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ABSTRACT
The discovery of biomolecular condensates, driven by liquid–liquid phase separation of intrinsically disordered proteins
has significant impacts on both fundamental and applied science and engineering. Although most studies on biomolecular
condensates focus on intrinsically disordered structures, research on the role of molecular ordering remains largely unexplored,
however is beneficial for gaining newmechanistic understanding and further expand the design space of peptides for constructing
functional condensates. Toward this goal,we conducted systematic studies onhowmolecular ordering impacts the phase behaviors
of peptides using multidomain peptides (MDPs) as a model system. MDPs were designed using a molecular frustration principle
in which parts of the peptides favored β-sheet assembly and parts favored disassembly. Through programming of each domain, it is
evident that the phase behavior of MDPs is largely dictated by the secondary structure, and partially folded β-sheet plays a key role
in driving MDPs to form condensates. We also discovered complex coacervates formed by MDPs and synthetic anionic polymers,
which exhibited dramatically improved stability. Furthermore, we show enzyme-triggered condensation can be achieved using
phosphorylated MDPs as the molecular precursor and alkaline phosphatase as a molecular switch, highlighting the potential of
these materials for bacterial imaging and antimicrobial therapy development.
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Introduction

iomolecular condensates, also known as membraneless
rganelles, have attracted significant interests because of their
mportant roles in regulating numerous essential biochemical
rocesses within cells [1–3]. Natural condensates such as
tress granules and nucleoli are formed through liquid-liquid
hase separation (LLPS) of intrinsically disordered proteins
IDPs) with or w/o nucleic acids [4–6]. Within these liquid
roplets, IDPs and nucleic acids are concentrated via multiple
eak non-covalent interactions. The components remain
ighly dynamic, rapidly exchanging with the surrounding
his is an open access article under the terms of the Creative Commons Attribution-NonC
rovided the original work is properly cited, the use is non-commercial and no modificati
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environment, which is crucial for functions such as transient
storage of biomolecules and modulation of enzymatic activity
[7, 8]. These remarkable characteristics have motivated the
creation of synthetic condensates to investigate and understand
the mechanisms underlying their formation and function
[9–17]. Moreover, synthetic condensates provide significant
opportunities for applications in drug delivery, enzymatic
microreactors, and the construction of protocell-like systems
[18–22].

Compared with recombinant IDPs, peptides provide a min-
imalist yet highly versatile platform for designing synthetic
ommercial-NoDerivs License, which permits use and distribution in any medium,
ons or adaptations are made.
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FIGURE 1 Primary sequences of MDPs featuring variable numbers
of QW repeating units and their resulting phase behaviors. Scale bar:
25 µm.
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ondensates [23–29]. Peptides can be synthesized with precisely
ontrolled molecular composition, charge distribution, valency,
nd secondary structural propensity, which allows a systematic
tudy of the molecular determinants governing phase separation
nd condensate formation. Additionally, the synthetic versatility
hrough incorporating both natural and non-natural moieties
n the primary sequence enables further engineering of con-
ensates with emerging properties for selective partitioning of
iomolecules, stimuli-responsiveness, or catalytic functionality
30–32]. Indeed, significant progress has been made by multiple
roups elucidating how peptides form self-coacervates and com-
lex coacervateswith nucleic acids, highlighting their potential as
odular building blocks for synthetic biomolecular condensates
20, 27, 33].

lthough most studies on biomolecular condensates focus on
ntrinsically disordered peptides derived from natural sequences,
ncreasing evidence suggests that molecular ordering can play an
mportant role in driving LLPS and condensate formation [27]. A
ystematic investigation of how structural ordering affects LLPS
s therefore beneficial to advance mechanistic understanding
nd further expand the design space of synthetic peptides for
onstructing complex condensates. In this context, oligopeptides
ith β-sheet forming propensity offer a powerful model system
or elucidating the influence of intermolecular interactions,
uch as directional hydrogen bond networks, π–π stacking,
nd hydrophobic effect on LLPS and complex coacervation. By
ystematically varying peptide length, amino acid chemistry,
nd assembly/disassembly domains, subtle changes in molecular
esign can be directly linked to differences in phase behavior,
ynamics, and materials properties. It is worth noting that this
pproach is grounded in de novo peptide design with an inherent
ropensity to form β-sheet structures. A key question is to deter-
ine how enhanced molecular ordering, reflected by increased
-sheet content, can be effectively incorporated into biomolecular
ondensates. This approach differs from designs driven by IDP
ow complexity domains and sticker-spacer model [12, 17, 34],
hich typically lack well-defined secondary structures. Given the
arge existing repertoire of de novo designed peptides with β-
heet forming tendencies, this framework can be applied to these
ystems to provide a basis for engineering condensate-forming
ystems and to expand the design landscape beyond conventional
DP paradigms.

n this work, we evaluate our condensate design using modularly
esigned multidomain peptides (MDPs) with highly tunable
econdary structures based on the design principle of molecular
rustration [35]. AlthoughMDPswere originally designed to form
-sheet hydrogels [36, 37], we show that through reprogramming
f each domain and their frustration degree, a subset undergoes
LPS and recapitulates key features of biomolecular condensates.
heir phase behavior is dictated by the secondary structure,
hich is encoded by the primary sequence and intermolec-
lar interactions. Peptides remain soluble as a random coil
onformation, form liquid droplets by enhanced intermolecular
ydrogen bonding and hydrophobic effects, and transition to
els as β-sheet contents increase. Importantly, these condensates
an be dynamically regulated by salts and synthetic anionic
olymers. Complex coacervates are formed upon mixing MDPs
ith anionic polymers, such as polyglutamic acids (PGA) and
he resulting condensates exhibit dramatically improved stabil-
of 7
ity. Furthermore, we demonstrate that phosphorylated MDPs
can form biomolecular condensates as triggered by alkaline
phosphatase (ALP), a biomarker commonly overexpressed in
bacterial infections and tumor microenvironments [38], high-
lighting the potential of these materials for bacterial imaging and
antimicrobial applications.

2 Results and Discussion

2.1 Design and Characterization of
Condensate-forming MDPs

The MDP sequences used in the current study follow the same
design principle of so-called molecular frustration (Table S1 and
Figure S1) [35]. MDPs feature a central domain with alternating
hydrophobic and hydrophilic residues that promote β-sheet self-
assembly, flanked by cationic terminal domains that further
modulate the assembly. By balancing these domains, intermolec-
ular peptide interactions and resulting secondary structures can
be systematically tuned. In this study, glutamine (Q) was chosen
as the hydrophilic residue and tryptophan (W) as the hydrophobic
residue within the central repeating domain while arginine
(R) was selected in the terminal domain. Tryptophan was also
selected due to recent findings in the design of condensate-
forming peptides based on the sticker-spacer model, which
highlights its frequent use [17, 26]. In the initial set of experiments,
three peptides, denoted as R2(QW)2R, R2(QW)3R, and R2(QW)4R,
were synthesized, in which the number of arginine residues was
fixed at three while the number of central repeating units was
varied from two to four (Figure 1).

All peptides were prepared in tris buffer (pH = 8, 50 mM)
containing 800 mM of NaCl for initial screening of conden-
sate formation and structural analysis. Circular dichroism (CD)
spectroscopy showed that these peptides adopt distinct sec-
ondary structures, showing a clear structural transition from
random coils to β-sheets as the number of QW repeating units
increased (Figure 2a). For R2(QW)3R, partially folded β-sheets
Small, 2026
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FIGURE 2 (A) CD spectra of MDPs showing distinct secondary
structures in Tris buffer (pH = 8, 50 mM) containing 800 mM NaCl.
Peptide concentration: 5 mM. (B) FT-IR spectra of MDPs show a red shift
of absorbance suggesting enhanced intermolecular hydrogen bonding as
the number of QW repeating units increase. Samples at a concentration
of 5 mM were prepared in D2O containing 800 mM NaCl and pH was
adjusted with NaOD. Samples were cast dried on an ATR plate for
data acquisition. (C) FRAP data of freshly prepared R2(QW)3R forming
microdroplet condensates. Insets are confocal laser scanningmicroscopic
pre-bleach and post-bleach images of rhodamine encapsulated droplets
at time 0 and 600 s. Peptides were prepared in Tris buffer (pH = 8, 50
mM) containing 800 mM NaCl. Peptide concentration: 5 mM. Scale bar:
5 µm. (D) Confocal Raman spectrum of R2(QW)3R forming microdroplet
condensates. Samples were cast dried for data acquisition. Peptides were
prepared in Tris buffer (pH= 8, 50mM) containing 800mMNaCl. Peptide
concentration: 5 mM. (E) 𝛽-sheet percentage with different oligomer
states and repeating units, n, for R2(QW)nR peptides. The percentage of
𝛽-sheet secondary structure shown as a function of repeating units (n= 2,
3, 4), with the sequence of R2(QW)nR, assembled into trimers, tetramers,
and pentamers. The error bars represent standard deviation across three
independent replicates. 𝛽-sheet percentage composition was determined
with DSSP analysis.
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ere observed given the double minimum at 200 and 215 nm.
T-IR spectroscopy further supported these findings, exhibiting
wavenumber shift from 1649 to to 1614 cm−1 in the amide
region as the peptides became more structurally ordered

Figure 2b). These molecular-level structural differences resulted
n distinct phase behaviors at the microscopic level. R2(QW)3R
nderwent LLPS and formed condensates, whereas R2(QW)2R
emained fully soluble and R2(QW)4R gradually formed gels over
ime. Fluorescence recovery after photobleaching (FRAP) data
mall, 2026
confirmed the liquid-like nature of these droplets, as evidenced
by fluorescence recovery within minutes (Figure 2c and insets).
Confocal Raman microscopy provided further insights into the
underlying molecular interactions for condensate formation of
R2(QW)3R in which tryptophan residues have specific Raman
fingerprints (Figure 2d) [9, 39]. Notably, the peak observed at
875 cm−1 suggests the hydrogen bonding interaction between the
NH group on the indole ring with medium. The Fermi doublet
associated with tryptophan were observed at 1360 and 1340 cm−1.
The larger peak ratio of I1360/I1340 supports strong hydrophobic
interaction involved in condensate formation. The 1008 cm−1

is attributed to van der Waals interaction of the indole ring of
tryptophanwith surrounding residues. Furthermore, substitution
of a single arginine with lysine inhibited LLPS and instead
promoted hydrogel formation presumably due to the enhanced
crosslinking capability of lysine residues (Table S1 and Figure
S2). Reducing the number of arginine residues also abolished
LLPS as the balance shifted toward self-assembly as driven
by the central domain. For example, R(QW)3R self-assembled
into β-sheet hydrogels upon salt addition (Table S1 and Figure
S3). Molecular dynamic (MD) simulations were performed to
investigate the effect of QW repeating units on β-sheet propensity
of the peptides. Three independent MD production simulations
were conducted for R2(QW)2R, R2(QW)3R, R2(QW)4R with dif-
ferent oligomerization states, including trimers, tetramers, and
pentamers, respectively (Figure S4 and Table S2). Dimers were
excluded due to their limited structural stability and inability
to capture the cooperative intermolecular interactions associated
with peptide aggregation [40]. Define secondary structure of
proteins (DSSP) analysis showed that β-sheet content increased
with both QW repeating units and the degree of oligomer states
(Figure 2e and Table S3). For example, with the trimer assemblies,
β-sheet contents increased from 9.1% for R2(QW)2R to 47.0%
for R2(QW)4R. Similar trends were observed for tetramers and
pentamers indicating enhanced intermolecular β-sheet stabiliza-
tion with increasing peptide length and oligomerization state. In
contrast, random coil content progressively decreased, while no
α-helical structures were observed in any simulations. It is worth
noting that these computation result may not define the exact β-
sheet content required to form condensates and residue-specific
molecular conformations remain to be fully resolved through
more detailed high resolution experimental and computation
studies. Nevertheless, the preliminary MD simulations suggest
that increasing the QW repeating units promotes intermolecular
β-sheet formation and structural ordering within the peptide
assemblies.

2.2 Effect of Hydrophobic Residue Substitution
on Peptide Secondary Structures and Phase
Behaviors

Based on the structural analysis on R2(QW)3R, we hypothesize
that the partially folded β-sheets play a key role in the forma-
tion of condensates. As the next step, the central tryptophan
residue in the (QW)3 domain was substituted with tyrosine (Y),
phenylalanine (F), leucine (L), and alanine (A) to investigate the
effect of aromatic and aliphatic residues on secondary structures
and phase behaviors (Table S1). These peptides are denoted
as QY, QF, QL and QA, respectively (Figure 3a). All peptides
were initially screened for condensation in Tris buffer containing
3 of 7

ive C
om

m
ons L

icense



FIGURE 3 (A) Primary structures of MDP variants by substituting
Wwith Y, F, L, and A and the resulting phase behaviors. (B) CD spectra of
QY, QF, QL, and QA showing distinct secondary structures in tris buffer
(pH = 8, 50 mM) containing 800 mM NaCl. Concentration of QY and
QA: 10 mm; Concentration of QF and QL: 5 mM. (C) FT-IR spectra of
QY, QF, QL and QA. Samples were prepared in D2O with NaCl (final
conc: 800 mM). pH was adjusted with NaOD to reach a final pH at 8.
Sampleswere cast dried on anATRplate for data acquisition. (D)Confocal
Raman spectra of condensates formed byQY. Sampleswere cast dried on a
glass slide. Measurements were conducted in the center and edge regions.
(E) Comparison of the peak ratio of I1360/I1340 taken for condensates
formed by QY in the center and edge regions.
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00 mM NaCl. Experimental results showed that QY instanta-
eously formed condensates whereas QF and QL formed viscous
el-like solutions and QA remains as homogeneous liquid. CD
nalysis showed that QA adopted a random coil conformation,
hereas QF and QL exhibited β-sheet rich secondary structures.
n contrast, QY displayed a partially folded β-sheet as indicated
y the shoulder peak at 215 nm (Figure 3b). Consistent with
he CD results, FT-IR spectroscopy provided further evidence
hat increased molecular ordering drives peptide organization
rom liquids to condensates and ultimately gel-like structures
s indicated by the shift of the amide I absorption to lower
avenumbers (Figure 3c). Together, these results indicate that
hile hydrophobic residues could drive peptide chain association
of 7
through hydrophobic effects, hydrogen bonding plays a critical
role in stabilizing peptides in the condensate states.

Given that condensates exhibit liquid-like and highly dynamic
properties, we further investigated the secondary structures of
QY under both salt-free solution conditions and conditions that
promote condensate formation (QY at 10 mM in Tris with 800
mM NaCl) using solution-state NMR spectroscopy. However,
under condensate-forming conditions, the NMR signals became
significantly broad and difficult to resolve. To address this,
measurements were instead conducted at concentrations just
below the critical condensation concentration to allow assess-
ment of salt-induced conformational changes. Based on the
1D 1H-NMR and 2D COSY spectra (Figure S5), all α-protons
were identified in the range of 3.30 to 4.56 ppm (Table S4).
Upon salt addition, a downfield shift was observed for all α-
protons with the most pronounced change (0.13 ppm) detected
for the tyrosine α-proton (Figure S6), indicating a local change in
secondary structural propensity toward β-strand formation [41].
The α-protons of glutamine and arginine residues also showed
downfield shifts, although to a lesser extent (0.05–0.08 ppm)
(Figure S6 and Table S5). Although α-protons of tryptophan
residues were obscured by the solvent signal, a clear downfield
shift was still evident when comparing salt-free and high salt
conditions. While solid-state NMR spectroscopy will be required
to definitively confirm secondary structure rearrangement in the
condensate phase and to resolve molecular packing within con-
densates, the overall changes observed in the solution-state NMR
consistently suggested increased molecular ordering upon salt
addition. Furthermore, comprehensive characterization of QY
was performed using confocal Raman microscopy (Figure 3d,e).
Dried droplets upon condensation were prepared on a glass slide
and spectra were collected focusing on the edge and interior
regions, respectively. Although most Raman peaks remained
largely unchanged between these regions, a drastic increase in
the I1360/I1340 ratio from 0.98 at the edge to 1.23 in the interior
was observed. The increased ratio in the center region suggests
enhanced hydrophobic effects and their critical role in driving
LLPS and condensation [9, 39]. The possibility of cation–π
interactions is particularly intriguing as they have been reported
to drive condensation in several peptide-based systems [17, 26].
To probe their role in the MDP system, we synthesized a QY
variant in which the arginine residues were replaced with mono-
methylated arginine, denoted as QY-R(Me). Condensation was
still observed under the same conditions as for QY. Notably,
both peptides undergo phase separation at relatively high salt
concentrations rather than under physiological conditions. Fur-
thermore, Ramanmapping showed that the 700–800 cm−1 region,
which is attributed to cation–π interaction, exhibited negligible
peak shifts (~1 cm−1) between the center and edge of condensates.
This subtle change suggests that cation–π interactions may play a
relativelyminor role in this system. The primary driving forces are
more likely dominated by hydrophobic effects and π–π stacking
further reinforced by hydrogen bonding among tyrosine residues.

2.3 Formation of Complex Condensates with
Anionic Polymers

Initial screening of peptides for self-condensation serves as
a useful approach to identify sequences capable of forming
Small, 2026
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FIGURE 4 Fluorescence images of MRSA treated with (A) QY(2P)
w/o ALP. (B) QY(2P) with ALP. (C) QY(2P)/PGA (1:0.2) w/o ALP. (D)
QY(2P)/PGA (1:0.2) with ALP. All samples were incubated with MRSA
for 4 h and condensates are shown in red containing rhodamine labelled
peptides. MRSA were stained with SYTO-9 for visualization of live
bacteria in green. Scale bar: 25 µm.
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ondensates. In addition, self-condensates allow systematic spec-
roscopic characterization without interference from additional
ynthetic components. However, self-coacervates formed by the
Y peptide require very high concentrations to undergo LLPS,
nd the resulting microdroplets are only transiently stable before
everting to the homogeneous liquid state within ~30 min,
imiting their utility for practical applications. To address this
imitation, the incorporation of anionic polymers was explored
s a strategy to reduce the critical concentration required for
ondensation and to enhance stability through multivalent elec-
rostatic interactions for practical applications. For this purpose,
GA (15–50 kDa)was used asmodel synthetic anionic polymers to
orm complex coacervateswithQY. PGAeffectively induced LLPS
nd promoted QY condensation with the resulting microdroplets
xhibiting rapid fluorescence recovery in FRAP experiments
Figure S7). The condensates persisted at 37◦C for 48 h as deter-
ined by UV–Vis turbidity measurements (using an OD cut-off
f 1.0) (Figure S8) and optical microscopy (Figure S9). To examine
he thermodynamics of the condensation between QY and PGA,
sothermal titration calorimetry (ITC) was conducted by titrating
GA into QY. The charge concentration for both molecules were
onsidered in the analysis. The resulting thermogram clearly
emonstrated a saturable, exothermic interaction (Figure S10).
itting the data using a simple, 1:1 model with the concentration
f QY adjusted by a factor N [42] yielded a dissociation constant
KD) of 80 µm, ΔH of -2.25 kcal mol−1 and a charge binding ratio N
f 1.39 (PGA to QY). Based on these values, ΔS was calculated to
e 11.0 cal mol−1 K−1, indicating both enthalpy and entropy make
ontributions to the overall free energy of condensation process.

.4 In situ Triggered Condensate Formation

o further evaluate condensation capability under biologically
elevant conditions, we designed an experiment that allows in
itu peptide condensation in response to a disease-associated
timulus. As a proof-of-concept design, ALP was selected as the
rigger due to its elevated activity in many pathogenic bacteria
nd infected tissues [43–45]. This design links enzymatic activity
irectly to condensate formation. For these studies, a peptide con-
aining two phosphorylated tyrosine residues, denoted QY(2P),
as synthesized. Phosphorylation completely suppressed LLPS
hen QY(2P) was mixed with PGA in Tris buffer. We next
nvestigated whether ALP could restore condensation of QY(2P)
n the presence of PGA. As shown in Figure S11, condensates were
ormed upon addition of ALP to QY(2P)/PGA solutions. Mass
pectrometry further confirmed that dephosphorylation occurred
n solution (Figure S12). Finally, ALP triggered condensation was
valuated in a bacterial culture model using methicillin-resistant
taphylococcus aureus (MRSA). QY(2P) alone and QY(2P)/PGA
ormulations were prepared, each containing 0.1% of rhodamine
abeled QY(2P) for fluorescence visualization. The samples were
dded into SYTO-9-stained MRSA cultures with and without
xogenous ALP, where live bacteria appeared green under fluo-
escence imaging. In the absence of exogenous ALP, negligible
hodamine fluorescence was observed due to diffusion of the
ree peptide throughout the culture medium (Figure 4a,c). In
ontrast, distinct condensateswere formed in the presence ofALP
Figure 4b,d). Although QY(2P) alone underwent ALP-triggered
LPS possibly due to interactions with negatively charged bacte-
ial membrane components, the resulting self-coacervates were
mall, 2026
less stable than the complex coacervates formed with PGA.
After 24 h incubation with MRSA, complex coacervates are
predominant whereas only limited quantities of self-coacervates
persisted (Figure S13). Furthermore, reduced bacterial viability
was observed in both ALP-treated cultures containing either self-
condensates or complex condensates (Figure 4b,d). The observed
bactericidal activity is likely attributed to the antimicrobial nature
of the multidomain peptides, which mimic the amphiphilic
structure of natural antimicrobial peptides. Detailed antimicro-
bial investigations will be the focus of future studies. In this
context, the in situ formed condensates are expected to undergo
sustained release of antimicrobial peptides as well as potentially
encapsulated antibiotics for synergic antimicrobial therapy.

3 Conclusion

In summary, we demonstrated a class of MDPs with modu-
larly designed assembly and disassembly domains based on
the design principle of molecular frustration. Although MDPs
were primarily used in the construction of β-sheet nanofiber
hydrogels, we found that a subset of MDPs underwent LLPS
and condensate formation is driven by partially ordered sec-
ondary structures. Compared with existing peptide condensates
that are mostly driven by natural or synthetic IDPs, MDPs
are designed through de novo with a more systematic control
over molecular structure and ordering and therefore the driving
force toward condensates formation. Indeed, the modularity
and versatility of the sequence design enable the construction
of complex condensates and enzyme-triggered condensates in
the presence of bacteria. The current work laid out a foun-
dation for the design and synthesis MDP-based biomolecular
5 of 7
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ondensates and complex coacervate materials toward a range of
pplications.
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