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Influence of Polycation Modification on Droplet Size and Internal
Structure in RNA/ Poly-L-Lysine Coacervates

Alba Ledesma-Fernandez?, Victor Krivenkov 2P, Yury Rakovich <4 and Paula Malo de Molina*?

Complex coacervation between RNA and poly(L-lysine) (PLL) provides a minimal and tunable model system to
study biomolecular condensates and nucleic acid complexation for gene delivery. Here, we compare
coacervates formed with linear PLL, hydrophobically modified PLL, and compact PLL nanoparticles to study the
effect of polycation architecture and charge density. Droplet formation and size distributions are characterized
by dynamic light scattering and confocal microscopy. Fluorescence confocal microscopy, using independently
labelled fluorescein-RNA and rhodamin-PLL, demonstrates co-localization of both components with enhanced
fluorescence quenching upon PLL modification, consistent with a reduced average separation between the
two species. Fluorescence lifetime analysis shows a systematic decrease in the fluorescein lifetime from linear
PLL to modified PLL and PLL nanoparticles, supporting increasingly close RNA—PLL proximity. Consistently,
small-angle X-ray scattering (SAXS) indicates that all coacervates behave as strongly screened semidilute
polyelectrolyte complexes, with nanometre-scale correlation lengths that decrease systematically upon PLL
modification, reflecting a tighter internal organization. Together, these results demonstrate that increasing
polycation compactness and lower charge density lead to tighter internal organization of RNA—PLL coacervates
and highlight the complementarity of SAXS and fluorescence lifetime measurements for resolving nanoscale

structure in complex coacervates.

Introduction

Liquid—liquid phase separation (LLPS) plays a central role in the
formation of membraneless compartments in biological systems,
such as nucleoli, stress granules, and P-bodies with important roles
in gene regulation.! These condensates, often enriched in nucleic
acids? and intrinsically disordered proteins or peptides,® exhibit
dynamic and reversible assembly driven primarily by electrostatic
and multivalent interactions.* The intrinsic complexity of biological
systems makes their understanding challenging.> Therefore, in
recent years, coacervate-based mimetic systems have proven
valuable for identifying the minimal physical requirements for
condensate formation and for exploring how polymer charge,
flexibility, and sequence influence phase stability and material
properties. 68

Beyond their relevance as simplified models of biomolecular
condensates, RNA—polycation complexes are also of considerable
interest in the context of nucleic acid delivery. In particular, PLL-
based nucleic acid complexes have been extensively explored as
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model systems for gene delivery and RNA packaging because their
physicochemical properties can be systematically tuned through
polymer chemistry and architecture.®10

At the most fundamental level, polyelectrolyte complex (PEC)
coacervates constitute the simplest and best-understood models of
LLPS, providing a robust framework to rationalize phase behaviourin
terms of electrostatics, polymer—solvent interactions, and entropic
contributions.'*~13 Building on this foundation, increasing levels of
biological realism have been introduced by modifying each of the
charged components—for instance, varying the charge density,4%°
replacing synthetic polyanions with RNA17 or systematic variations
in polypeptide or protein sequence have been used to explore how
charge patterning, hydrophobicity, and chemical heterogeneity
affect coacervation.818 However, changes in sequence inherently
couple multiple parameters, including charge density, flexibility, and
local interactions, complicating the isolation of specific physical
contributions.

The influence of polycation architecture on complex coacervation
remains poorly understood. Here, architecture encompasses
differences in molecular connectivity, chain compaction, and spatial
organization of charges within the polycation. While some polymer
architectures such as comb or bottlebrush polyelectrolytes can
destabilize coacervates by effectively diluting charge density along
the backbone,*® recent work on lightly branched star polyelectrolytes
has shown that increasing spatial charge density can instead enhance
salt stability, even at fixed total charge and unchanged internal
structure.?’ However, polymer branching does not directly capture
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the types of structural heterogeneity typically found in proteins or
polypeptides. More generally, changes in polymer architecture are
often accompanied by changes in charge density, flexibility, charge
accessibility, and electrostatic interactions, making it difficult to
isolate the contribution of any single parameter. Nevertheless,
architectural modifications are expected to influence coacervation
by altering charge presentation, conformational entropy, and the
balance between intra- and intermolecular associations.

Here, we adopt an intermediate yet controlled model system based
on RNA and poly-L-lysine (PLL) to investigate the influence of
polycation architecture in PLL-RNA
complexes provide a unique balance between chemical simplicity,

complex coacervation.
strong electrostatic driving forces, and biological relevance, while
remaining experimentally tractable. By varying the molecular
architecture of PLL through acetylation and nanoparticle formation,
this approach enables us to investigate the influence of polycation
architecture on complex coacervation alongside changes in effective
charge density and local polymer interactions, while bridging
simplified PEC models with biologically relevant condensates.

A central question we address is whether a nanoparticle-like
polycation architecture and the associated changes in charge
presentation hinders local charge stoichiometry at the RNA—polymer
interface, thereby modulating phase behaviour and condensate
properties. To test this hypothesis, we combine conventional
characterization techniques for complex coacervates, including
dynamic light scattering (DLS) and confocal fluorescence microscopy,
with small-angle X-ray scattering (SAXS) to directly probe the internal
structure of the condensates. Fluorescence lifetime measurements
are further employed to provide complementary insight into the
local environment and interaction dynamics within the coacervate
phase.

Experimental

Materials

Poly-L-lysine hydrobromide (PLL; M= 70000-150000 g/mol),
suberic acid bis(3-sulfo-N-hydroxysuccinimide ester) sodium salt
(BS3), sodium chloride (NaCl), sodium hydroxide (NaOH), borate
buffered saline (BBS, tablets), TRIS buffered saline (Tris Buffered
Saline, tablets) were obtained from Sigma-Aldrich. Ribonucleic acid
(RNA) from yeast was also purchased from Sigma-Aldrich (product
55714, Lot number 3994682). 2,5-Dioxopyrrolidin-1-yl acetate was
obtained from BLDpharm. NHS-Fluorescein (5/6-carboxyfluorescein
succinimidyl ester, mixed isomers) and NHS-Rhodamine (5/6-
carboxytetramethylrhodamine succinimidyl ester, mixed isomers)
were obtained from Thermo Fisher Scientific. The chemical structure
of the molecules used is depicted in Table S1. Deionized water was
obtained from a Simplicity® UV Water Purification System (Merck
Millipore, Darmstadt, Germany). All reagents were used as received.
Synthesis of modified Poly-L-lysine. For all modification reactions,
Poly-L-lysine hydrobromide was dissolved at a concentration of 3
mg/mL in borate-buffered saline (10 mM borate buffer, 0.5 M NaCl,
pH 8.2) and filtered through 0.22 um hydrophilic PTFE syringe filters
(13 mm diameter) to remove pre-existing aggregates. The pH of the
solution was then adjusted to 9.0 using 0.1 M NaOH.

2| J. Name., 2012, 00, 1-3

Synthesis of partially acetylated PLL. 2,5-Dioxopyrrolidinsl-yl
acetate was then added at a 70 % molar ratio'réfatie fobthiORisiAe
monomer units in PLL. The reaction mixture was incubated overnight
at room temperature under gentle agitation to allow for complete
acetylation. Then, the solution was filtered again through 0.22 um
hydrophilic PTFE syringe. Buffer exchange was subsequently
performed to replace BBS with TRIS buffer (10 mM Tris, 0.5 M NaCl,
0.1 mM EDTA, pH 7.6) using 30 kDa molecular weight cut-off
centrifugal filters (Amicon Ultra), following three centrifugation
cycles at 10,000 rpm for 5 minutes each. The degree of amine
modification achieved under these conditions was determined to be
31%, as quantified by 'H-NMR spectroscopy (Figure S1).

Synthesis of Poly-L-lysine  nanoparticles (PLL-NPs). BS3
(bis(sulfosuccinimidyl) suberate) was added at a 60 % molar ratio
relative to the lysine monomer units in PLL. The solution was
vortexed for 5 minutes at room temperature to minimize local
aggregation, followed by agitation for 2 hours at room temperature.
The degree of amine modification achieved under these conditions
was determined to be 39%, as quantified by 'H-NMR spectroscopy
(Figure S1). Then, the solution was filtered again through 0.22 um
hydrophilic PTFE syringe filters to eliminate any newly formed
aggregates. Buffer exchange was then performed to replace BBS with
TRIS buffer as described above.

Synthesis of fluorescently labelled PLL, PLL-NPs and RNA.
Fluorescent labelling of the poly-L-lysine and RNA was performed by
mixing the biopolymer solutions in TRIS buffer (10 mM TRIS, 0.5 M
NaCl, 0.1 mM EDTA, pH 7.6) with NHS-Rhodamine (5/6-
carboxytetramethylrhodamine succinimidyl ester, mixed isomers) or
NHS-Fluorescein (5/6-carboxyfluorescein succinimidyl ester, mixed
isomers) respectively in DMSO. The reaction was performed using
sub-stoichiometric amounts of NHS-functionalized dyes relative to
the estimated number of polymer chains, with the aim of obtaining
on average approximately one or fewer fluorophores per chain. For
PLL functionalization, 0.0528 mg NHS-rhodamine were added to 3mg
of PLL. For RNA labeling, 0.0473 mg NHS-fluorescein was added to 3
mg RNA. Since both biopolymers are polydisperse and NHS ester
coupling is not expected to proceed quantitatively, the effective
labeling density is expected to remain below one dye molecule per
polymer chain. Labelling reactions were carried out for 1 hour at
room temperature in the dark under gentle agitation. Unreacted dye
was removed using Amicon Ultra centrifugal filters with a 30 kDa
molecular weight cutoff. Prior to confocal imaging, fluorescence
emission of the labelled samples was measured using a fluorimeter
(Cary Eclipse Fluorescence Spectrometer) in order to determine
optimal excitation and emission parameters for microscopy. The
emission maxima used for imaging were ~ 520 nm for NHS-
Fluorescein (excitation at 495 nm) and ~ 580-590 nm for NHS-
Rhodamine (excitation at 552 nm), and were adjusted accordingly on
the microscope settings (Figure S4).

Coacervate formation. Coacervates were prepared by mixing
aqueous stock solutions of poly-L-lysine hydrobromide (PLL-HBr) and
RNA, each at a nominal concentration of 3 mg mL™" in Tris buffer (10
mM Tris, 0.5 M NaCl, 0.1 mM EDTA, pH 7.6). Defined volume ratios
of the two stock solutions (3:1, 1:1, and 1:3; PLL-HBr:RNA) were
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combined, briefly vortexed, and allowed to equilibrate for a fixed
time prior to characterization. DLS, zeta potential and confocal
microscopy measurements were performed on freshly prepared
samples within a couple of hours. In the case of SAXS measurements
were performed on samples that had been mixed and allowed to
equilibrate for longer times, typically on the order of one week.
Dynamic Light Scattering and Zeta Potential. The hydrodynamic size
distributions and zeta potential of the coacervate systems were
measured using a Malvern Zetasizer Nano at 25 °C, employing a 173°
backscatter detection angle. For DLS measurements micro
disposable cuvettes (Brand®, Sigma-Aldrich) were used and for zeta
potential measurements, DTS1060 folded capillary cells (Malvern
Panalytical, Sigma-Aldrich) were used. Each sample was measured in
triplicate (n = 3), and the average values of hydrodynamic size
distributions and zeta potential are reported.

Small-Angle X-ray Scattering (SAXS). The SAXS profiles were
measured at 20 °C using the BioSAXS beamline BM292! at the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France.
The automated sample changer loaded 50 pL for every sample into a
quartz glass capillary of a diameter of 1 mm. Ten scattering frames of
1.0 s each were detected on the Pilatus 3 x 2 M detector, using an
energy of 12.5 keV and a sample—detector distance of 2.827 m,
measuring a g-range of 0.06—4.95 nm, where q = 4msin(6/2)/4
(8 is the scattering angle and A the wavelength). The background
sample (buffer) was measured between each sample measurement,
and the capillary was cleaned between every measurement. Water
was used as a primary standard to scale the data to absolute
intensities. Every frame was radially averaged, checked for radiation
damage followed by binning and buffer subtraction. The data is
accessible in the ESRF data portal.??

Theoretical Modeling of SAXS data

To analyze the SAXS profiles of the individual macromolecular
components, two different modeling approaches were employed.
The scattering from PLL and its modified derivatives was described
using the generalized Debye model introduced by Hammouda, which
is commonly used to represent polymer chains with fractal-like
conformations: 23

1 1 1 1
1(@) = 10)|—5 Fine (2 U) — =5 Tine(2.0) 1
v-Uzv v-Uv
2
Where U = W, v is the scaling exponent and Ty,

6
x0) = fou exp (— t)t*~1dt is the incomplete gamma function
and Rg is the radius of gyration. The forward scattering, I1(0) = ¢A
pZVp, depends on the volume fraction ¢, the volume of the
scattering objects V}, , and the X-ray contrast factor Ap?.

The RNA solution was analyzed with a Guinier expression as:

1(q) = 1(0)exp [ - Rf,qZ/B] 2)
For the coacervate samples, the scattering arising from internal chain
segment correlations was described according to refs.'124 using the
following Ornstein—Zernike (OZ) expression:
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1(@)oz = 1+(q0)?
Where correlation length (&) is the blob size and 1(0) is the forward
scattering.

The data were fitted using the SASfit program, 2> which has the above
equations built-in. The fit parameter errors are given by the standard
deviation errors from the least squares minimization.

Confocal Fluorescence Imaging and lifetime measurements.
Fluorescence lifetime measurements were performed using a
MicroTime 200 time-resolved confocal microscope (PicoQuant)
mounted on an inverted Olympus IX71 microscope equipped with a
1.2 NA water immersion objective. Excitation was provided by a
pulsed laser (485 nm) operating at a 5 MHz repetition rate with a
pulse duration of approximately 180 ps (see the instrument response
function [IRF] at the figure S5 in the ESI file). To prevent
photobleaching and maintain sample integrity, an average excitation
power of ~65 nW was used. For the experiments, a 5 uL droplet of
the coacervate solution was deposited onto a 0.15 mm thick
coverslip. The resulting fluorescence emission was separated by a
non-polarized beam splitter and detected by two independent
avalanche photodetectors. To facilitate dual-channel detection of
the labeled components, the detectors were equipped with specific
spectral filters: short-pass (550 nm) optimized for fluorescein
emission and the long-pass (575 nm) for rhodamine emission. The
typical photon count collected for each PL decay kinetics were higher
than 500000. Measured fluorescence decay kinetics F(t) were fitted

with biexponential function:
F(t) = Aje~t/™1 + Aye~t/2 (4)

where A; and 7; are the magnitudes and lifetimes of each exponent.
For each fitted decay kinetics the reduced y? was less than 2.2-10°,
and R? was bigger than 0.999.

Fluorescence resonance energy transfer analysis

To estimate the fluorescence resonance energy transfer (FRET)
efficiency between fluorescein and rhodamine molecules Errgr, we
used the equation from the ref. 26:

T
Epper =1— DA/TD (5)

where Tp, is the lifetime of fluorescein in the coacervates in the
presence of rhodamine, and 7 is the lifetime of fluorescein in the
coacervates without the presence of rhodamine.

Results and discussion

To investigate the role of charge density and polymer
architecture in coacervate formation, we first designed and
characterized a set of PLL and chemically modified PLL systems.
At the working pH of 7.6, well below the pKa of PLL (=9.8)%7, all
lysine residues are expected to be protonated, and the polymer
behaves as a charged polycation.
The synthesis and structural characterization of PLL

J. Name., 2013, 00, 1-3 | 3
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nanoparticles have been reported previously.?® Briefly,
crosslinking was performed at pH 9 in the presence of NaCl,
conditions that promote intramolecular compaction and
nanoparticle formation. Following synthesis, the nanoparticles
were transferred to pH 7.6, where the remaining lysine groups
are protonated and the particles behave as positively charged
polycations. We have to take into account that crosslinking also
reduces the number of free amines and therefore lowers the
effective charge density of PLL. To decouple the effect of charge
density from that of architecture, we also prepared a partially
acetylated PLL in which amine blocking occurs without inducing
crosslinking. The degree of amine modification was chosen to
yield a ¢-potential comparable to that of the PLL nanoparticles
This provides a reference system with a comparable effective
charge density while avoiding crosslinking-induced compaction.

Prior to coacervate formation, the individual PLL species and
RNA were characterized by SAXS under dilute conditions in TRIS
buffer (pH 7.6, 0.5 M NaCl), where electrostatic interactions are
strongly screened and interparticle correlations are expected to
be small. Figure 1 shows the corresponding scattering profiles.
The scattering curves of PLL and its modified forms were
analyzed using a generalized Gaussian coil model, which
appropriately describes flexible polymers in solution. In
contrast, the RNA profile exhibits feature of a finite cross-
section that cannot be captured by this model; therefore, a
Guinier analysis was applied to estimate its radius of gyration (
Ry).

T —— PLL
PLL-ac
0.1F PLL-NP
RNA
__ 001
£
L
Zo.001 F
1E-4 |
1E-5 L L
0.1 1
q (hm™)

Figure 1. SAXS profiles of macromolecules in dilute conditions 3
mg/mL in TRIS buffer pH 7.6 and 0.5 M NaCl. The solid lines
correspond to fits using eq. 1 for PLL and modified PLL and eq.
2 for RNA.

The fits for linear PLL, modified PLL, and PLL-based
nanoparticles reveal a progressive decrease in size upon
chemical modification and nanoparticle formation. The
extracted radii of gyration are R;j=9.1 + 0.3 nm for linear PLL,
3.9 + 0.1 nm for modified PLL, and 2.58 + 0.07 nm for PLL-
NPs, indicating a substantial compaction of the polymer chains

4| J. Name., 2012, 00, 1-3

during nanoparticle assembly. The correspongdingscaling
exponents are v=0.73x0.01 for lineaPOPLC 1GE9L00P 156k
modified PLL, and 0.36+0.01 for PLL-NPs. The relatively high
scaling exponent observed for linear PLL is consistent with the
expanded conformations typically reported for polyelectrolytes
under low-salt conditions,?® whereas the modified PLL behaves
like a polymer in good solvent conditions and the PLL-NP has a
more compact conformation. This size reduction confirms a
structural transition from extended linear PLL chains to more
compact architectures in the nanoparticle state, in agreement
with our previous work. 2° Interestingly, the partially acetylated
PLL exhibits also a significant reduction in R, and v despite the
absence of cross-linking. This observation suggests that
chemical modification of PLL, through reduced charge density
and increased hydrophobicity, promotes chain compaction and
induces significant conformational changes.

On the other hand, the RNA Guinier fit yields an R, of 4.0
+ 0.1 nm, smaller compared to the unmodified PLL linear
chains but closer in size to the modified and nanoparticle PLL.
The deviation from ideal Guinier behavior at the lowest q values
may arise from sample polydispersity and/or weak
intermolecular interactions under the high-salt conditions
employed, where electrostatic repulsion between RNA
molecules is expected to be strongly screened.

To investigate how different PLL architectures affect
complex coacervation with RNA, coacervate samples were
prepared by mixing each polycation (linear PLL, modified PLL,
and PLL-based nanoparticles) with RNA at a fixed total
concentration of 3 mgmL™ and at varying mass ratios. Under
these conditions, all systems underwent liquid—liquid phase
separation, yielding dispersed RNA—PLL droplets. The resulting
complexes were analyzed by dynamic light scattering and -
potential measurements to quantify changes in hydrodynamic
size and effective electrostatic charge across different mixing
ratios, as summarized in Figure 2.

For all systems, the -potential of the mixtures evolves from
positive values under polycation excess to negative values
under RNA excess, crossing a near-neutral region at
intermediate mixing ratios. The position of this electroneutral
point depends primarily on the effective charge of the
polycation. Compared to linear PLL, PLL-based nanoparticles
display a reduced effective charge, as a fraction of the primary
amines is blocked during the cross-linking process. The partially
acetylated PLL was introduced as a reference system in which
the number of available amine groups is reduced without
inducing cross-linking, leading to a lower effective charge as
reflected by its ¢-potential. The PLL nanoparticles exhibit a -
potential comparable to that of the modified PLL under identical
buffer conditions, and reach electroneutrality at similar, albeit
slightly shifted, mixing ratios.

The hydrodynamic size distributions show a clear increase in
droplet size near the charge-neutral region, where electrostatic
stabilization is minimized. In contrast, under conditions of RNA
or polycation excess, the droplet size decreases, consistent with
stabilization by uncompensated charges. Coacervates formed
with linear PLL are consistently larger than those formed with

This journal is © The Royal Society of Chemistry 20xx
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modified PLL or PLL-NPs, indicating that polycation modification
leads to smaller droplets.
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Figure 2. Zeta potential (a-c) and hydrodynamic radius
distributions (d-f) of coacervate systems formed with linear PLL
(a,d), modified PLL (b,e), and PLL-NPs (c,f) at different mass
ratios and a total mass concentration of 3mg/mL.

Figure 3 shows representative confocal fluorescence
microscopy images acquired in two channels, corresponding to
rhodamine-labelled polycation (channel 1) and fluorescein-
labelled RNA (channel 2). In all cases, strong co-localization of
both components is observed within the droplets, confirming
that the coacervate phase contains both RNA and PLL (or its
modified forms). Only in Figure 3h, a weak fluorescein signal is
also observed in the surrounding dilute phase, which may
correspond to a small fraction of uncomplexed RNA remaining
outside the droplets, consistent with the slightly negative -
potential measured under these conditions.

The droplet size trends observed in the confocal images

mirror those obtained from DLS measurements: unmodified

This journal is © The Royal Society of Chemistry 20xx
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linear PLL forms larger droplets, whereas modified PLL and PLL-
NPs generate smaller and more uniform d¥epléts0Fa/a1P Kanip Res)
rhodamine fluorescence is clearly observed in the regions
corresponding to coacervate droplets (Figure 3). In the linear
PLL/RNA and modified PLL/RNA systems, a weak fluorescein
signal is also detected in the same regions where the rhodamine
intensity is maximal, consistent with coacervates formed by
rhodamine-labelled PLL and fluorescein-labelled RNA. In
contrast, for PLL-NPs/RNA, regions of highest rhodamine
intensity coincide with a marked reduction in fluorescein
emission, producing distinct dark spots in the fluorescein
channel. This anti-correlation is consistent with efficient
quenching of fluorescein via Forster resonance energy transfer
(FRET) to rhodamine, a well-established donor—acceptor dye
pair.3° Thus, observed quenching indicates a reduced average
separation between RNA and PLL in the PLL-NP system,
reflecting a more compact local organization.

Fluorescence lifetime analysis provides a sensitive probe of
nanoscale donor—acceptor proximity within the dense
coacervate phase. Because the fluorescein (donor) emission
spectrum overlaps efficiently with the rhodamine (acceptor)
absorption spectrum, FRET is expected when the two dyes are
separated by distances comparable to the Forster radius, which
we estimate to be ~6.7 nm (see Supplementary Information).
Under efficient FRET, an additional nonradiative relaxation
pathway is introduced for the fluorescein, leading to a reduction
of its measured fluorescence lifetime as the donor—acceptor
separation decreases. Since fluorescein is attached to RNA and
rhodamine is attached to PLL, changes in the fluorescein
lifetime qualitatively report on changes in the average spatial
separation between RNA and PLL inside the coacervate
droplets.

To quantify this effect,
fluorescence decays in the fluorescein
concentric regions of interest defined on the confocal
fluorescence images (Figure 3),
coacervate droplets. Each fluorescence decay kinetics was fitted
with a biexponential function (eq. 4). We attribute the
biexponential behaviour to two contributions: a dominant,
short-lived component from fluorescein-labelled RNA in close
proximity to rhodamine-labelled PLL (and therefore undergoing
efficient quenching/FRET), accounting for 78-93 % of the total
amplitude, and a minor, longer-lived component (7-22 % of the
total amplitude) associated with RNA populations not tightly
associated with PLL (or located further from rhodamine
acceptors) within the probed volume. In a reference sample
containing fluorescein labeled RNA without rhodamine, the
fluorescence lifetime is 3.35 ns (Figure 3c). In coacervates
formed by linear PLL/RNA, the effective fluorescein lifetime
decreases to 0.67 ns (Figure 3c), evidencing efficient quenching
and the formation of PLL-RNA complexes. For modified
PLL/RNA, the lifetime decreases further to 0.45 ns, indicating
stronger quenching and a reduced average separation between
RNA and PLL. Finally, in PLL-NPs/RNA, the lifetime reaches ~0.30
ns (Figure 3i), representing the shortest lifetime and the
strongest quenching among all systems and supporting the

we measured time-resolved

channel within

centered on individual
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smallest average RNA—PLL separation in the nanoparticle-based
coacervates.

To evaluate whether the fluorescence lifetime reduction
could instead arise from fluorescein-RNA self-quenching or
homo-FRET between fluorescein molecules at high local RNA
concentration, a control experiment was performed using
fluorescein-labelled RNA mixed with unlabelled PLL under
identical coacervate conditions. The donor-only coacervates
have a similar morphology to the dually labelled ones (see

Channel 1: PLL-RH

i

Figure S6) and exhibited fluorescence lifetimes (~3.3 ns, Figure

3c) comparable to those of fluorescein-labelled,RNA . inothe
absence of PLL, indicating that phase sep¥rhfidoH AN GHEISEd
local RNA concentration alone do not produce significant
lifetime shortening under the conditions studied. This supports
the interpretation that the strong lifetime reductions observed
in the dual-labelled systems primarily originate from
interactions between fluorescein-labelled RNA and rhodamine-
labelled PLL.

Channel 2: RNA-FL

1 ; :
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Figure 3. Fluorescence confocal microscopy and fluorescence lifetime analysis of RNA-PLL coacervates. (a—c) Linear PLL/RNA,
(d—f) modified PLL/RNA, and (g—i) PLL nanoparticle (PLL-NP)/RNA coacervates prepared at a 50:50 PLLHBr:RNA mass ratio. Confocal
fluorescence images are shown as individual fluorescence channels: channel 1 (rhodamine-labelled PLL, panels a,d,g) and channel
2 (fluorescein-labelled RNA, panels b,e,h). The intensity scales shown to the right of each image correspond to the detected
fluorescence photon counts and the color scale corresponds to the lifetime. Panels (c), (f), and (i) display the fluorescence lifetime
decay curves of fluorescein-labelled RNA measured within the droplet regions for linear PLL/RNA, modified PLL/RNA, and PLL-
NP/RNA coacervates, respectively, and in (c) together with a reference RNA-FL solution in the absence of PLL and in the presence
of unlabelled PLL. Solid lines represent fits to eq. 4.

A fully quantitative donor—acceptor distance cannot be
extracted from these lifetimes because the number and spatial

6 | J. Name., 2012, 00, 1-3

distribution of rhodamine acceptors interacting with each
fluorescein donor inside the coacervate phase are not known

This journal is © The Royal Society of Chemistry 20xx
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(and are unlikely to correspond to a single, well-defined donor—
acceptor pair). Nevertheless, the systematic lifetime reduction
from linear PLL/RNA to modified PLL/RNA and further to PLL-
NPs/RNA provides robust, internal evidence for progressively
tighter RNA-PLL association and a more compact local
organization within the dense phase.

To corroborate this interpretation and directly access the
nanoscale structure and segmental correlations within the
coacervate phase, we performed small-angle X-ray scattering
(SAXS) measurements on RNA complexes formed with linear
PLL, modified PLL, and PLL nanoparticles. SAXS is particularly
well suited to probe the internal organization of polyelectrolyte
complexes, as scattering at intermediate and high scattering
vectors reflects concentration fluctuations and
polymer correlations within the dense phase.1%20:31

polymer—

T T
PLL/RNA
10k PLL-ac/RNA
PLL-NP/RNA
~ 102 E
£
o
S 103} .
10-4 L -
10—5 1 1

0.1 1
q (nm™)

Figure 4. Small-angle X-ray scattering (SAXS) profiles of
coacervate systems: linear PLL/RNA, modified PLL/RNA, and
PLL-NPs/RNA. Data were fitted using the OZ function (eq. 3) to
describe polymer conformation and internal chain correlations,
from which the & was obtained.

Figure 4 illustrates the SAXS profiles of all coacervate
systems, which exhibit a characteristic decay consistent with
disordered polymer solutions arranged in larger structures.
Specifically, at low g, the scattering is dominated by large-scale
density fluctuations associated with the droplet structure,
whereas at higher g the profiles reflect local chain correlations
within the dense phase. The complete droplet scattering is not
accessible within the experimental g-window due to their large
sizes as observed in DLS con confocal microscopy. Thus, it is not
considered in the analysis of the internal structure, which
focuses on the intermediate- and high-q regimes. To describe
the internal nanoscale organization of the coacervates, the data
in the intermediate- and high-q regimes were analysed using an
Ornstein—Zernike (0OZ) expression (eq. 3), which captures
concentration fluctuations in semidilute polymer systems. From
the OZ analysis, the & was determined to be 2.3+0.1 nm for the
linear PLL/RNA coacervates, 2.00+0.02 nm for the modified

This journal is © The Royal Society of Chemistry 20xx
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PLL/RNA system, and 1.2940.08 nm for the PBLL-NPs/RNA
complex. DOI: 10.1039/D6MA00183A

The correlation lengths extracted from SAXS for the RNA—
PLL coacervates lie in the nanometric range (§ = 1-2 nm),
indicating that concentration fluctuations and segmental
correlations extend over only a few nanometers within the
dense phase. These values are significantly larger than those
reported by Tirrell et al. for PLL-poly(glutamic acid)
coacervates, where correlation lengths on the order of = 0.5 nm
were obtained.’! Within the framework of semidilute
polyelectrolyte scaling, such differences are attributed to
variations in effective charge density, electrostatic screening
and concentration in the dense phase.3? In particular, RNA is
characterized by strong counterion condensation and a highly
heterogeneous charge environment, which are expected to
reduce the effective charge fraction and thereby increase the
correlation length at comparable polymer concentrations.33 In
addition, the presence of structured and partially double-
stranded RNA regions in the yeast RNA mixture may increase
the effective local thickness and heterogeneity of the polyanion
compared to simpler flexible polyelectrolytes. Besides, while
the dense-phase composition of complex coacervates is often
relatively insensitive to the initial mixing concentration,343° the
lower polymer concentrations employed here, together with
the intrinsic charge asymmetry of the RNA—PLL system, may
alter the balance between charge compensation and
counterion retention in the dense phase, further contributing to
the larger correlation lengths observed.

Importantly, irrespective of the absolute magnitude of the
correlation length, SAXS reveals a systematic decrease of & upon
PLL modification, indicating a progressive tightening of the
internal organization of the coacervate. Because SAXS probes
total electron density fluctuations, the extracted § reflects the
combined contribution of RNA-RNA, PLL-PLL, and RNA-PLL
correlations within the dense phase rather than a single specific
pair interaction. This nanoscale structural change is fully
consistent with the fluorescence results, which show enhanced
qguenching and faster fluorescence lifetime decay upon
modification, pointing to a reduced average RNA-PLL
separation.

To rationalize this trend, it is important to consider that PLL
modification alters more than one physicochemical aspect of
the polycation that can influence the nanoscale organization of
the dense phase. In both cases considered here, partial
acetylation and nanoparticle formation, the effective
electrostatic environment of the polycation is modified relative
to linear PLL. Both modifications lead to a more compact
polycation conformation relative to unmodified PLL; however,
within a semidilute polyelectrolyte framework, changes in
effective charge density alone would not account for the
progressive decrease in the correlation length observed
experimentally. In addition, nanoparticle formation introduces
an additional architectural change, whereby charges are
presented in a more localized and multivalent manner
compared to a flexible linear chain. In fact, SAXS reveals a
progressive tightening of the internal structure across the
series, from linear PLL to acetylated PLL and further to PLL

J. Name., 2013, 00, 1-3 | 7
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nanoparticles. Therefore, the observed trend cannot be
attributed to electrostatics alone, suggesting that additional
contributions, such as changes in solvation, desolvation
entropy, and chemistry-specific enthalpic interactions
introduced by polycation modification, may also play a role.
These effects may further stabilize closer RNA—PLL association,
consistent with the tighter nanoscale organization inferred
from SAXS and the enhanced quenching and faster fluorescence
lifetime decay observed experimentally. While the Ornstein—
Zernike analysis captures the dominant nanoscale correlations
observed under the present experimental conditions, future
systematic studies as a function of salt concentration and
composition may help clarify whether more complex internal
structural organization emerges in these coacervates.

Conclusions
In this work, we have investigated how polycation modification

and architecture influence the formation and internal organization
of RNA-poly(L-lysine) coacervates. linear PLL,
hydrophobically modified PLL, and compact PLL nanoparticles at

By comparing

comparable conditions, we were able to investigate the effects of
charge density reduction and architectural compaction on both
droplet-scale properties and nanoscale organization within the
dense phase.

Dynamic light scattering and confocal fluorescence microscopy
show that all systems form coacervates, while revealing systematic
differences in droplet size and uniformity upon PLL modification.
lifetime
measurements provide direct RNA-PLL
proximity, showing a progressive reduction of the fluorescein
lifetime from linear PLL to modified PLL and further to PLL
nanoparticles. This trend reflects increasingly efficient quenching
and is consistent with closer average RNA—PLL contact within the

Beyond these mesoscale observations, fluorescence

information on local

dense phase. Importantly, small-angle X-ray scattering

measurements independently reveal a corresponding decrease in
the correlation length, &, extracted from Ornstein—Zernike analysis,
PLL/RNA to modified PLL/RNA and PLL-NP/RNA
coacervates. The reduction of § indicates tighter segmental

from linear
correlations and enhanced local packing within the coacervate
phase, providing a structural basis for the stronger quenching
observed in the lifetime experiments. Together, these results
establish a direct link between nanoscale concentration fluctuations
probed by SAXS and the optical signatures of RNA-PLL proximity
measured by fluorescence lifetime analysis.

Taken together, the combined use of confocal microscopy,
fluorescence lifetime analysis, and SAXS provides complementary
and converging insight into how polycation modification reshapes
the internal nanoscale organization of RNA—PLL coacervates. Our
results highlight that relatively subtle changes in polycation
architecture can significantly alter local RNA—polymer proximity and
segmental correlations within the dense phase, without changing the
overall microstructural nature of the condensates. This work
therefore emphasizes the importance of polymer topology as a key
physical parameter in controlling the internal organization of
complex coacervates and contributes to a more quantitative

8| J. Name., 2012, 00, 1-3

understanding of structure—property relationships in biomelecular

condensates. DOI: 10.1039/D6MA00183A
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