c). Molecular dynamics simulations further
elucidate how the interplay between peptide−peptide and
peptide-water interactions governs the substructures of these
droplets. Importantly, we showed that dynamic control over
transformation from core−shell condensates to homogeneous
liquid droplets can be achieved by modulating peptide-water
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interactions using “Chaotropic” and “Kosmotropic” agents.26

Our findings highlight the critical role of hydration water in
regulating the structural dynamics of liquid droplets, offering
new insights into the design and modulation of advanced
hydrated materials with significant implications in biophysics
and materials science.

■ RESULTS AND DISCUSSION
Engineering Single-Component Droplets with Vary-

ing Architectures via LLPS. Recent studies have shown that
ditryptophan (WW) and its derivatives generally do not
promote LLPS effectively.36,37 However, our recent findings
reveal that tryptophan modified with a C-terminal amide
significantly enhances the design of short peptide-based liquid
droplets.38 This modification facilitates the formation of core−
shell structure droplets, primarily due to the large aromatic ring
of tryptophan, which strengthens homotyptical π−π inter-
actions compared to other amino acids.38 Notably, the
distinctive Raman peaks of tryptophan serve as the marker
for various noncovalent interactions, aiding in the exploration
of molecular mechanisms.39,40

Building on these insights, we designed a series of short
peptides, WGnW (where n = 0∼3), utilizing a sticker-spacer

model to promote LLPS (Figure 1a). We selected varying
lengths of glycine as spacers, given its high frequency and
significant presence in intrinsically disordered proteins (IDPs)
or intrinsically disordered regions (IDRs) associated with
LLPS.41−43 Upon exposure to external stimuli such as pH and
temperature, clear peptide solutions undergo LLPS, resulting
in the formation of a white milk emulsion (Figure 2a).
Confocal laser scanning microscopy (CLSM) imaging
confirmed the presence of spherical droplets (Figure 2b).
Phase diagrams constructed from pH and concentration data
reveal that all peptides remain soluble in water at pH below
6.0. However, as the pH increases to approximately 7.0, phase
separation is initiated, leading to the emergence of condensed
liquid droplets alongside a dilute phase (Figure 2c). This
behavior suggests that the deprotonation of the N-terminal
amine group likely triggers the LLPS, underscoring the
intricate relationship between pH and droplet formation.38

To investigate the inhomogeneous nature of the droplets
formed, we employed fluorescence lifetime imaging micro-
scope (FLIM) using the polarity-sensitive fluorophore
sulfonamide benzoxadiazole (SBD).44 This technique enabled
us to evaluate the average microenvironmental polarity within
the droplets. In homogeneous droplets, the fluorescence

Figure 1. Liquid−liquid phase separation of peptides WGnW (n = 0∼3). (a) Molecular structure of peptides WGnW (n = 0∼3). (b) Schematic
illustration of liquid−liquid phase separation of peptides WGnW (n = 0∼3). (c) Schematic illustration of the changes of peptide−peptide, peptide-
water, and water−water interaction from WW to WGGGW system.
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lifetime of SBD would remain constant; however, variations in
the lifetime indicate microenvironmental differences. Our
findings reveal that, with the exception of the peptide
WGGGW, the SBD lifetime in the inner core differs
significantly from that in the outer shell for all other droplets,
highlighting their inhomogeneous microenvironment. Further-
more, SBD exhibits an uneven distribution with fluorescence
intensity in the inner core markedly higher than in the outer
shell. This discrepancy diminishes from WW to WGGGW
(Figure 2d), suggesting that the structural differences between
the inner core and out shell become less pronounced as the
peptide composition transitions. To visualize the core−shell
structure more effectively, we utilized two distinct fluorescent
molecules: SBD and rhodamine B (Rho B). Rho B was
introduced prior to droplet formation, and SBD was added
afterward. In the core−shell droplets formed by WW, Rho B
predominantly localized within the inner core, whereas SBD
was primarily distributed in the outer shell (Figure 2e−g, top
panel). In contrast, for the homogeneous droplets formed by
WGGGW, both SBD and Rho B exhibited a uniform

distribution (Figure 2e−g, bottom panel). Additionally, when
two WW droplets fused, the inner core remained intact but
was deformed by the merging outer shell. This observation
underscores the solid-like nature of the inner core in
comparison to the more fluid outer shell, further emphasizing
the architectural differences within these droplets.

Transition of the Inner Core from Solid-Like to
Liquid-Like States. Upon contact, two liquid-like droplets
tend to fuse, resulting in a larger spherical shape.45,46 The
fusion dynamics are influenced by the ratio of surface tension
to viscosity: liquid-like droplets typically exhibit faster fusion
rates compared to solid-like condensate.45 To assess the
liquidity of droplets formed by WGnW (n = 0∼3), we
systematically measured the coalescence time of pairs of
spherical droplets. The entire fusion process was well
characterized by exponential relaxation, as evidenced by the
time-course microscopy images (Figure 3a). By plotting the
aspect ratio against time during fusion, we determined the
characteristic relaxation time (τ) through exponential fitting46

(Figure 3a). Our results revealed that the fusion speeds of WW

Figure 2. Core−shell condensates to homogeneous droplets formed via LLPS of WGnW (n = 0∼3). (a) Schematic illustration of liquid droplet
formation through LLPS. (b) Microscope images of the droplets formed by peptide WGnW (n = 0∼3). (c) pH-concentration phase diagrams of
peptide WGnW (n = 0∼3). (d) Confocal and fast FLIM images of the droplets formed by peptide WGnW (n = 0∼3). (e) Schematic illustration of
the distribution of fluorophores (Rho B and SBD) added before and after the droplet’s formation. (f) CLSM images of the distribution of Rho B
and SBD in the droplets formed by WW and WGGGW. (g) Fluorescence intensity distribution plots at cross sections. The concentration in panels
b,d is 10 mg/mL for WW, WGW, and WGGW, and 15 mg/mL for WGGGW. The pH value is 7.5 ± 0.5.
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droplets were the slowest, while WGGGW droplets fused the
fastest, indicating that WW droplets exhibit more solid-like
behavior, whereas WGGGW droplets demonstrate liquid-like
characteristics (Figure 3a,c). Notably, the fusion of core−shell

droplets involves deformation of the inner core, which
contributes to a slower fusion process. This result suggests
that the liquidity of the inner core significantly affects the
overall fusion speed. To further verify this hypothesis, we

Figure 3. Solid-like inner core gradually turned to liquid-like from WW to WGGGW. (a) Time course of the distance between the two droplets
formed by peptide WGnW (n = 0∼3), the fusion events are well fit by an exponential decay, which is used to determine fusion time scale τ. (b)
FRAP analysis of the inner core of the droplets, (b) and representative data are shown. Scale bar: 5 μm. (c, d) Fusion time τ and Half-recovery time
τ1/2 of the droplets formed by WGnW (n = 0∼3). (e) Schematic illustration of the changes of the condensates under gallium ion beam sputtering.
(f) Cyro-FIB-SEM images of the droplets formed by WW and WGGW. For all of the experiments, the concentration of WW, WGW, and WGGW
is 10 mg/mL, while WGGGW is 15 mg/mL (pH = 7.5 ± 0.5).
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employed fluorescence recovery after photobleaching (FRAP)
to analyze the dynamics of the inner core (Figure 3b). The
WW inner core exhibited approximately 20% fluorescence
recovery with a half-time of around 9 min. In contrast, the
homogeneous WGGGW droplets displayed rapid fluorescence
recovery, with a half-time of less than 1 min (Figure 3d). The
increasing rate and efficiency of fluorescence recovery from
WW to WGGGW indicate a transition from a solid-like inner
core to a liquid-like state, ultimately leading to the formation of
homogeneous WGGGW droplets.
To further illustrate the solid-to-liquid transition of the inner

core, we employed Focused Ion Beam Scanning Electron
Microscopy (FIB-SEM) to compare the inner cores of WW
and WGGW. Due to the higher fluidity of the outer shell, it

collapses rapidly, exposing the inner core when the core−shell
droplets are transferred to a copper grid. The samples are then
plunge-frozen in liquid ethane and transferred to a cryo-stage
maintained at −191 °C, followed by cryo-FIB milling and cryo-
SEM imaging (Figure 3e). The results showed that the inner
core was surrounded by the collapsed outer shell, which was
subsequently removed by using gallium ion beam milling.
Once the inner core was fully exposed, the inner core of WW
retained a spherical structure, while the inner core of WGGW
appeared collapsed (Figure 3f). This contrast underscores the
greater solidity of the inner core in WW compared to the more
fluid-like nature of that in WGGW.

Mechanism Underlying the Transition from Core−
Shell Condensates to Homogeneous Droplets. To

Figure 4.Mechanism underlying the transformation from core−shell condensates to homogeneous droplets. (a) Confocal and fast FLIM images of
the droplets formed by WWGGG (15 mg/mL), WGWGG (15 mg/mL), WGGWG (15 mg/mL), and SBD (1 μM), (pH = 7.5 ± 0.5). (b)
Confocal and fast FLIM images of the droplets formed by WAAW (5 mg/mL, pH = 7.5 ± 0.5), WLLW (2 mg/mL, pH = 7.5 ± 0.5), WSSW (20
mg/mL, pH = 7.5 ± 0.5), and WKKW (20 mg/mL, pH = 10 ± 0.5). (c) Schematic illustration of the in situ Raman spectroscopy. (d) Partial
enlarged Raman spectrum of the droplets formed by peptide WGnW (n = 0∼3) in D2O, the relative intensity of low- and high-frequency stretch
mode indicate different H−bonded networks of water. (e) I2425/I2511 peak ratio (intensity) of the in situ Raman spectrum of the droplets formed by
peptide WGnW (n = 0∼3). (f) I1360/I1340 peak ratio (intensity) of the in situ Raman spectrum of the droplets formed by peptide WGnW (n = 0∼3).
(g) Partial enlarged IR spectra of the droplets formed by peptide WGnW (n = 0∼3) in D2O.
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elucidate the mechanism behind the transition of the inner
core from solid-like to liquid-like behavior, and then ultimately
formed homogeneous droplets, we first examined the influence
of the scattering degree of stickers by comparing the peptide
WGGGW with WWGGG, WGWGG, and WGGWG. Fluo-
rescence microscopy and fast FLIM images revealed that all
these peptides form homogeneous droplets (Figure 4a). Next,
we explored how the amphiphilicity of peptides affects the
substructure of the droplets through targeted amino acid
mutations. While the more hydrophobic peptides WAAW and
WLLW formed core−shell droplets, the more hydrophilic
peptides WSSW and WKKW resulted in homogeneous
droplets (Figure 4b). These findings suggest that peptide-
water interactions are crucial in determining the substructures
of condensates. Specifically, hydrophilic amino acids enhance
peptide-water interactions, whereas hydrophobic residues
weaken these interactions.
To test this hypothesis, we systematically measured changes

in the hydrogen bonding network among peptide−peptide,
peptide-water, and water−water interactions across the WW to
WGGGW systems. The strength of the hydrogen bonding
network among water molecules can be reflected in its O−H
stretch mode; lower stretch frequencies indicate stronger
hydrogen bonds, as evidenced by ultrafast infrared, vibrational
sum-frequency, and in situ Raman spectroscopy.47−51 Using in
situ Raman spectroscopy, we measured the O−D stretch mode
of D2O in the WGnW (n = 0∼3) droplets (Figure 4c). All
Raman spectra shared two broad peaks at around 2425 and
2511 cm−1, differing in relative intensity. The peak at 2425
cm−1 corresponds to stronger hydrogen bonding among water
molecules compared to the peak at 2511 cm−1 since lower O−
D stretch frequency report on stronger hydrogen bond
strength of water.47 The relative intensity of the peaks at
2425 and 2511 cm−1 differs from WW to WGGGW, indicating
different populations of strong and weak hydrogen-bonded
water (Figure 4d). To quantitatively evaluate the relative
hydrogen bond strength, we measured the peak ratio of 2425
to 2511 cm−1 (Figure 4e). Compared to pure D2O, this peak
ratio increased in all the droplets, indicating a strengthened
hydrogen bonding network in the droplets of WGnW (n =
0∼3). Furthermore, the peak ratio gradually decreased from
WW to WGGGW, reflecting a diminished hydrogen bond
network among water molecules. This trend suggests that
water molecules are more easily released from their hydrogen
bonding networks, allowing for stronger interactions with the
peptides.
We also analyzed the Raman spectra of peptides in the

droplets and quantified the intensity ratio of the peak near
1360 and 1340 cm−1 (I1360/I1340), which serves as a marker for
hydrophobic interactions of the tryptophan40 (Figure 4f). The
decreasing intensity ratio from WW to WGGGW indicates that
the tryptophan side chains are exposed to a less hydrophobic
environment, reflecting reduced hydrophobic interactions.
Additionally, we investigated the hydrogen bonding network
among the peptide backbones using FTIR.52,53 Vibrational
spectroscopy can directly assess the strength of hydrogen
bonds, as stronger hydrogen bonding typically lowers the
frequency of stretching vibrations.53 The FTIR spectra
revealed a red shift in the amide I frequency from
approximately 1650 to 1647, 1644, 1641, and 1638 cm−1,
respectively, for droplets transitioning from WGGGW to WW
(Figure 4g). This shift demonstrates an increasing hydrogen
bonding network in the droplets from WGGGW to WW.

In addition to hydrogen bonding, amide I vibration is
sensitive to the secondary structure of protein or peptide
backbones. The amide I band in the range of 1639−1654 cm−1

in D2O typically correlates with disordered structures, while
the range of 1615−1638 cm−1 in D2O is characteristic of β-
sheet structures.52,53 The results indicate a growing tendency
to form a β-sheet structure as we move from WGGGW to
WW. This transition may explain the transformation from
homogeneous droplets to core−shell droplets and the
transition from a liquid-like to a solid-like inner core.

All-Atom Molecular Dynamics (MD) Simulation. To
complement our experimental findings, we conducted all-atom
MD simulations using the Gromacs 2022.1 software package
with the Amber14sb force field.54 Simulations were performed
under a constant temperature and periodic boundary
conditions. Peptide molecules were solvated in a cubic box
measuring 6.0 nm × 6.0 nm × 6.0 nm, using the TIP3P water
model.55 We minimized the energy of the initial structure using
the steepest descent method for 50,000 steps, followed by
NPT ensemble simulations to ensure equilibrium. The Leap-
Frog method was used to integrate the equations of motion,
and the PME method evaluated long-range electrostatic
interactions.56 The truncation distances for van der Waals
and Coulomb interactions were set at 12 Å with updates
performed every 10 steps. We employed the Lincs algorithm57

and V-rescale temperature coupler,58 along with the
Parrinello−Rahman method,59 to constrain all bond lengths
(parameters: lincs_iter = 1 and lincs_order = 4), heat the
system from 0 to 298.15 K, maintain a pressure of 1 bar, and
ensure pressure isotropy.
Nonbonded interactions were calculated using a twin-range

neighborhood list approach, with short-range and long-range
cutoff distances of 9 and 14 Å, respectively. Hydrogen bond
criteria were defined as a donor−acceptor angle of less than
30° and a donor−acceptor distance of not exceeding 0.35 nm.
Four simulated systems (WW, WGW, WGGW, and
WGGGW) were constructed, each containing 30 peptide
molecules and 2000 solvent water molecules to ensure
computational efficiency while capturing key interaction
trends. Although this peptide-to-water ratio is higher than
that in experiments, the simulations were intended to provide
qualitative insights into peptide−water and peptide−peptide
interactions rather than replicate exact experimental concen-
trations. Initial atomic velocities were sampled from a
Maxwell−Boltzmann distribution at the target temperature.
The simulation was conducted for 100 ns using a 2 fs
integration time step, comprising 50 million steps in total, with
system coordinates saved at regular intervals to generate an
ensemble of 10,000 conformations.
Trajectory analysis and visualization were performed by

using the built-in analytical tools of GROMACS along with
Visual Molecular Dynamics (VMD) software for structural
representation. Conformational evolution of the four molecular
systems was analyzed through comparative structural assess-
ment of the initial and final states, with representative
structures illustrated in Figure S1. Initially, the peptides in all
four systems exhibited dispersed spatial distributions. Follow-
ing 100 ns of molecular dynamics simulation, the systems
demonstrated differential aggregation behavior. Notably, a
clear inverse correlation was observed between the degree of
peptide assembly and spacer length, with aggregation
propensity diminishing as the spacer length increased. In the
WW system, peptide molecules aggregated into a single

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c10784
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c10784/suppl_file/ja5c10784_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c10784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


compact cluster, while in the WGGGW system, this increased
to three clusters (Figure S1), implying a progressive enhance-
ment in peptide−peptide interactions accompanied by a
corresponding diminution in peptide-water interactions from
the WW to the WGGGW system.
Subsequently, we calculated and compared the average

number and lifetime of hydrogen bonds between peptide−
peptide, peptide-water, and water−water interactions through-
out the entire simulation duration. Both the number and
lifetime of hydrogen bonds between peptides progressive
decline from the WW to the WGGGW system (Figure 5a−c),

revealing a diminishing strength in hydrogen bonding strength
among the peptide molecules. Similar trends were observed for
water−water interactions, while the peptide-water interactions
demonstrated the opposite behavior (Figure 5a−c).
We also compared the changes in the π−π stacking

interactions across each system (Figure S2). The progressive
reduction in π−π stacking from WW to WGGGW corresponds
with our previous observations that more robust π−π
interactions facilitate the formation of core−shell struc-
tures.38,60 Finally, we systematically analyzed the total
interaction energies of nonbonded interactions (including

Figure 5. All-atom molecular dynamics (MD) simulation for the interaction between peptide−peptide, peptide-water, and water−water molecules.
(a) Time-dependent number of hydrogen bonds between peptide−peptide, peptide-water, and water−water. (b) Calculated average of the
hydrogen bond between peptide−peptide, peptide-water, and water−water. (c) Average lifetime of hydrogen bond between peptide−peptide,
peptide-water, and water−water. (d) Total interaction energy between peptide−peptide, peptide-water, and water−water.
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hydrogen bonds, electrostatic interactions, dispersion forces,
π−π stacking, and other noncovalent interactions) between
peptide−peptide, peptide-water, and water−water across all
four systems (Figure 5d). The results clearly demonstrate that
peptide-water interactions intensified, while peptide−peptide
and water−water interactions diminished progressively from
the WW to the WGGGW system. All simulation results align
consistently with our experimental data, further substantiating
the notion that stronger peptide−peptide interactions facilitate
the formation of core−shell droplets, whereas enhanced
peptide-water interactions promote the development of
homogeneous droplets.

Dynamically Regulation of Condensate Microstruc-
ture. We established the pivotal role of hydration water in
shaping the microstructure of LLPS condensates. Our findings
suggest that the transformation between core−shell con-
densates and homogeneous droplets can be modulated by
adjusting the peptide-water interactions. To test this
hypothesis, we employed “Chaotropic” and “Kosmotropic”
agents�substances that disrupt or enhance the structure of
water,26 respectively. In our study, we selected the chaotropic
agent tetramethylurea (TMU) and the kosmotropic agent
trimethylamine N-oxide (TMAO). These agents have been
extensively investigated in protein systems and model amide
compounds, such as N-methylacetamide (NMA) systems.61,62

TMU distorts the tetrahedral structure of water, thereby
strengthening the interactions between the amide carbonyl
group and water molecules. Conversely, TMAO enhances the
tetrahedral structure of water, weakening the hydration of the
carbonyl group. Essentially, TMU increases peptide-water
interactions, while TMAO decreases them (Figure 6a).
Fluorescence microscopy and FLIM revealed that heteroge-
neous condensates progressively transformed into homoge-
neous droplets with increasing concentrations of TMU. In
contrast, the addition of TMAO accentuated the heteroge-
neous structure (Figure 6b,c). These findings not only
underscore the significance of hydration water in regulating
the substructure of LLPS condensates but also demonstrate
that dynamic control over the transition between heteroge-
neous condensates and homogeneous droplets can be achieved
by fine-tuning the balance between peptide−peptide and
peptide-water interactions.

■ CONCLUSIONS
In summary, we engineered single-component short peptide
droplets, presenting a novel strategy to modulate condensate
structures from symmetric core−shell formations to homoge-

neous liquid droplets through the hydration effects of water.
Our findings demonstrate that stronger peptide−peptide
interactions promote the formation of core−shell condensates,
while enhanced peptide-water interactions facilitate the
emergence of homogeneous droplets. Utilizing molecular
engineering, Fourier transform infrared spectroscopy, in situ
Raman spectroscopy, and molecular dynamics simulations, we
reveal that peptide-water interactions increase from WW to
WGGGW. This shift leads to the transition of the inner core
from a solid-like to a liquid-like state, enabling the trans-
formation of core−shell condensates into homogeneous
droplets. Furthermore, we established that droplet structures
can be designed by modulating the hydrophilic and hydro-
phobic characteristics of the amino acid compositions.
Importantly, we demonstrated that the substructures of

these condensates can be dynamically tuned using chaotropic
and kosmotropic agents to adjust peptide-water interactions.
Our work provides critical insights into the role of hydration
water in LLPS, particularly regarding the liquid-to-solid
transition processes in disease-related biomolecular conden-
sates. The ability to rationally design core−shell peptide
condensates offers a versatile platform for biomedical
applications, particularly in targeted drug delivery. Surface
functionalization of the outer shell enables selective cell
targeting, while the core can serve as a reservoir for therapeutic
agents, allowing for controlled and localized release. These
features may help overcome major challenges in existing drug
delivery systems, including limited targeting precision and
suboptimal release kinetics. These findings open new avenues
for designing and modulating the microstructure and
functionality of advanced hydrated materials.
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