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Stabilizing complex coacervate microdroplets is desirable due to their various applications, such as
bioreactors, drug delivery vehicles, and encapsulants. Here, we present quantitative characterization of
complex coacervate dispersion stability inferred by turbidimetry measurements. The stability of the
dispersions is shown to be modulated by the concentrations of comb polyelectrolyte (cPE) stabilizers
and salt. We demonstrate cPEs as effective stabilizers for complex coacervate dispersions independent
of the chemistry or length of the constituent polyelectrolytes, salts, or preparation routes. By monitoring
the temporal evolution of dispersion turbidity, we show that cPEs suppress microdroplet coalescence
with minimal change in microdroplet sizes over 48 hours, even at salt concentrations up to 300 mM.
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The number density and average microdroplet size are shown to be controlled by varying the cPE and
salt concentrations. Lastly, turbidity maps, akin to binodal phase maps, depict an expansion of the turbid
two-phase region and an increase in the salt resistance of the coacervates upon the introduction of
cPEs. The coacervate salt resistance is shown to increase by >3x, and this increase is maintained for up
to 15 days, demonstrating that cPEs impart higher salt resistance over extended durations.
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Introduction

Complex coacervates have garnered significant attention, emer-
ging as attractive protocell candidates suitable for investigating
fundamental biological systems"” and as scalable synthetic
bioreactors.® They form by associative liquid-liquid phase
separation of oppositely charged macromolecules,”*® possess
a distinct membraneless water-water interface with the ambi-
ent aqueous environments,>*'® and have a strong propensity to
partition and encapsulate charge-bearing macromolecules,
including proteins'*™® and nucleic acids.’” ' The interior of
the coacervate microdroplets comprises a crowded environ-
ment, which has been shown to affect polypeptide secondary
structures”>>* and protein folding,'***’ improve enzyme
activity,®?*3' and enhance DNA transcription rates.'”
Complex coacervate microdroplets can, therefore, provide a
significantly simplified alternative to the natural cellular
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chassis while still maintaining its critical features, including
compartmentalization,"*>®3%33 gtimuli responsiveness,'"*3%3°
selective molecular uptake,**® biomacromolecular seques-
tration,”*™**® chemical conversions,*®*3%3137 and macro-
molecular crowding.'****” Owing to the non-specificity and
ubiquity of Coulombic interactions in myriad environmental
conditions, these charge-driven self-assemblies have also been
proposed as protocells in origin-of-life scenarios.*®*° Moreover,
complex coacervate microdroplets can also be used for drug
delivery,®****'  wastewater treatment,**** as pesticide
encapsulants,*>*® and in cosmetic products.*’*°

Stabilization of the liquid-liquid coacervate-water interface,
however, is necessary to mitigate their macrophase separation
and realize these applications at scale.>® Prior approaches to
stabilize coacervate microdroplets have employed lipids,>**>*
polymersomes,**?*  colloidsomes,”>**  proteinosomes,
novel polymers, and microfluidic methods.***”~*° These
approaches predominantly rely on the introduction of a hydro-
phobic layer around the microdroplets, in effect transforming
the coacervate-water interface into juxtaposed coacervate-oil
and oil-water interfaces, thus hindering molecular transport,
resulting in long-term microdroplet instability, and suffering
from a lack of scalability from the use of specialty materials.*>°
In a significant departure from these approaches, our recent
work demonstrated long-term stability (>4 months) of complex
coacervate microdroplets using hydrophilic comb polyelectro-
lyte (cPEs) stabilizers.> Mixtures of oppositely charged
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homopolyelectrolytes and cPEs stabilizers self-assemble spon-
taneously, resulting in stable complex coacervate microdroplets.
Moreover, the cPE stabilizers did not impede protein partitioning
into the coacervate microdroplets and enabled bioreactions with
significantly higher and tunable reaction rates.?

Given the diversity of charged macromolecules, complex
coacervates with a tremendous range of physicochemical iden-
tities and properties are available for technological innova-
tions.®*®* Coacervates with different polymer lengths and
architectures,®*®® salt identities,”” solution composition,®® and
environmental conditions®>’® have been investigated, enabling
prediction and control over properties such as their composi-
tions and phase behavior,*® density,”"”* surface tension,”*°
and rheology.”*”* To effectively harness this diversity towards
droplet-based applications, a universal and robust interfacial
stabilization strategy is necessary. In this work, we present a
comprehensive investigation towards understanding and quan-
tifying the stabilization of coacervate microdroplets by cPEs.
We demonstrate the cPE-driven stabilization of coacervate
microdroplets, composed of weak or strong polyelectrolytes,
with varying chain lengths. We also demonstrate the mixing
protocol-independent stabilization of the coacervate micro-
droplets. Moreover, the temporal stability of the coacervate
microdroplets is quantified to highlight the cPE-induced
near-complete suppression of microdroplet coalescence, even
in the presence of salt. In doing so, we also present a quanti-
tative methodology for turbidimetric evaluation of coacervate
dispersions. By constructing turbidity maps akin to binodal
phase maps of coacervation, we demonstrate a >3 x increase in
the salt resistance of the coacervate phase in cPE-stabilized
dispersions. The use of cPEs, therefore, provides a general and
facile approach for stabilizing the coacervate-water interface
and enabling their utility in diverse applications.

Materials and methods

Materials

Poly(acrylic acid sodium salt) of different molecular weights
(M) (PAA, My, = 3000, 5100, 15 000 g mol " with chain lengths
(n) of 31, 53, and 160, respectively), polystyrene sulfonate (PSS,
My = 70000 g mol ™", n = 340), sodium chloride (NaCl), and
potassium bromide (KBr) were obtained from Millipore Sigma.
PAA (My, = 60000 g mol ", n = 638) and poly(diallydimethyl-
ammonium chloride) (PDADMA, M., = 8500 g mol ', n = 54)
were obtained from Polysciences Inc. Comb polyelectrolyte
polymethacrylic acid-comb-polyethylene glycol (PmAA,s-comb-
PEGeg, 12 PEG side chains per comb-polyelectrolyte chain,
26 e~ eq. per mol at pH = 6, polydispersity index 1.85) was
provided by Master Builders Construction Chemicals.

Preparation of coacervate dispersions

Polyelectrolytes (PEs), cPE, and salt stock solutions were pre-
pared in deionized water at appropriate concentrations. 5 mL of
complex coacervate dispersions were prepared in scintillation
vials and microcentrifuge tubes by mixing the oppositely
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charged PEs (PAA-PDADMA or PSS-PDADMA), cPE, and salt
in the following order: mix water, salt, and polycation solution,
vortex for 5 s, add cPE solution, vortex for 5 s, add polyanion
solution, and vortex for 5 s.° This order of mixing was followed
for all dispersions, except those prepared in the resuspension
studies. For the resuspension studies, a 2 mL volume of sample
was prepared in the following order: mix water, polycation
solution, and polyanion solution, vortex for 5 s, centrifuge for
10 min at 500 x g, add cPE solution, and vortex for 5 s. NaCl
was used to test the salt resilience of the PAA-PDADMA coacer-
vate microdroplets, and KBr (1.8 M) was used in preparing the
PSS-PDADMA coacervate microdroplet dispersions.

In all the dispersions, unless noted otherwise, the oppositely
charged PEs were added in homopolyelectrolyte-charge-matched
concentrations, and the cPE contributed to additional macro-
molecular charge. In the overall-charge-matched dispersions
(discussed in Fig. 2A), the positive charge from the polycation
and the combined negative charge from the polyanion and the
anionic cPE were matched.

High throughput preparation of coacervate dispersions

The Fluent Automated Workstation by Tecan was used for the
preparation of coacervate dispersions in transparent flat-
bottom 96 well plates. 200 pL of coacervate dispersions were
prepared by mixing the appropriate volumes of PEs, cPE, and
salt stock solutions. The order of mixing was water, polycation,
comb-polyelectrolyte, and polyanion. cPE was added by immer-
sing the pipette tips into the solution in the well to avoid
bubble formation. To mix the components, 50 pL volume was
aspirated and dispersed 3 times following each mixing step.

Absorbance measurements

Single wavelength and kinetic, multiwavelength absorbance
measurements were conducted on the Tecan Spark multimode
microplate reader. For the single wavelength measurements,
absorbance at 400 nm was measured at 9 spots in each well
after orbital shaking of the plate for 5 seconds at 2 mm
amplitude in the Tecan Spark microplate reader. Absorbance
measurements were carried out on as mixed dispersions (within
2 minutes of their preparation) and after 24 hours, 48 hours,
and 15 days. The orbital mixing step was carried out before
each measurement. Plates were sealed after the absorbance
measurements by the Thermo Fischer ALPS5000 Automated
Plate Heat Sealer at 170 °C and stored at room temperature. The
plates were resealed after every measurement.

The evolution of the microdroplet population density was
ascertained by carrying out absorbance measurements at
400, 500, 600, 700, and 800 nm at 10-minute intervals for
3 hours at 1 spot in each well, starting within 2 minutes of
sample preparation. The path length [ for all measurements
was 0.25 cm.

Dynamic light scattering

Dynamic light scattering (DLS) experiments were performed
with the Malvern Zetasizer at a scattering angle of 173° with the
zen0040 cuvette. The shearing of samples was minimized by
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manually preparing dispersions in 96 well plates with a volume
of 300 pL. The order of mixing was water, polycation, comb-
polyelectrolyte, and polyanion. The dispersion was mixed by
aspirating and dispersing 50 pL volume 3 times before con-
ducting a measurement. Three measurements were conducted
for every sample, and correlograms obtained were averaged and
fitted by the cumulants method to obtain average sizes and
polydispersity indices. A minimum derived count rate of 1000
kilo counts per second was maintained by conducting every
measurement for 2 minutes. The correlogram obtained had
minimal to no noise for all samples, and the correlogram for
the three measurements did not deviate from each other
significantly, indicating very little sedimentation during the
measurements.

Optical microscopy

Brightfield microscopy was carried out to visualize the coacer-
vate-water interface and detect changes in chemical equili-
brium by cPE addition using a 63x and 40x objective lens.
Solutions of PAA (n = 53) and PDADMA (n = 54) were prepared
with Cpg = 70 mM and centrifuged to separate the supernatant
from the settled coacervate phase. 10 pL of the coacervate phase
was extracted, placed on a cover slip, and imaged under the
microscope. Following this, 20 pL of the supernatant, cPE-
supernatant, or PAA-supernatant were brought into contact
with the coacervate microdroplets. Micrographs near the coa-
cervate-supernatant interface were captured within 5 minutes
of preparation.

Results

Robust stabilization of complex coacervate microdroplets by
comb polyelectrolytes

We established the robustness of stabilization of complex
coacervate dispersions by showing improved microdroplet sta-
bility against coalescence in the presence of different salts and
distinct polymer chemistries (Fig. 1). These results provide
further credence to our previous work, wherein the addition
of comb polyelectrolytes (cPEs) was shown to stabilize complex
coacervate dispersions (Fig. 1A) for up to 48 hours.® Further-
more, while microdroplets settled over 4 months, they did not
coalesce and macrophase separate.” The charged backbone of
the cPEs is posited to allow cPE chains to localize on coacervate
microdroplet surfaces, and the hydrophilic side chains reduce
microdroplet coalescence by providing steric repulsion while
allowing the transfer of small molecules owing to the lack of a
membrane.

Even in the presence of salt, cPEs stabilized coacervate
dispersions. Electrostatic screening by the salt ions weakens
the interactions among the oppositely charged polyelectrolytes
(PEs) and their propensity to form complexes; and can also
interfere with the stabilization of the coacervate microdroplets
by cPEs. Fig. 1B shows PE-charge-matched complex coacervate
dispersions prepared with PAA;, and PDADMA;; with Cpg =
62.2 mM, Cepg = 4.8 mM, and Cyacr = 0.2 M. Here, Cpg and
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C.pg indicate the concentrations of the ionic moieties contrib-
uted by the PE and cPE chains, respectively, and Cna,c) indicates
NaCl concentration in the coacervate dispersions. The prepared
mixtures were turbid, indicating a two-phase mixture. The
presence of coacervate microdroplets was confirmed by micro-
scopy. After 48 hours, a gradient in turbidity with higher
turbidity towards the bottom of the vial was observed, indicat-
ing partial settling. The corresponding micrograph showed the
presence of coacervate microdroplets, qualitatively demonstrat-
ing that cPEs stabilize coacervate microdroplets even in the
presence of salt. In contrast, in the absence of cPE, macrophase
separation occurred within 3 hours, even at low NaCl concen-
trations of 0.05 M (Fig. S1, ESIt).

cPEs also effectively stabilized coacervate dispersions com-
prising strong polyelectrolytes. To emphasize the versatility of
cPEs as stabilizers, coacervate dispersions with a strong poly-
anion PSS3,9, PDADMA;;, and KBr (Cpg = 116.4 mM, Cepg =
50 mM, Ckg; = 1.8 M) were prepared. PSS-PDADMA mixtures
form solid-like precipitates instead of liquid-like coacervates in
the absence of added salt.”"”* Salt is typically added to screen
electrostatic interactions and plasticize the complexes to yield
liquid-like coacervates.”"”> KBr was used as it screens electro-
static interactions more effectively than NaCl”>”* to yield liquid
PSS-PDADMA coacervates. As evident in Fig. 1C, turbidity and
microdroplets were observed both as mixed dispersions and
after 48 hours. While a decrease in turbidity over 48 hours of
sample preparation was noted at low C.pg, turbidity persisted
beyond C.pg > 30 mM up to 48 hours (Fig. S2, ESIt). We note
that higher C.pg was required for the long-term stability of the
PSS-PDADMA dispersions as compared to PAA-PDADMA dis-
persions. The strong electrostatic screening at high KBr concen-
tration is posited to weaken the interaction of cPE with the
microdroplet surface, potentially requiring a higher C.pg for a
similar extent of chain localization on microdroplet surfaces.

The PE length had little influence on the stability of the
coacervate dispersions. The influence of PE length on disper-
sion stabilization was investigated with complex coacervates
comprising PDADMA;; and PAA of different chain lengths
(n = 32, 160, and 638). Dispersions with Cpg = 38.8 mM and
Cepe = 4.8 mM were prepared in the absence of salt (Fig. 1D).
The turbidity of the dispersions persisted for 48 hours, demon-
strating that complex coacervate microdroplets composed of
PEs with asymmetric chain lengths can also be stabilized by
cPE addition.

Microdroplet stabilization is hypothesized to emerge from
steric repulsion between the neutral cPE sidechains, with
minimal contributions from the excess surface charges due to
cPE localization on microdroplet surfaces. To minimize the
influence of electrostatic repulsion on microdroplet stabili-
zation, we investigated dispersions wherein the positive charge
from the polycation and the combined negative charge from
the polyanion and the anionic cPE were matched. The cPE-
containing overall-charge-matched PAAs;-PDADMA;, disper-
sions (Cpg = 70 mM) remained turbid until 48 hours after
preparation, with no apparent settling at high C.pg (Fig. 24),
again indicating suitable stabilization of the dispersions.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Comb polyelectrolytes (cPEs) stabilize complex coacervate microdroplets. (A) Mixing of oppositely charged polyelectrolytes (1: 1 charge ratio) in
the presence of cPEs stabilizes the complex coacervate microdroplets against coalescence, resulting in turbid dispersions. r refers to the random
copolymer cPEs comprising methacrylic acid and PEG methacrylate. The average values of m, x, and p for the cPEs used in this study are 3.7, 68, and 12.1,
respectively. (B) Complex coacervate microdroplets formed with PDADMA (degree of polymerization n = 53) and PAA (n = 54), a weak polyelectrolyte,
with 0.2 M NaCl were stabilized by anionic cPE. Here, Cpg = 62.2 mM and Ccpe = 4.8 mM. (C) Droplets formed with PDADMA (n = 53) and PSS (n = 340), a
strong polyelectrolyte, with 1.8 M KBr were also stabilized by anionic cPE. Here, Cpg = 116.4 mM and Cpe = 50 mM. (D) Coacervate microdroplets with
PDADMA (n = 53) and PAA (varying n) were stabilized by cPE, indicating that cPEs can stabilize complexes with asymmetric linear PEs. In (B)-(D),

dispersion turbidity persisted for 48 hours, and coacervate microdroplets were noted in the corresponding micrographs.

The stabilization of the dispersions was established to be
resilient to the order of polymer mixing and microdroplet
formation routes. Our previous work established that micro-
droplet stabilization was independent of the mixing order of
the PEs and cPEs.> We further probed the robustness of the
stabilization mechanism by conducting concomitant redisper-
sion and stabilization of coacervate phases, depicted schema-
tically in Fig. 2B. Coacervates were prepared by mixing the
oppositely charged PEs (without cPE addition) and centrifuged
to separate the coacervate and the supernatant phases. cPE, at
varying concentrations, was subsequently introduced in the
supernatant, followed by vigorous vortex mixing to resuspend
the coacervate as microdroplets, yielding turbid dispersions
(Fig. 2C). In contrast to the resuspended as vortexed dispersions
with no cPE that became clear again within a few hours owing
to the macrophase separation of the coacervate and super-
natant phases, the turbidity of the dispersions containing cPEs

This journal is © The Royal Society of Chemistry 2024

persisted over 48 hours (Fig. 2C), indicating that cPEs stabilized
the resuspended coacervate microdroplet. While partial settling
was observed in dispersions with low Ccpg (<4 mM), no settling
was visually apparent at higher C.pr (=6 mM), indicating that
higher C.pg improve dispersion stability.

Temporal evolution of stabilized coacervate dispersions

The average microdroplet size of the stabilized dispersions is
tunable via variation of Cpg, Ccpg, and Cgyy. Our previous work
demonstrated the interplay between Cpg and C.pg in dictating
microdroplet size.* Here, we investigate the variation of micro-
droplet sizes in PAA;,~PDADMA;; (Cpg = 70 mM) with varying
Cepg and Cyycy using dynamic light scattering (DLS). We denote
the turbidity, the average microdroplet diameter, and number
density as T, d, and N, respectively, and their initial values
obtained for as mixed dispersions are denoted by Ty, dy, and Ny,
respectively.

Soft Matter, 2024, 20, 5060-5070 | 5063


https://doi.org/10.1039/d3sm01761c

Published on 30 April 2024. Downloaded on 3/13/2026 6:11:10 PM.

View Article Online

Soft Matter Paper
A B Polycation C

- b % o

- VWV o)
E (g R e
N = o s
Il 2 . )
g Polyanion S <
S vwwwwv S
S| [ n S| (%
g e x g 3 g |e
O |< i = = 5 2 SR
‘3 g ' q! > 8 ﬁ 1
S ol o i
3 £ = .
e 2 |
5[ e - AR
[&] i E
S (2 g 14
= | Centrifuge g E =
3|2 4 = |2
= k 3 {

%) - © al
S S S S| M‘

| | | | |
0 2 4 6 8

Comb-PE concentration C.pz [MM]

] | | |
0 2 4 6 8

Comb-PE concentration C.pz [MM]

Fig. 2 cPEs provide robust stabilization to complex coacervate microdroplets. (A) Complex coacervate microdroplets in a mixture with a 1:1 ratio of
positive macromolecular charge to negative macromolecular charge from both polyanion and anionic comb-polyelectrolyte are stable against
coalescence for up to 48 hours. Photographs show as mixed dispersions and dispersions after 24 and 48 hours. Increasing C.pg improved dispersion
stability. (B) and (C) Resuspension of complex coacervate macrophase in the presence of cPEs yields stable dispersions. (B) Schematics depicting the
redispersion procedure. (C) Photographs show as vortexed dispersions and dispersions after 24 and 48 hours. Again, increasing C.pe improved dispersion

stability.

For as mixed dispersions, d, decreased with increasing C.pg
and increased with increasing Cnac) (Fig. 3A). Moreover, the
relative reduction in d, with increasing C.pg diminished with
increasing Cnacl. We hypothesize that the droplet sizes are
dictated by the ratio of the coacervate phase volume (dictated
by Cpg and Cnacy) and the interfacial area that can be stabilized
(dictated by C.pg). As C.pg increases, a larger interfacial area can
be stabilized by the cPE chains, while the coacervate phase
volume remains the same, resulting in more, smaller micro-
droplets in the dispersions and a smaller d,. Conversely, with
increasing Cyacy, the volume of the coacervate phase increases
(higher water content in the coacervate phase) while the inter-
facial area that can be stabilized in the dispersions remains
similar (owing to constant C.pg), leading to larger d,. A plateau
in d, with increasing C.pr is also observed, indicating that
microdroplet size may not continually decrease with excess cPE
addition, perhaps owing to the formation of cPE bilayers and
vesicular structures.

The size distribution estimated from DLS measurements
(Fig. 3A) was coupled with turbidimetric measurements to
estimate N, in as mixed dispersions. Absorbance measurements
have been employed extensively, albeit qualitatively, to detect
complexation.”®”” Here, we employ quantitative analysis of the
absorbance measurements to obtain dispersion characteristics.
The absorbance A of the dispersions was measured, and the T
was calculated as:

T=1n(10) x A/l (1)

where [ is the path length of the sample. The turbidity T of the
dispersions decreased with increasing Cnac (Fig. 3B), which
was expected since salt screens electrostatic interactions
between the charged polymers and hinders coacervation.

5064 | Soft Matter, 2024, 20, 5060-5070

At the same time, an increase in 7 was noted with increasing
Cepr indicating an increase in the number density of the
microdroplets in the dispersions. With the assumption of
single scattering events, 7 is related to microdroplet diameter
d and number density N for a monodisperse dispersion as:”®

T ~ Nd*Q(d, /) (2)

where Q is the scattering coefficient dependent on d and
wavelength A. Since d is comparable to 4, Q is calculated by
the general Mie Theory (Fig. S3, ESIf).”®”® For a polydisperse
system, eqn (2) is modified as:

00

@’f(a)Q(a, 2)da (3)

T~N
Jo

where f is the population distribution function. Thus, with f
estimated from DLS measurements (Fig. 3A) and T, estimated
from absorbance measurements (Fig. 3B), microdroplet num-
ber density N, was estimated as a function of C.pr and Cyaci
(Fig. 3C).

Increasing C.pg increased N,, and increasing Cyaci
decreased N, (Fig. 3C). Moreover, a plateau in N, with increas-
ing C.pg Was observed, similar to that observed for d,. Thus, we
posit an optimum C,pg, for a given Cnac; and Cpg, beyond which
the addition of cPEs does not decrease the microdroplet size or
increase their number density, indicating a saturation of the
interfacial area stabilized by the cPE chains.

The temporal evolution of the turbidity of the dispersions
enabled quantification of the stability of coacervate microdro-
plets (Fig. 4A-C). The turbidity was expected to decrease with
time due to the coarsening of the dispersions and sedimenta-
tion of the microdroplets. In the unstable dispersions (without
any cPE stabilizers), a rapid decrease in turbidity was observed;

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Complex coacervate microdroplet size and number density can be
tuned by comb-polyelectrolyte concentration. (A) The initial average
microdroplet size decreases with C.pg and increases with Cgai. (B) In
contrast, the initial turbidity of the dispersion (measured at 400 nm)
increases with C.pg and decreases with Cgyyt. (C) The microdroplet number
density, estimated from the microdroplet size and dispersion turbidity,
mimics turbidity trends.

the turbidity vanished within 3 hours. In contrast, turbidity
decay in cPE-stabilized dispersions (Cepg = 4 mM and 8 mM)
was significantly slower; substantial turbidity remained after
3 hours, even at the highest salt concentration studied. The
evolution of the microdroplet population was estimated from

This journal is © The Royal Society of Chemistry 2024

View Article Online

Soft Matter

the temporal evolution of the microdroplet number density,
N(t), by approximating the scattering coefficient Q(d, 1) as:*

Q(d,2) = Qo(d/2)™ 4)

where Q, is a constant and m is dependent on d and A.
Combining eqn (3) and (4) yields:

T(4) = constant x (4)™ (5)

m was obtained by measuring 7 over a spectrum of wavelengths
(Fig. S3, ESIt). Then, following the procedure described by
Reddy and Fogler,?® normalized average microdroplet size as
a function of time was estimated as:

1

HETTT .

where d,, my, and T, are the initial values for the average
microdroplet size, exponent, and turbidity, respectively. m(t)
was calculated from absorbance measurements of 7 at different
A performed over 3 hours (Fig. S4, ESIY).

In the absence of cPE, along with decreasing turbidity,
average microdroplet size increases rapidly with an approxi-
mate power-law of d(t) ~ t*® at longer times. Furthermore, d(¢)
appeared independent of Cy,cy, indicating that the dominant
coarsening mechanism is independent of Cyaci. This is
expected in the case of unrestricted coalescence, given the large
microdroplet number densities N (Fig. 3C) and that rate of
coalescence scales as ~N>.5"%?

In contrast, no significant coarsening was observed in dis-
persions comprising cPEs, indicating that adding cPEs sup-
presses droplet coalescence. These results are also consistent
with our previous observations of microdroplet persistence over
months.? In dispersions with 8 mM cPE, d/d, ~ 1 in no added
salt dispersions and d/d, ~ 1.1 in dispersions with 300 mM
salt, up to 3 hours. To support these findings, microdroplet size
evolution was also observed over 48 hours with varying salt
concentrations using DLS (Fig. S5, ESIT), and the microdroplet
size was found to remain nearly constant in the cPE-stabilized
dispersions. Hence, we can surmise that the stability of the
coacervate microdroplets can be significantly improved, even at
high salt concentrations, by adding cPEs.

d(1) :%:)N

Turbidity maps of stabilized coacervate dispersions

Turbidity of the coacervate dispersions (Fig. S6-S9, ESIY)
decreased with increasing Cnac until they became transparent.
Upon progressive introduction of cPEs, the dispersions became
more turbid, and the turbidity persisted up to higher Cyaq.
From these measurements, turbidity gradients were calculated
to construct contour lines with constant turbidity in the Cpg—
Cnaci Plane at constant C.pg and lower limits of 4, 6 and 8 cm ™"
were assigned to obtain different regions of turbidity. The
inverted-U shape of the turbid regions observed in Fig. 5A
is akin to the two-phase region in binodal phase maps of
polyelectrolyte complexes. %8378

For all C.pg, turbidity decreased with increasing Cyaci
at a constant Cpg. Increasing Cnac reduces the coacervate
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Fig. 4 Comb polyelectrolytes improve the stability of complex coacervate dispersions even in the presence of salt. The temporal evolution of (A)—(C)
dispersion turbidity evaluated using a 500 nm incident light and (D)—(F) the normalized microdroplet size d/do are shown for different salt and cPE
concentrations. The rate of coarsening is significantly reduced by increasing cPE concentration, and stable droplets can be obtained even at salt

concentrations up to 300 mM.

microdroplet number density N, lowering the turbidity of the
dispersion. Also, within the two-phase window, turbidity
evolved non-monotonically with Cpg, with higher turbidity at
the center of the two-phase window. Increasing Cpg increases
the volume of the coacervate phase available to be dispersed in
the supernatant, responsible for the initial increase in turbidity
with increasing Cpg. However, the increase in the coacervate
volume fraction also increases the rate of coalescence of the
microdroplets, forming larger microdroplets and reducing N at
even higher Cpg, thereby reducing the turbidity.

Increasing C.pr expanded the turbid two-phase regions
for the as mixed samples with turbid solutions persisting at
higher Cyaci, since higher C.pg increases N and increases
microdroplet stability (Fig. 5A). Similarly, regions of high
turbidity were observed in the center of the 2-phase region
on increasing C.pg = 6 mM due to smaller d and an increase
in N. We also observed that the expansion of the two-phase
window to higher salt concentrations was more pronounced at
lower Cpg. For a constant Ccpg, increasing Cpg decreases Cepr/
Cpg, leading to a lower availability of cPE chains and therefore
reducing the stability at higher salt. This reduced turbidity can
be, therefore, attributed to the formation of larger microdro-
plets and faster settling. We previously reported similar
observations with improved temporal dispersion stability in
the absence of salt at higher C.pg/Cpg,.> At the same time, in
contrast to expansion to higher salt, expansion of the two-
phase window along the PE concentration range was markedly

5066 | Soft Matter, 2024, 20, 5060-5070

lower, indicating that the two-phase region is bound within
the same PE concentrations as those found in the absence
of cPEs.

We define salt resistance C{,¢ as the maximum salt concen-
tration beyond which regions of no significant turbidity for a
given C.pg are observed, irrespective of Cpg (marked by dotted
lines in Fig. 5).
linearly from ~ 150 mM in the unstable dispersions (C.pg = 0)
to ~520 mM for the stabilized dispersions (with C.pg = 8 mM).
We note that C.pg = 8 mM is still approximately 5-fold less than
the Cpg of ~40 mM for which significant turbidity is still
present at Cx,¢- Thus, we infer that coacervate microdroplets
can persist at ~ 3.5x higher salt concentrations upon adding
relatively small amounts of cPEs. We hypothesize that an
improvement in salt resistance (and improved interfacial sta-
bility), as estimated from the turbidity measurements, emerges
from a combination of kinetic impediments to droplet coales-
cence and a perturbation of the thermodynamic equilibrium
upon introducing cPEs.

The turbidity maps were also constructed after 24 hours
(Fig. 5B), 48 hours (Fig. S10, ESIt), and 15 days (Fig. 5C).
Expectedly, no turbidity was observed for unstable dispersions,
while turbidity persisted in the stabilized dispersions for up to
15 days. However, due to microdroplet coarsening and settling,
the turbidity windows contracted over time. This contraction
was more pronounced at lower C.pg, as well as at lower Cepg/Cpg,
ratios, which was expected due to their lower stability. Fig. 6

* . . .
Xac1 1N as mixed systems increased nearly

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Comb polyelectrolytes stabilize complex coacervate dispersions up to higher salt concentrations, expanding the window of turbidity. (A)-(C)
Turbidity windows are shown over a range of polyelectrolyte (PE, 1:1 charge ratio) and salt concentrations at different comb polyelectrolyte (cPE)
concentrations. Increasing cPE concentration is noted to expand the turbidity window, indicating the presence of stabilized microdroplets at higher salt
concentrations. (A) shows the turbidity of the as mixed dispersions; (B) and (C) show turbidity windows of these dispersions after 24 hours and 15 days,
respectively. The dotted lines denote the salt resistance of the dispersions corresponding to a constant Ccpg. The cross symbols on the back panel denote
the Cpe—Cnact cOMpositions where dispersion turbidity was measured.
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Fig. 6 The temporal evolution of the salt resistance Cy,¢ for complex
coacervate dispersions. Cy,q. corresponding to the maximum salt
concentration at which dispersions retained turbidity of 4 cm™ irrespec-
tive of the PE concentration, is shown as a function of comb polyelec-
trolyte concentration. Cy,c of the complex coacervate dispersions
increases with increasing cPE concentration and is maintained for up to
15 days.

shows that CY,, decreased with time, and the largest decrease
occurred within the first 24 hours; no significant changes
occurred in the next 24 hours. As the dispersions continue to
coarsen, Cy, ¢ lowered marginally after 15 days. This reduction
in C{,¢; diminished at higher C.pg due to the higher stability of
the dispersions. For the highest Ccpp of 8 mM, C{,¢; ~ 480 mM
was obtained even after 15 days, demonstrating that C.pg
addition can impart long-term stability to coacervate micro-
droplets even in the presence of salt.

Discussion and conclusions

Typical coacervate dispersions are unstable, and their kinetic
stability is difficult to achieve and control.’® Here, we have
demonstrated a robust strategy for the long-term stabilization
of complex coacervate microdroplets, which provides a plat-
form to advance their technological potential as protocells,"?
bioreactors,® drug delivery vehicles,”>***" and encapsulants.*>™*°
On the addition of cPEs to the PE mixtures, the anionic backbone
of the cPEs is expected to interact electrostatically with the poly-
cations and have a strong tendency to assimilate within the
coacervate microdroplets, while the neutral side chains are
expected to prefer staying in the continuous phase. The latter is
posited owing to the greater preference of the neutral chains to
remain in less crowded spaces to maximize their entropy. This
competition results in the pinning of the cPEs at the coacervate-
water interface and provides steric hindrance against the coales-
cence of the microdroplets. We note that the stabilization of
coacervate microdroplets is independent of the path taken to
microdroplet generation (Fig. 2), further adding to our previous
report® where we demonstrated stabilization independent of the
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mixing order of the PEs and the cPE chains. Simultaneously, the
microdroplet population is more stable in the presence of cPEs
(Fig. 4), highlighting the robustness of the stabilized dispersions.
While the average microdroplet size (d) in the absence of cPEs
evolved with an approximate power law of d ~ t*% at long times
owing to unrestricted coalescence, it reduced to nearly time-
independent d when coalescence was suppressed by cPE addition
(Fig. 4). Coacervates with PE chain length asymmetry and overall-
charge-matched systems are also stabilized (Fig. 1 and 2), demon-
strating that cPEs can confer stability to a wide variety of coacervate
dispersions.

Even in the presence of salt, the dispersions can be stabi-
lized, albeit requiring higher C.pg (Fig. 5 and 6). The addition of
salt decreases the Debye length and weakens the Coulombic
forces between charged macromolecules due to charge screen-
ing. Increasing Cg, not only inhibits the coacervation of the
PEs but also reduces the electrostatic interaction of the
negatively charged cPE backbone with the PEs in the coacer-
vates. This screening reduces the extent of localization of the
cPE chains, which, in turn, reduces the stability provided by its
neutral side chains. Therefore, higher concentrations of cPEs
are required to achieve stabilization. Furthermore, we show
that d, can be tuned by changing the Cnac and Cepg.

Turbidity maps with changing C.pr were systematically
constructed over a wide range of Cpg and Cyac Spanning both
the one-phase and the two-phase regions. Increasing C.pg not
only increased the turbidity within the 2-phase region but also
at higher Cyac) outside this region. The maximum salt concen-
tration where significant turbidity is observed, C{, ¢, increases
from ~150 mM in the absence of cPEs to ~520 mM at C.pp =
8 mM. Even over 15 days, while dispersions with low Ccpg
showed C{, decrease to ~150 mM, dispersions with 8 mM
CPE still showed a high Cy, ¢, of ~480 mM. Thus, we argue that
cPE addition improved the salt resistance of coacervate micro-
droplets. To further probe the influence of cPEs on the equili-
brium state of the coacervate phases, preliminary experiments
were carried out where cPEs were added to macrophase-
separated coacervates. A coacervate microdroplet, prepared
with no added salt (PAA;,~PDADMA;;, Cpg = 70 mM) along
with its supernatant was placed on a cover slip and observed
under a microscope (Fig. S11A and B, ESIT). Subsequently, a
small volume of concentrated cPE solution was introduced
into the supernatant such that the overall C.pr was 4 mM.
A spontaneous emergence of microdroplets was observed near
the interface on the supernatant solution side (Fig. S11C,
ESIt), indicating that cPE addition perturbed the equilibrium
between the coacervate and supernatant phases despite the
relatively low added charge (4 mM cPE vs. 70 mM), as well as
stabilized the perturbed state of the two-phase system.
In contrast, introducing 4 mM excess PAA into the super-
natant did not lead to any microdroplet formation (Fig. S11D,
ESIt). These experiments provide sufficient evidence that cPEs
influence the thermodynamics and interfacial composition
of coacervates in non-trivial and intriguing ways and conti-
nue to motivate us to pursue future investigations in these
directions.

This journal is © The Royal Society of Chemistry 2024
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