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Coacervates offer dynamic environments for molecular organiz-
ation. Using complex coacervates of poly-L-lysine and anionic
fluorophores, we show that the coacervate microenvironment
modulates dye photophysical
effects: fluorescence enhancement via local enrichment and

properties through competing

aggregation-induced quenching at higher loading, while enabling
energy transfer. These insights establish coacervates as versatile
templates for designing adaptive nanoscale photonic and energy-
transfer materials.
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Introduction

Coacervates are compartments formed through liquid-liquid
phase separation of (macro)molecules." Their fluid yet com-
partmentalized structure provides a unique environment
where nanoscale interactions can be modulated by electro-
statics, hydration, and crowding, features that bridge biological
phase separation with materials design. Initially studied as
models for membraneless organelles and drug delivery
vehicles, they are now emerging as versatile soft-material plat-
forms capable of dynamic molecular organization and respon-
sive functionality.”™*

Beyond biological relevance, coacervates have gained
increasing attention as adaptive building blocks for responsive
and reconfigurable systems.">” Their phase behaviour can be
precisely tuned by environmental parameters such as pH,
ionic strength, and temperature, enabling self-healing, stimuli-
responsiveness, and controlled adhesion.*** Incorporation of
inorganic components—including metal ions, metal-organic
frameworks, and perovskites—has yielded hybrid coacervates
with enhanced mechanical, ionic, and optical properties.'®™*®
These hybrid systems have enabled diverse applications such
as catalytic interfaces, soft robotics, and adaptive coatings."

A hallmark feature of coacervates is their exceptionally high
loading capacity, allowing dense encapsulation of small mole-
cules, dyes, and enzymes.>*' This has motivated their explora-
tion as microreactors and templating media, where confine-
ment promotes selective reactivity and controlled nano-
structure formation.'"?*** Unlike rigid hosts such as hydro-
gels or mesoporous silica, coacervates present a dynamic and
ionically heterogeneous microenvironment.”** Therefore,
beyond catalysis, such confinement can profoundly alter
optical and photophysical properties. These characteristics
make coacervates compelling templates for designing respon-
sive materials, energy transfer systems, and light-harvesting
assemblies where molecular proximity, polarity gradients, and
dynamic interactions govern fluorescence behaviour and
exciton dynamics.*®2®
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Scheme 1 (a) Chemical structure of PN, SRh, and PLL. (b) Schematic

illustration of the energy transfer process within PN—PLL coacervates. In
solution, PN (donor) and SRh (acceptor) show limited interaction. Upon
coacervation with PLL, molecular confinement and close spatial organ-
ization promote efficient energy transfer between PN and SRh.

Herein, we investigate how the coacervate microenvi-
ronment modulates the fluorescence and energy-transfer
behaviour of encapsulated dyes. Using poly-L-lysine (PLL) as a
model cationic scaffold and anionic fluorescent guests
8-hydroxypyrene-1,3,6-trisulfonate (PN) and sulforhodamine B
(SRh) as probes, we examine how coacervation influences the
emission intensity, aggregation, and FRET efficiency.>® We
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show that coacervates exert a dual effect: fluorescence
enhancement via local enrichment and aggregation-induced
quenching at higher loading. Their charged networks can co-
localize donor and acceptor species to facilitate efficient
energy transfer (Scheme 1). These findings provide mechanis-
tic insight into how electrostatic confinement and molecular
crowding govern optical behaviour within soft, dynamic coa-
cervate compartments, establishing a foundation for designing
nanoscale photonic and energy-transfer materials based on
coacervate architectures.

Results and discussion

To elucidate how fluorescent dyes behave within coacervate
microenvironments, we employed PLL, a cationic polypeptide
that readily undergoes complex coacervation with multivalent
anionic species. As a multivalent fluorescent anion, we used
PN that carries three sulfonate groups and has a dual function:
serves as a counterion for coacervate formation and as the
donor. The anionic guest, SRh, acts as the acceptor; their spec-
tral overlap—where SRh absorption overlaps sufficiently with
PN emission—makes them an efficient Forster Resonance
Energy Transfer (FRET) pair (Scheme 1).

To prepare the coacervates, PN was titrated with increasing
concentrations of PLL. A pronounced increase in turbidity was
observed above a PN concentration of 3 mM, while negligible
turbidity changes occurred at lower concentrations (0.5 and
1 mM) (Fig. 1a and Fig. S1). The corresponding fluorescence
titration measurements revealed a progressive quenching of
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(a) Turbidity heat map as a function of PN and PLL concentrations showing coacervate formation above 3 mM PN. (b) Fluorescence spectra

of PN (3 mM) with increasing PLL concentration, indicating quenching of PN emission (e, = 458 nm). (c) CLSM images of PN-PLL coacervates
(3 mM PN, 40 pM PLL) showing retained PN fluorescence within the coacervate phase. (d) FRAP kinetics of PN-PLL coacervates with Cy5 dye
(0.02 mM) showing the liquid nature of coacervates. (e) Turbidity heat map as a function of SRh and PLL concentrations showing no coacervation
with increasing PLL concentration. (f) Fluorescence spectra of SRh in PLL—ATP coacervates (5 mM ATP, 15 pyM PLL) showing quenching of SRh emis-
sion with increasing SRh concentration (0.03—-3 mM, Aex = 561 nm). (g) CLSM images of PLL-ATP coacervates (5 mM ATP, 15 uM PLL) containing SRh
(0.06 mM) showing retained fluorescence. (h) FRAP kinetics of PLL-ATP coacervates (5 mM ATP, 15 uM PLL, 0.02 mM Cy5) showing its liquid nature.
Error bars represent average and standard deviation of 3 independent experiments. Scale bar = 20 pm.
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PN emission, attributable to an increase in local PN concen-
tration within the coacervate droplets, leading to aggregation-
induced quenching (Fig. 1b).*°* Confocal laser scanning
microscopy (CLSM) confirmed the formation of spherical,
micron-sized, fluorescent coacervates (Fig. 1c, S2 and
Table S1). Due to pronounced scattering within the coacervate
phase, acquisition of a reliable absorption spectrum is not
feasible. Therefore, we instead analysed the excitation spec-
trum of PN in the coacervate phase, which exhibited a pro-
nounced red shift and a change in spectral shape compared to
the solution state in the absence of PLL, providing evidence
for aggregation-induced quenching (Fig. S3). Interestingly, PN
emission was only partially quenched, indicating that despite
local aggregation, a fraction of the fluorophores remained
emissive (Fig. 1c). Notably, when comparing I.oacervates/Zdilute at
3 mM and 6 mM PN, a decrease in intensity ratio was
observed, further supporting aggregation-induced quenching
(Fig. S4). Such partial quenching underscores the complexity
of dye behaviour in coacervate media, where local crowding
and electrostatic effects coexist. Variations in fluorescence
intensity directly influence the determination of partition
coefficients (K,) from CLSM measurements, which often
assume invariant dye emission within the coacervate phase.

The coacervates exhibited predominantly liquid-like behav-
iour, as demonstrated by fluorescence recovery after photo-
bleaching (FRAP), where rapid fluorescence recovery was
observed (Fig. 1d and S5). This confirms that coacervates
retain substantial molecular mobility, while still imposing
crowding that can enhance the local dye concentration and
promote aggregation.

On the other hand, FRAP experiments with coacervates
formed at higher PN concentration (6 mM PN, 40 pM PLL)
show recovery lower by 10% compared to coacervates formed
at lower PN concentration, indicating a denser internal
environment and thus reduced mobility (Fig. S6 and S7). The
retained residual brightness of PN ensures its continued suit-
ability as a FRET donor. For all subsequent experiments, a PN
(3 mM) and PLL (40 uM) were employed, where PN remains
fluorescent within the coacervate phase. Analogous titrations
of SRh with increasing PLL concentrations revealed no signifi-
cant turbidity increase, suggesting the absence of coacervation
under these conditions and thus confirming that SRh func-
tions only as a guest, without participating in coacervate for-
mation (Fig. 1e).>* To assess the influence of the coacervate
microenvironment on SRh emission, SRh was instead encapsu-
lated within pre-formed ATP-PLL coacervates. Increasing SRh
concentration led to a decrease in its fluorescence intensity,
indicating aggregation-induced quenching similar to that
observed for PN (Fig. 1f). In the solution state, the SRh emis-
sion intensity was 22-fold higher than that in the coacervate
phase (Fig. S8). CLSM imaging confirmed partial fluorescence
retention within SRh-containing coacervates, consistent with
incomplete quenching (Fig. 1g). PLL-ATP coacervates also
exhibited liquid-like behaviour, as demonstrated by FRAP;
however, fluorescence recovery occurred on a timescale faster
than the temporal resolution of the CLSM setup, preventing
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reliable capture of a well-defined bleaching spot (Fig. 1h and
S9). For both systems, the K, values for PN and SRh were deter-
mined to be 40.7 + 4.9 and 42.7 + 7 for PN-PLL (3 mM PN,
0.06 mM SRh) and 2.6 + 0.1 for PLL-ATP-SRh (0.06 mM SRh).
It should be noted that partition coefficients derived from
CLSM intensities represent semi-quantitative estimates, as
local fluorescence modulation within the coacervate phase
may influence absolute values.

Given the strong spectral overlap between PN emission and
SRh absorption, these dyes constitute an efficient FRET
donor-acceptor pair (Fig. S10). Fluorescence and CLSM ana-
lysis confirmed co-localization of both dyes within the dense
coacervate phase (Fig. S11). Quantitative CLSM analysis
demonstrated a high K, for both PN and SRh, confirming their
preferential enrichment within coacervates. Incremental
increase in the concentration of encapsulated SRh (0.03 to
0.15 mM) within PN-PLL coacervates caused no significant
change in turbidity, indicating that SRh incorporation did not
perturb coacervate stability (Fig. S12). The average zeta poten-
tial ({) of PN-PLL coacervates was measured to be ¢ < 10 mV,
which implies a near-neutral charge at the coacervate-water
interface (Table S2). Encapsulation of SRh did not significantly
affect ¢, further confirming that the coacervate microenvi-
ronment was not disturbed by the presence of SRh. However,
PN emission progressively decreased, suggesting energy trans-
fer from PN to SRh (Fig. S13). Correspondingly, SRh emission
increased modestly and exhibited a gradual red shift with
increasing SRh concentration, consistent with dye aggregation
within the crowded coacervate environment (Fig. 2a and S14).
Direct absorption measurements within the coacervate phase
could not be reliably obtained due to strong light scattering;
therefore, aggregation-related interpretations are based on
qualitative emission trends rather than absorption band ana-
lysis. The critical aggregation concentration was determined to
be approximately 0.06 mM SRh loading in PN-PLL
coacervates.

These observations are consistent with a significant contri-
bution from Forster Resonance Energy Transfer (FRET) to PN
fluorescence quenching within the coacervate phase, rather
than being dominated by reabsorption or collisional quench-
ing. Donor emission is significantly quenched in the coacer-
vate state, whereas only slight quenching is observed in bulk
solution, demonstrating that energy transfer requires close
spatial confinement (Fig. 2b, S15 and 16). The charged and
crowded matrix of PLL coacervates confines donor and accep-
tor molecules within nanometer proximity, providing the con-
ditions necessary for efficient FRET. Two-channel CLSM
imaging further corroborated these findings, revealing a
decrease in PN fluorescence and a concomitant increase in
SRh emission as the SRh concentration increased, confirming
FRET occurrence within the coacervate phase (Fig. 2¢, d and
S17). At 0.03 mM and 0.06 mM SRh loading—conditions mini-
mizing aggregation—the calculated FRET efficiencies (¢gr)
were 34.4 + 0.2% and 50.8 + 5.2%, respectively (Fig. 2e).
Notably, SRh emission in solution exhibited no red shift, con-
firming that in the absence of PLL, electrostatic repulsion
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Fig. 2

(a) Normalised fluorescence spectra of PLL—PN coacervates with increasing concentrations of SRh (0—0.15 mM), showing quenching of PN

emission, lex = 458 nm. (b) Normalised fluorescence spectra of PN with increasing concentrations of SRh (0—0.15 mM) in solution, Aex = 458 nm. (c)
Plot of average fluorescence intensity of PN and SRh in PLL-PN coacervates extracted from CLSM images at different SRh concentrations
(0—0.15 mM) Ay = 458 nm. (d) CLSM images of PLL—PN coacervates at varying SRh concentrations (0—0.06 mM), showing quenching of PN emission
and a corresponding increase in SRh emission intensity 1ex = 458 nm. Left panel (green) = PN, Right Panel (orange) = SRh (e) Comparison of percen-

tage energy transfer at 0.03 and 0.06 mM SRh. Scale bar = 20 pm.

between the anionic dyes prevents close proximity and energy
coupling (Fig. S16). CLSM imaging further confirms localized
FRET-induced sensitization of SRh, even where ensemble
CLSM
revealed increased acceptor emission in regions of donor exci-
tation, confirming localized FRET-induced sensitization
(Fig. 2¢, d and S17). As FRET is a stochastic, distance-depen-
dent process, the ensemble fluorescence intensity reflects an
averaged transfer probability over many donor-acceptor pairs.
Therefore, while bulk fluorimetry may underestimate localized

fluorimeter measurements yield averaged signals.

events, microscopy effectively resolves FRET-active micro-
domains. Control experiments excluding the acceptor or alter-
ing excitation confirmed negligible direct excitation of the
acceptor, validating that observed acceptor emission arises
from donor energy transfer rather than spectral crosstalk
(Fig. 518).

Conclusions

These results demonstrate that the coacervate microenvi-
ronment enables efficient FRET through nanoscale confine-
ment and electrostatic templating of donor-acceptor pairs.
The charged, crowded matrix of PLL coacervates modulates
dye behaviour by balancing local enrichment and aggregation-
induced quenching, thereby tuning the fluorescence and
energy-transfer efficiency. Consequently, coacervates function
as dynamic soft templates for photonic coupling and nano-
scale energy transduction, bridging biological phase separ-

Nanoscale

ation and functional material design. The mechanistic insights
provided here establish design principles for coacervate-based
photonic, sensing, and energy-transfer systems in which the
optical performance can be precisely tuned via electrostatic
interactions and phase architecture.
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