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Biomolecular condensates formed via liquid—liquid phase separa-
tion (LLPS) are essential to cellular organization, catalysis, and
regulation of biochemical pathways. Inspired by such natural sys-
tems, we present a new adaptive coacervate formed by multivalent
salt-bridge interactions of polyhexamethylene biguanide (PHMB)
polymer and adenosine triphosphate (ATP). These phase separated
compartments efficiently sequester guanine-rich DNA sequences
that adopt G-quadruplex (GQ) conformations in the presence
of potassium ions. Hemin intercalates into these GQ structures to
produce a catalytically active DNAzyme with amplified peroxidase-
like activity. Within the coacervate, reduced molecular diffusion
and increased local substrate concentrations synergistically aug-
ment the catalytic efficiency of the DNAzyme by 10-fold compared
to that in the unconfined state. Integrating an enzymatic degrada-
tion cycle by alkaline phosphatase allows ATP-fueled dissipative
behavior of the coacervates. By integrating self-assembling cataly-
tic motifs within a dissipative host environment, this system
demonstrates key principles of spatially and temporally regulated
catalysis, mimicking features of cellular microreactors. Our work
highlights the potential of synthetic LLPS-based platforms as tun-
able and compartmentalized catalytic systems, with implications
for biomimetic reactor design and the development of advanced
functional materials.

1. Introduction

Cells, the fundamental units of life, rely on a diverse array of
spatiotemporal mechanisms to organize their biochemical
activities."” Beyond the classical paradigm of membrane-
bound organelles, an expanding base of research underscores
the role of membraneless macromolecular condensates in
dynamically orchestrating intracellular reactions, gene regula-
tion, and stress responses.® These condensates act as arbiters
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This work demonstrates a synthetic liquid-liquid phase separated (LLPS)
microreactor that integrates self-assembling DNAzyme catalysts within
dynamic coacervate compartments. We form adaptive coacervates via
multivalent salt-bridge interactions between polyhexamethylene bigua-
nide (PHMB) and ATP, which offer enhanced stability under physiologi-
cally relevant ionic strengths and greater directionality than electrostatic
interactions. These coacervate microdroplets sequester guanine-rich DNA
that folds into G-quadruplex structures in the presence of K* ions, into
which hemin intercalates to form a DNAzyme with peroxidase-like
activity. The synergy of slowed diffusion and high local substrate con-
centrations within the coacervate phase boosts the DNAzyme’s catalytic
efficiency by about 10-fold relative to the unconfined solution. Further-
more, coupling coacervate assembly to an ATP-degrading enzyme (alka-
line phosphatase) yields a fuel-driven, dissipative system: coacervates
form and sustain catalysis while ATP is supplied, and then dissipate as
the fuel is consumed. Together, these results combine dynamic phase-
separated hosts with programmable enzymatic control to establish a
proof-of-concept for programmable catalytic compartments. This demon-
strates that salt-bridge-mediated LLPS can be exploited to achieve
spatiotemporally regulated, compartmentalized catalysis in synthetic
systems, reminiscent of cellular microreactors.

of cellular biochemistry by the sequestration of molecules, the
compartmentalization of reactions, and the facilitation of
enhanced catalytic activity.”® The study of such systems has
emerged as a transformative field in modern cell biology and
biochemistry, offering profound insights into the organiza-
tional principles that govern life at the molecular level.® At
the heart of condensate formation lies a phenomenon known
as liquid-liquid phase separation (LLPS), a process in which
mixtures of macromolecules spontaneously demix from the
surrounding solution to form dense, droplet-like phases that
coexist with the more dilute cytoplasmic or nucleoplasmic
1011 This demixing is driven by a delicate balance
of multivalent supramolecular interactions, including electro-
static interactions, hydrogen bonds, and hydrophobic contacts
among macromolecular polymers like proteins and nucleic

environment.
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acids.>™*°

The microenvironment of these self-assembled sys-
tems possesses physico-chemical profiles distinct from the
surrounding cellular milieu.’® Several properties, including
viscosity, pH, and molecular crowding, can be readily tuned
within these condensates to facilitate selective partitioning of
molecules and the regulation of biochemical kinetics.'” ™ For
instance, nucleolar condensates maintain internal pH gradi-
ents that influence RNA processing and shape the behavior of
other small molecules.*

The remarkable properties of macromolecular condensates
in living cells have inspired the creation of coacervates as
artificial condensates, which serve as versatile platforms to
mimic and study the principles of cellular compartmentaliza-
tion outside biological systems.>*>*> Much like their biological
counterparts, coacervates are membraneless but robust dro-
plets formed as a result of LLPS, often by mixing oppositely
charged polymers, peptides, or even small molecules.>*™°
Coacervates have dense, crowded microenvironments and can
serve as dynamic compartments capable of sequestering mole-
cules and augmenting reaction rates by increasing local
concentrations.>®?' These phases are easily engineered to
exhibit responsiveness to stimuli like pH, temperature, ionic
strength, and redox state by modulating the underlying non-
covalent interactions.”>™> Such reversible self-assembly and
dissipation mimics the tunable, adaptive nature of cellular
condensates.’® Coacervate systems are of increasing interest
in synthetic biology and origin-of-life studies,*”° as they offer
insight into prebiotic organization and enable the rational
design of biomimetic platforms for applications like catalysis,
bio-sensing, and drug delivery.**** By and large, synthetic
coacervates are formed through electrostatically driven self-
assembly involving polycations (protamine, poly-L-lysine,
diethylaminoethyl-dextran, chitosan, and polyarginine) and
polyanions (chondroitin sulphate, polystyrene sulfonate, dex-
tran sulphate, and heparin).***° However, the lack of precise
control and stability restricts their functional versatility. An
effective strategy to mitigate this is to introduce salt-bridge
interactions between the interacting molecules, which involve
both electrostatic interactions and hydrogen bonding. This
approach enhances both stability and biological relevance, as
demonstrated in supramolecular assemblies like enzyme-
modulating molecular glues® and tissue-adherent bioorganic
nanoparticles.’> These mechanisms closely resemble interac-
tions within biological condensates like nucleoli, P-bodies, and
stress granules, where multivalent interactions - including salt
bridges between charged amino acid residues - play a critical
role in phase separation and structural stability.>* >

While salt bridge-mediated catalytic assemblies are known
to enhance activity inside confinement,’®*” oligonucleotide
catalysts inside coacervates are non-existent. While catalytic
RNA molecules called ribozymes have long been known to
exhibit catalytic functions in biological systems, recent
advances have shown that single-stranded DNA can also fold
into three-dimensional structures and act as a catalytic
DNAzyme.”® Among these, G-quadruplex DNA (GQ-DNA), a
higher-order assembly of guanine-rich sequence stabilized by
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Hoogsteen-type non-canonical hydrogen bonding and mono-
valent cations such as K',> has garnered significant
attention.®® GQ-DNA not only serves as a robust, self-
assembling scaffold but can leverage n-n stacking to stabilize
and orient cofactors like hemin with intrinsic peroxidase-like
activity, which is typically unstable in aqueous environments.®'
The interaction of hemin with GQ-DNA enhances its catalytic
performance, and hence the entire assembly functions in a
manner analogous to a DNAzyme.®""®® The potent ability of
coacervates to amplify the functional activity of biomolecules
could be utilized in augmenting the catalysis of DNAzymes. In
this work, we present a novel coacervate system based on
cationic polyhexamethylene biguanide (PHMB) and adenosine
triphosphate (ATP) exploiting salt-bridge interactions between
the biguanide and phosphate functional groups. While several
existing coacervate systems have leveraged electrostatic inter-
actions between polyelectrolytes and small molecules, our
approach involves a distinct mode of interaction through
salt-bridge formation, offering a new handle for tuning phase
behavior. These PHMB-ATP coacervates (PA-Coa) exhibit hall-
marks of non-equilibrium assemblies, including temporal evo-
lution, responsiveness, and enzyme-mediated dissipativeness
via ATP hydrolysis by the alkaline phosphatase (ALP) enzyme.
We further demonstrate the facile partitioning of anionic
GQ-DNA into the coacervate microenvironment, and the effi-
cient co-localization of hemin with consequent enhanced
peroxidase-like activity within the droplets, underscoring the
role of compartmentalization in regulating catalysis. The PA-
Coa system represents an advanced scaffold for designing non-
equilibrium, adaptable compartments. By orchestrating the
spatial organization of catalytic components within a confined,
tunable environment, we recapitulate key features of cellular
biochemistry and pave the way for the rational design of
functional synthetic condensates.

2. Results and discussion
2.1 Fabrication of coacervates using salt-bridge interactions

In this work, we sought to fabricate a coacervate microdroplet
by harnessing strong salt-bridge interactions between PHMB, a
cationic antimicrobial polymer, and ATP, a biologically ubiqui-
tous anion. The molecular structure of PHMB features two key
elements: (i) biguanide groups that have the ability to establish
potent electrostatic interactions with the negatively charged
phosphate groups of ATP, and (ii) short aliphatic hydrophobic
chains that provide molecular flexibility. The mixture of PHMB
and ATP in water at 25 °C was initially transparent, which
became turbid within a minute (Fig. 1a), indicating the for-
mation of phase-separated structures. We constructed a phase
diagram of PHMB and ATP coacervation by measuring the
turbidity of solutions containing different ratios of the compo-
nents, which revealed a distinct region where coacervate for-
mation occurred (Fig. 1b). For further studies, we selected a
ratio at which a significantly stable coacervation happens
(Cpump = 1 mg mL™" and Carp = 2 mM). Importantly, this PA-

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5nh00519a

Published on 11 September 2025. Downloaded on 3/15/2026 1:21:26 PM.

Nanoscale Horizons

View Article Online

Communication

a
) coacervate phase | 100
) e 00 0 o
) o0r e o o
HO H e ;\5‘
e 080 o P
6 © &) 5
_ o)
ATP © 5
+ + =
NH2 NH2
#N)LNLM/ dilute phase
n 0002 04061015 2030 0

PHMB = =/,

(PA-Coa)

(mg/ml)

CF’HMB

pre-bleach post-bleach ;\-‘;
§100 T o
5 ©
3 80 g
() 1S
S 60 g
post-bleach post-bleach &= <
2 %0 g
2 20
(0] 4
o

0 20 40 60 80
Time (s)

Fig. 1 Formation and characterization of PHMB/ATP coacervates. (a) Schematic illustration of PA-Coa synthesis using a cationic PHMB polymer and
nucleotide adenosine triphosphate (ATP). PA-Coa formed through electrostatic and hydrogen-bonding interactions. (b) A PA-Coa phase diagram
constructed from transmittance measurements at 25 °C across varying ATP : PHMB concentration ratios. The red v% indicates the concentration chosen
for subsequent experiments at Cppmg = 1 Mg ML~ and Catp = 2 mM, and the black outline denotes the coexistence boundary defined by turbidity >50%,
separating the dilute phase. (c) Optical microscopy image showing the formation of PA-Coa microdroplets. (d) Representative optical images showing
the coalescence of PA-Coa. (e) Confocal fluorescence images of PA-Coa encapsulating various small molecules: Rhodamine B, Nile Red, calcein,
Rhodamine 6G, and FITC. The right column shows 3D reconstructions from the corresponding z-stack images. Scale bars: 1 um. (f) Fluorescence
recovery after photobleaching (FRAP) images of FITC-loaded PA-Coa. (g) Relative fluorescence recovery kinetics of PA-Coa following photobleaching.

The data represent mean + SD from n = 3 independent measurements. The shaded regions represent the error bars.

Coa demonstrates robust stability, remaining within the coa-
cervate phase across a broad range of ionic strengths of 300
mM NaCl (Fig. S1) and temperatures up to 70 °C (Fig. S2).
Optical microscopic images confirmed the formation of sphe-
rical droplets measuring ~2-5 pum in diameter (Fig. 1c).
Dynamic light scattering measurements further validated these
size estimates (Fig. S3). These PA-Coa exhibited hallmark
properties, a characteristic of liquid-like coacervates, such as
coalescence and a change in shape upon interaction (Fig. 1d),

This journal is © The Royal Society of Chemistry 2025

aligning with dynamic properties observed in systems formed
through LLPS.

A core feature underpinning the function of coacervate
systems is their ability to sequester and concentrate a wide
range of guest molecules from the surrounding medium. This
is particularly significant for applications in catalysis, as it
facilitates the local enrichment of reactants to attain concen-
trations sufficient to drive chemical reactions that would other-
wise proceed sluggishly, or not at all, under dilute conditions.

Nanoscale Horiz., 2025, 10, 3319-3329 | 3321
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We used a range of fluorescent dyes with varying charge states
and hydrophobicity profiles, such as Rhodamine B (cationic,
hydrophilic), Nile Red (neutral, hydrophobic), calcein (anionic,
hydrophilic), Rhodamine 6G (cationic, hydrophobic) and FITC
(anionic, hydrophobic), to evaluate the molecular uptake and
compartmentalization efficiency of our PA-Coa system. Effec-
tive encapsulation within the droplets was demonstrated by the
strong fluorescence signals displayed by each dye (Fig. S4-S8).
Furthermore, z-stacked 3D confocal laser scanning microscopic
(CLSM) images revealed that the fluorescence was uniformly
distributed throughout the interior of the droplets, confirming
that the dyes accumulated inside the coacervates as opposed to
merely adsorbing to their surfaces (Fig. 1e). To further assess
the dynamicity and fluidity of the spherical PA-Coa, we per-
formed fluorescence recovery after photobleaching (FRAP)
experiments, which showed rapid fluorescence recovery
(~ 85% within 80 s) (Fig. 1f and g), indicative of high molecular
mobility. These observations suggest that the PA-Coa droplets
formed via LLPS provide a spatially uniform and chemically
versatile microenvironment capable of encapsulating a wide
variety of molecular species.
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2.2 Non-covalent interactions within the coacervates

Next, we systematically investigated the nature of the interac-
tions between ATP and PHMB using a combination of spectro-
scopic and physico-chemical techniques. We began by
performing *'P nuclear magnetic resonance (NMR) spectro-
scopy on ATP in the presence of PHMB. Distinct changes in
the chemical shift of the o, B, and y phosphate peaks of ATP
were observed in the NMR spectrum upon coacervate formation
(Fig. 2b). Notable upfield chemical shifts of the a-P from —11.26
to —11.30, B-P from —22.91 to —22.98, and y-P from —10.72 to
—10.76 of ATP (Fig. 2a) in the presence of PHMB highlight the
molecular interactions between the phosphates of ATP and
biguanide moieties of PHMB.®* We measured the zeta potential
of PA-Coa across various ATP-to-PHMB ratios to confirm the
importance of electrostatic interactions in PA-Coa formation
(Fig. 2b). The zeta potential decreased gradually from approxi-
mately +55 mV to near-neutral values as the ATP-to-PHMB ratio
increased from 0.5 to 2.0, demonstrating neutralization of the
positive charges of PHMB by negatively charged ATP molecules,
thereby promoting LLPS. Beyond a critical ATP concentration,
however, charge overcompensation occurred, resulting in a net
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Fig. 2 Molecular interactions responsible for PA-Coa formation. (a) 31p_NMR spectra comparing free ATP (bottom, blue) with ATP incorporated in
PA-Coa (top, green). The chemical shifts corresponding to the v, o, and  phosphates are slightly shifted upon complexation with PHMB, indicating
interaction and binding within the coacervate phase. (b) Zeta potential of ATP/PHMB mixtures at varying ratios, with PHMB concentration in mg mL~* and
ATP in mM. (c) Effect of increasing NaCl concentration on the turbidity of the solution, indicating disruption of electrostatic interactions and
destabilization of the coacervates. (d) Thermal stability profile of PA-Coa showing a sharp turbidity drop above 50 °C, suggesting temperature-
responsive disassembly likely due to the disruption of hydrogen bonding and weakening of electrostatic interactions at elevated temperatures. (e) The
turbidity of PA-Coa remains unchanged in the presence of increasing concentrations of Tween-20, suggesting minimal contribution of hydrophobic
interactions to coacervate stability. (f) Schematic representation of plausible non-covalent interactions leading to coacervate formation between PHMB
and ATP highlighting key salt—bridge interactions between the biguanide and the phosphate moieties. The error bars depict the standard deviations
calculated from three technical replicates.
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negative surface charge. This negative surface potential
increased electrostatic repulsions, ultimately leading to desta-
bilization of the coacervate phase. We further assessed the
stability of PA-Coa in the presence of various competitive
media. We investigated how ionic strength affected the struc-
tural integrity of PA-Coa. A steady decline in turbidity with the
gradual addition of NaCl (Fig. 2c) strongly implicated electro-
static interactions as a critical structural component of the
assemblies.

Next, we examined the thermal stability of the coacervates to
assess their robustness at physiologically relevant and elevated
temperatures. The turbidity of the coacervate solution stayed
almost constant up to 50 °C (Fig. 2d), but the coacervate
network quickly destabilized above 50 °C, indicated by the
sharp drop in turbidity beyond this point. We further investi-
gated the effect of guanidinium hydrochloride (Gua.HCl), a
known chaotropic agent,®” on the integrity of PA-Coa. Increas-
ing concentrations of Gua.HCl led to progressive dissolution of
the coacervates, as evidenced by a corresponding decrease in
turbidity (Fig. S9). Together, both the effect of higher tempera-
ture and Gua.HCI clearly demonstrates that the stability of PA-
Coa critically depends on these non-covalent interactions,
particularly hydrogen bonds and electrostatic attractions,®
which play a major role in coacervate formation. Next, we
tested the resistance of PA-Coa to Tween-20, a non-ionic
surfactant. As shown in Fig. 2e, turbidity remained consistent
as the concentration of Tween-20 increased from 0 to 12 mg
mL "% This minimal response suggests that hydrophobic
interactions play a limited role in maintaining the stability of
the PA-Coa structure. Altogether, these findings reveal that PA-
Coa formation is primarily driven by salt-bridge interactions
between ATP and PHMB, resulting in dynamic assemblies that
are both responsive and stable under selective conditions. As
schematically illustrated in Fig. 2f, the coacervate interior likely
consists of a heterogeneous, ionically crosslinked network,
providing a versatile environment for cargo retention. There-
fore, we decided to encapsulate the anionic G-quadruplex (GQ)
structure within the coacervates to leverage this platform for its
potential in responsive and adaptive applications.

2.3 Incorporation of GQ-DNA within PA-Coa

Compartmentalization plays an important role in biological
systems for segregating biochemical pathways and enhancing
the activity of enzymes by creating a confined environment.
Inspired by this feature of biological systems, we aimed to
incorporate G-rich sequences that form GQ within PA-Coa to
ultimately study how DNAzymes behave inside cells and how
their activity gets modulated by exploiting the adaptable and
non-equilibrium nature of such systems.®” We also expected
that the incorporation of GQ structures within coacervates
would reduce the internal fluidity and enhance molecular
crowding, factors that could in turn modulate the material
properties and functional behavior of these coacervates. A
guanine-rich GQ-DNA sequence (5-CGGGCGGGCGCGAGG-
GAGGG-3') spontaneously folded into a GQ structure upon
the addition of potassium ions, which promote Hoogsteen-type

This journal is © The Royal Society of Chemistry 2025
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hydrogen bonding and stabilize the quadruplex formation
(Fig. 3a).°® This switch in conformation was validated by
circular dichroism (CD) spectroscopy, revealing a positive peak
at ~265 nm and a negative peak at ~240 nm, which are
characteristic of a parallel GQ topology. Importantly, CD
spectroscopy further confirmed that the GQ-DNA retained its
structural integrity within the GQ-PA-Coa microenvironment as
observed from the unaltered CD peaks similar to the free GQ-
DNA (Fig. 3b).

GQ-DNA was subsequently incorporated into PA-Coa, result-
ing in the formation of a hybrid coacervate system termed as
GQ-PA-Coa (Fig. 3c). We introduced a dye labelled GQ-DNA
(FAM-GQ) into PA-Coa to examine the extent of GQ enrichment
within the coacervate droplets.®® As shown in Fig. 3d, GQ-PA-
Coa exhibited uniform fluorescence intensity throughout the
coacervate. The 3D z-stack images further confirmed complete
delocalization of GQ-DNA within the internal volume, indicat-
ing uniform distribution inside the coacervate (Fig. 3d). We
further studied the dynamic behavior of the condensed phase
of GQ-PA using FRAP. Compared to PA-Coa, GQ-PA-Coa exhib-
ited significantly slower fluorescence recovery. Within 80 sec-
onds, only ~40% fluorescence was recovered in GQ-PA-Coa, in
contrast to >80% recovery observed in PA-Coa (Fig. 3e and f,
and Fig. S10). This significant reduction in recovery indicates
decreased molecular mobility, likely resulting from enhanced
molecular crowding and restricted diffusion caused by GQ
incorporation. To quantify the diffusion, we calculated the
diffusion coefficients (D) for both PA-Coa and GQ-PA-Coa using
the Soumpasis equation,”® a well-accepted model for analysing
the diffusion-modulated kinetics of fluorescence recovery
(Table S1). The equation is as follows:

- 0.22412

T1/2

D

where D is the diffusion coefficient, r is the radius of the bleached
region, and 1y, is the halftime of fluorescence recovery. The
estimated D for GQ-PA-Coa (0.87 x 10> um” s~ ") was lower than
that of PA-Coa (4.12 x 10~% um? s %), validating that GQ incor-
poration reduces molecular mobility. This indicates a clear transi-
tion of the coacervate to a denser and more crowded internal
environment,”"”? driven by the formation of a self-assembled GQ-
DNA structure inside PA-Coa. The high local concentration of GQ
motifs and restricted diffusion can serve as a platform to spatially
confine and stabilize catalytic centers, enhancing the reaction
efficiency through molecular crowding effects.

2.4 GQ-PA-Coa as DNAzyme-mimetic catalytic compartments

GQ structures are known to interact with cofactors such
as hemin to form GQ-hemin DNAzymes, which mimic perox-
idase enzymes.”* We hypothesized that embedding these cata-
Iytic motifs within a condensed and molecularly crowded
matrix of PA-Coa would significantly enhance substrate reten-
tion and elevate local reaction rates, similar to biomolecular
condensates.® The GQ-hemin DNAzyme efficiently oxidizes the
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
substrate to its oxidized form of ABTS*" (ABTS,,) (Fig. 4a).”*

Nanoscale Horiz., 2025, 10, 3319-3329 | 3323
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Fig. 3

Incorporation of G-quadruplex forming DNA into PA-Coa. (a) A G-rich single-stranded DNA sequence undergoes conformational changes in the

presence of K to form a GQ-DNA. (b) Circular dichroism spectra showing the characteristic peaks of parallel G-quadruplex DNA, which are retained
even in the presence of PA-Coa. (c) Schematic showing the integration of GQ-DNA into PA-Coa to form GQ-PA composite coacervates. (d) CLSM and
bright-field images showing the localization of GQ-DNA within PA-Coa using FAM-labeled GQ-DNA (green fluorescence). The 3D reconstruction further
illustrates the homogeneous distribution of FAM-labelled GQ-DNA throughout the interior of the coacervate. (e) FRAP images of GQ-PA-Coa showing
fluorescence recovery over time. (f) The relative fluorescence (FL) recovery curve shows reduced and slower fluorescence recovery in GQ-PA-Coa,
indicating hindered molecular diffusion due to GQ-DNA incorporation (n = 3, independent experiments; mean + SD). (g) Comparison of diffusion

coefficients (D) in PA-Coa and GQ-PA-Coa, showing significantly reduced diffusion in the GQ-containing system.

We carried out activity assays by monitoring the oxidation of
ABTS spectrophotometrically at 418 nm. The highest catalytic
activity (~0.83 uM min ') was clearly observed when all the
components, including GQ-Coa, hemin, H,0,, and ABTS, were
simultaneously present (Fig. 4b), highlighting the best perfor-
mance of the DNAzyme inside the PA-Coa compartments. In
contrast, substantially reduced activities were recorded under
conditions where individual components were absent. Specifi-
cally, a ~10-fold decrease in catalytic activity (0.08 uM min™")
was observed in the absence of PA-Coa (control 6, Fig. 4b)
despite the presence of all other components, highlighting the

3324 | Nanoscale Horiz., 2025, 10, 3319-3329

role of confinement for the catalysis. Also, hemin without the
GQ encapsulation (PA-Coa + H,0, + ABTS) led to a 2-fold
reduction in catalytic efficiency (~0.42 uM min ') inside the
coacervate, indicating the importance of GQ-DNA as a scaffold
for effective hemin binding and catalysis (Fig. 4b). This
decrease in activity also aligns with the previously noted
reduction in the diffusion coefficient within GQ-PA-Coa
(Fig. 3g2), emphasizing that molecular crowding impacts the
catalytic efficiency through enhanced local reactant concen-
tration and controlled diffusion dynamics. Likewise, other
control reactions missing either hemin, H,O,, or ABTS yielded

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 GQ-PA-Coa exhibits enhanced peroxidase-like catalytic activity. (a) Schematic representation of G-rich DNA folding into GQ structures in the
presence of potassium ions (K*). (b) Peroxidase-like activity of hemin encapsulated GQ-PA-Coa, demonstrating significantly enhanced catalytic activity
when hemin is co-localized with GQ-DNA within coacervates. The values represent mean =+ standard deviation, n = 3. Statistical significance was
calculated by an unpaired t-test; ***p < 0.001. (c) Product (oxidized ABTS) concentration with increasing GQ-PA-Coa concentration, showing a dose-
dependent increase in catalytic output. p represents the number of particles, as calculated from FACS. (d) Dependence of catalytic activity on ABTS
concentration, showing saturation kinetics typical of enzyme-like behavior. (e) Activity dependence on H,O, concentration, also demonstrating a dose-
dependent increase in catalytic activity. The error bars represent the standard deviations from three technical replicates.

even lower rates (Fig. 4b, and Fig. S11), confirming that the
complete Hemin-GQ-PA-Coa assembly is essential for optimal
peroxidase-mimetic activity.

Next, we carried out catalytic assays using varying concen-
trations of the Hemin-GQ-PA-Coa assembly while maintaining
constant substrate (1 mM ABTS and 1 mM H,0,) to investigate
the dose-dependent catalytic behavior of the system. To

This journal is © The Royal Society of Chemistry 2025

correlate activity with the number of active coacervate particles,
fluorescence-activated cell sorting (FACS) analysis was used
(Fig. S12). The results showed a clear linear increase in product
formation (ABTS®') after 60 minutes, as the concentration of
Hemin-GQ-PA-Coa increased (Fig. 4c and Fig. S13). This linear
correlation suggests that the catalytic activity scales proportion-
ally with the amount of active DNAzyme-loaded coacervate,
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further supporting the role of the confined GQ-hemin system as
an efficient and tunable peroxidase-mimetic catalyst. Following
this, we investigated the effect of varying the concentration of
ABTS within the Hemin-GQ-PA-Coa system. As the ABTS
concentration increased, a corresponding and significant
enhancement in catalytic activity was observed (Fig. 4d and
Fig. S14). This increase suggests that the system exhibits
substrate-responsive properties. The kinetic data fit well to
the Michaelis-Menten model, confirming classic saturation
kinetics (Fig. S15). Fitting the curve to this model yielded a
Michaelis constant Ky, of 621 uM and a maximum reaction
velocity Vigax of 1.76 uM min~' for the Hemin-GQ-PA-Coa
system. A similar trend was observed with varying H,O, con-
centrations, where higher levels resulted in increased product
formation (Fig. 4e and Fig. S16). These findings suggest that the
GQ-PA-Coa system enhances the reaction kinetics by concen-
trating substrates, optimizing their orientation, and facilitating
activation within the confined microenvironment. Notably, the
GQ-PA-Coa system exhibits ~2-fold higher catalytic efficiency
compared to free Hemin in coacervates, likely due to the
higher-order assembly and enhanced structural organization
of Hemin within the GQ structure. This underscores the
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potential of such coacervate-based systems as versatile plat-
forms for mimicking primitive enzymatic activity in protocell
models.

2.5 Transient PA-Coa regulated DNAzyme activity

Cellular function in living systems is dynamically regulated by
biomolecular condensates, formed through phase separation.”
These energy-dependent structures self-organize via reversible
macromolecular interactions and are highly responsive to
changes in their environment.”® Importantly, their formation
and breakdown are often tightly regulated by energy-dependent
mechanisms, allowing for precise spatial and temporal control
of the biochemical reactions that take place inside such
condensates.'® Thus, the non-equilibrium nature of these con-
densates is important for the modulation of reaction rates and
chemical activities as per the demands of the cell, impacting
the metabolome and various cellular processes. To achieve an
energy dissipation-based coacervate system, we programmed
the dissolution of PA-Coa by enzymatically degrading ATP,
which is a core component of the coacervate (Fig. 5a). We
utilized ALP to enzymatically hydrolyze ATP into adenosine and
inorganic phosphates (Pi). Control experiments confirmed that

-7 =ATP
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Fig. 5 ATP-driven reversible formation and enzymatic disassembly of PA-Coa, enabling dynamic activity cycling. (@) Schematic of ATP-induced PA-Coa
formation, and subsequent enzymatic disassembly by ALP through ATP hydrolysis. (b) Digital images demonstrating the visual transition between
coacervate (turbid) and dissolved (clear) states upon the sequential addition of ATP over 15-minute intervals, ALP is present from the beginning,
continuously breaking down ATP. (c) CLSM and bright-field microscopy images showing droplet formation upon ATP addition, disappearance after ALP
treatment, and reformation upon subsequent ATP addition. (d) Normalized turbidity over time showing the initial formation of coacervates and their
subsequent disassembly at different ALP concentrations. (e) Reversible turbidity changes over five cycles, demonstrating ALP-ATP feedback-controlled
assembly-disassembly of PA-Coa. (f) Control of the activity of Hemin-GQ-PA-Coa through an ATP-ALP feedback mechanism. The pH of the medium
was maintained in 100 mM Tris-HCl buffer (pH 9.0). The error bars indicate the standard deviations derived from n = 3 technical replicates.
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ALP alone could not induce phase separation with positively
charged PHMB (Fig. S17), indicating that ALP does not partici-
pate in the coacervation. Reversible coacervate formation was
directly observable through macroscopic turbidity changes.
Digital images of the sample vials clearly demonstrate the
dynamic nature of the system: a rapid increase in turbidity
upon ATP addition indicates the formation of coacervate dro-
plets, while a gradual return to transparency reflects their
dissolution following ATP hydrolysis by ALP (Fig. 5b and Fig.
S18). These visually observable transitions between turbid and
clear states closely align with the underlying microscale phase
behavior, directly correlating with the reversible assembly and
disassembly of the coacervate. CLSM imaging with FITC dye
and bright field imaging further validated the morphology of
the droplets and confirmed their reversible appearance/disap-
pearance across cycles (Fig. 5c¢).

In the absence of ALP, well-defined coacervate droplets
remained intact over time. The addition of ALP triggered
complete droplet dissolution, emphasizing the dependence of
phase separation on intact ATP molecules. To evaluate the
tunability of our system, we varied the ALP concentrations
(from 2-20 U mL™') and monitored coacervate disassembly
through turbidity measurements. As illustrated in Fig. 5d,
increasing ALP levels accelerated ATP hydrolysis, thereby redu-
cing the coacervate lifetime. Specifically, the half-life of the PA-
Coa droplets decreased from 48 min to 24 min as the ALP
concentration increased from 10 U mL ™" to 20 U mL ™" (Fig. 5d),
confirming enzyme-dose-dependent control over phase beha-
vior. With the initial dosing of 20 U mL™" ALP, the system
sustained five successive cycles of reversible coacervate for-
mation and dissolution. Over these cycles, a slight dampening
in the coacervation was observed, which may be attributed to
the gradual accumulation of the products of ATP hydrolysis,
such as AMP and/or Pi (Fig. 5e).

In biological cells, membraneless condensates concentrate
reactants and finely tune enzymatic reaction rates, then dis-
solve once the reaction is complete to self-limit their
activity.””’® To mimic this behavior, we employed the
peroxidase-like oxidation of ABTS, using the Hemin-GQ-PA-
Coa droplets. As ALP gradually hydrolyzed ATP, the droplets
disassembled, and the catalytic activity fell to around 30% of
the initial value. Subsequently, a second ATP pulse led to
reformation of the coacervate droplets and concomitant
increase in ABTS oxidation to around 92% of the initial activity,
demonstrating reversible “on-off” control of peroxidase-like
activity. We successfully cycled this assembly and disassembly
process four times (Fig. 5f). Although a slight decrease in
the restored activity was observed over these cycles (retaining
~66% by the fourth cycle) by adding the same equivalent
of ATP. We attribute the activity decay primarily to two factors:
(i) a significant decrease in pH from inorganic phosphate
accumulation during ATP hydrolysis, which suppresses
the peroxidase-like activity of hemin,”® and (ii) interactions
between accumulating monophosphates and the guanidine
groups of PHMB, reducing their availability for re-coacerva-
tion. Table S2 quantitatively demonstrates the pH decrease in

This journal is © The Royal Society of Chemistry 2025
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the unbuffered aqueous medium, where the pH dropped to
3.40 and the activity declined to ~34% at the end of the fourth
cycle (Fig. $19). In contrast, the 100 mM Tris-HCI buffer (pH
9.0) effectively mitigated this effect, maintaining a pH of 7.20
after the fourth cycle, which correlated with markedly improved
activity retention (Fig. 5f). The residual decay that persists even
under these optimized buffered conditions is attributable
to the gradual accumulation of monophosphates and their
competitive interactions with the guanidine moieties of PHMB.
Collectively, these results demonstrate a fuel-dependent
transient coacervate system offering programmable control
over both phase segregation and biocatalytic function via
sustained energy consumption. The resultant out-of-
equilibrium dynamics enable fine mimicry of the tunable and
adaptive characteristic of biomolecular condensates. On a
practical note, the salt-bridge mediated PA-Coa displays great
stability in biorelevant media such as 10% fetal bovine serum
(Fig. S20), showing promise of the system in future biomedical
applications.

3. Conclusions and future scope

In summary, we developed a transient coacervate system driven
by multivalent salt-bridge interactions between biguanidine
units and phosphate groups. This system uptakes GQ-DNA to
create a spatially confined catalytic nanoreactor. Such synergis-
tic integration generates microenvironments in which GQ
nanostructures serve as optimized scaffolds for effective hemin
stacking and binding. The coacervate phase selectively seques-
ters the GQ-hemin catalytic core along with its substrates,
leading to significantly enhanced catalytic performance com-
pared to non-compartmentalized systems. This approach
demonstrates that coupling phase separation with molecular
self-assembly is a powerful strategy for constructing biomi-
metic enzymatic organelles. Furthermore, PA-Coa’s fuel-
driven, dissipative assembly-disassembly cycles yield a tunable
system whose lifetime can be precisely controlled. These
responsive droplets serve not only as hosts for the catalytic
machinery but also as versatile microreactors for GQ-hemin
chemistry. By uniting molecular concentration with controlla-
ble dynamics, this coacervate platform enables robust, droplet-
based catalysis.

Our results provide compelling evidence that emergent
functionality, specifically augmented catalysis, arises directly
from the spatial organization and confinement within these
small compartments. This work advances the fundamental
understanding of how complex chemical behaviors can evolve
from controlled hierarchical organization in non-equilibrium
environments. It establishes a robust, adaptable platform
for developing next-generation synthetic organelles and respon-
sive catalytic systems, bridging disciplines from synthetic biol-
ogy and systems chemistry to soft materials science.
Collectively, these findings pave the way for designing adaptive
chemical networks including DNA nanostructures with life-like
properties.
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