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ABSTRACT: Complex coacervate microdroplets are membrane-
less compartments that selectively sequester biological molecules
from their surroundings and enhance bioreactions. Yet, their use as
protocell models and bioreactors has been limited owing to a lack
of feasible strategies to prevent their uncontrolled coalescence.
Herein, we introduce an approach to mitigate coalescence of
complex coacervate microdroplets using comb polyelectrolytes as
stabilizers, creating complex coacervate dispersions with months-
long stabilities. Tunability of microdroplet size and stability is
achieved by the regulation of comb polyelectrolyte concentration
and molecular weight. Importantly, the comb polyelectrolyte-
stabilized coacervate microdroplets spontaneously sequester and
retain proteins over extended periods. Moreover, enhanced
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catalytic activity of proteins and significant (up to 10-fold) acceleration of bioreactions are achieved in stabilized complex
coacervate dispersions, even when stored for up to 48 h. Our findings are expected to expand the utility of complex coacervate
microdroplets as artificial protocells, encapsulants, and bioreactors and also facilitate their use in pharmaceutical, agricultural, food,

and cosmetics formulations.

S tabilization of complex coacervate microdroplets against
coalescence is the primary challenge limiting their utility in
bottom-up synthetic biology and biotechnology.' > These
membraneless microdroplets form owing to liquid—liquid
phase separation in aqueous media and possess numerous
attributes desired in lipid-free protocell models®™® and
colloidal bioreactors,”'° including spontaneous self-assembly
leading to compartmentalization, stability across a wide range
of physiochemical conditions (temperature, pH, and ionic
strength),ll_13 and crowded environments that mimic the
interior of cells.”'*™'® Moreover, the self-assembly processes
that drive coacervation result in highly selective sequestration
of (bio)molecules into the crowded coacervate environ-
ments."”"*~'® Concomitantly, the membraneless coacer-
vate—water interface facilitates rapid transport of small
molecules, resulting in significant acceleration of bioreactions
in coacervate microdroplets.””'>'*"*~** However, the mem-
braneless coacervate—water interface that facilitates many of
the bio(techno)logical functions of the coacervate micro-
droplets also facilitates their coalescence, resulting in their
rapid coarsening.”* Synthetic complex coacervate dispersions
typically condense into aqueous polymer-rich and polymer-
lean macrophases within minutes to hours of mixing,'"*’
reducing the interfacial area between the coacervates and their
surroundings and restricting their functionality and utility.
Thus, deployment of complex coacervates as protocell
models,' ™ protein encapsulants,”® and self-assembled bio-
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reactors” have been limited to low concentration™’ or

immobilized”'”*® dispersions where droplet coalescence
remains restricted.

Recent attempts to stabilize complex coacervates have been
inspired by strategies adopted to stabilize hydrophobic phases
(oils, lipids, etc.) in water. Conjugation of polyelectrolytes with
a neutral block has been employed to restrict the coarsening of
the coacervates at the nanoscale, resulting in complex
coacervate core micelles.””*> While these micelles have
been successfully employed as delivery vehicles for charged
biomacromolecules (nucleic acids and proteins),”* ™" their
small size and relatively low loading capacity for biomolecules
have limited their use as viable protocell models and
bioreactors. Efforts to stabilize coacervate microdroplets have
primarily relied on the introduction of additional membranous
interfaces or interfacially adsorbed colloids around the
droplets. For instance, fatty acids,”>> amphiphilic pro-
teins’">*** and terpolymers,'®*"~*" lipid bilayers,"””~** and
lipid vesicles*® have been incorporated in the complex
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Figure 1. Comb polyelectrolytes stabilize complex coacervate microdroplets. (A) Aqueous mixture of oppositely charged polyelectrolytes (38.8
mM ionizable groups, 1:1 charge ratio) form turbid dispersions of complex coacervate droplets. The coacervate droplets coalesce readily (within 3
h) to form a homogeneous, transparent coacervate phase. The black dashed line denotes the location of the interface between the polymer dense
coacervate phase (at the bottom) and the polymer-lean supernatant phase (at the top). Corresponding micrographs depict coacervate droplets in
the as-mixed dispersions that coalesce into a homogeneous coacervate phase within 3 h. (B) Stable complex coacervate emulsions obtained by
preparing the same solutions as in (A) with an additional component—anionic comb polyelectrolytes (4.8 mM ionizable groups, see Table S1). The
stable complex coacervate emulsions are turbid when prepared and remained turbid for up to 48 h. Corresponding micrographs reveal distinct
micron-sized droplets in the emulsions. Over 4 months, the coacervate microdroplets settle to the bottom of the vial but do not coalesce, leading to
a dense emulsion at the bottom of the vial as revealed from the micrograph of the emulsions taken from the bottom of the vials. Gentle shaking of
the vial led to redispersion of the coacervate microdroplets, resulting in turbid emulsions. In (A) and (B), scale bars: 10 gm. (C) Turbidity is a key
indicator of the stability of the emulsions. Turbidity in unstable coacervate dispersions decreased readily within 3 h, resulting in clear solutions. In
contrast, turbidity in the stable coacervate dispersions did not decay up to 48 h. Dispersions that are aged for four months exhibit similar levels of
turbidity upon shaking as the freshly prepared samples and remained turbid for up to 3 h after shaking.

coacervate dispersions to assemble at the coacervate—water vesicular protocell models. Our approach relies on employing
interface and provide steric stabilization to the coacervate comb polyelectrolytes as stabilizers that are posited to
microdroplets against coalescence. However, these approaches introduce steric repulsions among the microdroplets and
achieve stabilization at the expense of introducing a hydro- impart long-term stability to the microdroplet dispersions. In
phobic region around the droplets that limit the transport of effect, we create complex coacervate emulsions. We highlight
small hydrophilic molecules across them as well as the the simplicity, the versatility, and the robustness of the
capability of the microdroplets to sequester biomolecules stabilization approach and illustrate the tunability of micro-
from their surrounding solutions, require cumbersome droplet size and stability by varying the comb polyelectrolyte
preparation steps, and are markedly sensitive to the mixing characteristics and concentrations. Moreover, we demonstrate
protocols. Thus, viable and scalable strategies for stabilization that the comb polyelectrolyte-induced stabilization approach
of complex coacervate droplets that do not introduce a does not interfere with spontaneous sequestration of proteins
hydrophobic layer around the droplets have not yet been into the coacervate microdroplets. A coupling of macro-
demonstrated. molecular crowding in the coacervate environment and
Herein, we introduce a new paradigm for the stabilization of unhindered transport of small molecules facilitated by a large
complex coacervate microdroplets while retaining their unique area of the stabilized microdroplet interfaces are shown to
features that distinguish them from membrane-stabilized enhance the catalytic activity of proteins substantially and,
903 https://doi.org/10.1021/acsmacrolett.2c00327
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Figure 2. Droplet size in stable complex coacervate dispersions is controlled by the linear polyelectrolyte and the comb polyelectrolyte
concentrations. (A) Stable complex coacervate dispersions comprising oppositely charged polyelectrolytes (155.3 mM ionizable groups, 1:1 charge
ratio) with increasing concentration, expressed in mM of ionizable groups, of comb polyelectrolyte stabilizers. Photographs are taken from different
times, indicated as “as-mixed”, 3 h, and 48 h after mixing. Turbidity in the samples is a key factor for indicating the stability of the dispersions. (B—
D) Evolution of the mean diameter (by volume) of the complex coacervate droplets with comb polyelectrolyte concentration (expressed in mM of
ionizable groups) in dispersions comprising polyelectrolyte concentrations (expressed in concentration of ionizable groups, 1:1 charge ratio)
ranging from 38.8 mM to 155.3 mM measured at different times, indicated as “as-mixed” (B), 3 h (C), and 48 h (D) after mixing. Droplet size
underwent a nonmonotonic trend, decreasing initially before increasing and finally plateauing, with comb polyelectrolyte concentration. (E—G)
Evolution of the mean diameter (by volume) of the complex coacervate droplets with increasing polyelectrolyte concentrations (expressed in
concentration of ionizable groups, 1:1 charge ratio) and time after mixing, at constant comb polyelectrolyte concentration (expressed in mM of
ionizable groups) of 4.8 (E), 9.5 (F), and 19.1 mM (G). Droplet sizes increase almost linearly with PE concentration. Temporal coarsening of
droplets reduced with increasing comb polyelectrolyte concentrations. In (D) and (E), settling occurred within 24 h for samples with the highest
polyelectrolyte concentration and low comb polyelectrolyte concentrations, and therefore droplet sizes are not shown. In (B)—(G), droplet sizes
were measured using dynamic light scattering and averaged from triplicate samples at each concentration and three measurement trials for each
sample. Errors are calculated through the mean standard deviations of the measurements. Error bars are shown when they are larger than the
symbols. The size distribution of the coacervate droplets was obtained by dynamic light scattering (DLS) operated in backscattering mode since
optical microscopy depicts only the large droplets that sediment to the bottom of the vials.

more importantly, retain the enhanced activity over extended
time periods. Taken together, our stabilization approach for
complex coacervate microdroplets and the advantageous
attributes of their stabilized dispersions promise to usher in
the next generation of complex coacervate-based protocells,
encapsulants, stabilizers, and bioreactors.

Figure 1 presents a visual comparison between unstable and
stable dispersions of model complex coacervates. Both of the
complex coacervate dispersions comprise a charge-matched
mixture of oppositely charged polyelectrolytes, poly(acrylic
acid sodium salt) (PAA, molecular weight = 5100 g/mol) and
poly(diallydimethylammonium chloride) (PDADMAC, mo-
lecular weight = 8500 g/mol), at a total charge concentration
of 38.8 mM. The stabilized dispersion also contained a small
amount of poly(acrylic acid)-comb-poly(ethylene glycol)
(PAA-c-PEG, 26 ¢~ at pH = 6, PEG molecular weight
3000 g/mol) comb polyelectrolytes (total charge concen-
tration = 4.8 mM). Both dispersions were turbid upon initial
mixing of their constituents (Figure 1A,B), owing to the
presence of complex coacervate microdroplets. Rapid
coalescence of the microdroplets and sedimentation in the
unstable dispersions resulted in clear solutions with distinct
complex coacervate and supernatant phases within a few hours
(Figure 1A). In contrast, stabilized coacervate microdroplets
remained dispersed up to 48 h (Figure 1B), with turbidity
levels staying nearly constant (Figure 1C). Micrographs of the
as-mixed unstable and stable dispersions both show spherical
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complex coacervate microdroplets, as expected upon sponta-
neous mixing of the constituents (Figure 1A and B,
respectively). However, while the unstable droplets coalesced
into a homogeneous phase, spherical microdroplets were still
clearly visible in the stable dispersions after 48 h.

Comb polyelectrolytes imparted exceptional stability to the
coacervate microdroplets. Over 4 months, the coacervate
droplets sediment, yielding clear solutions (Figure 1B). Yet,
the microdroplets did not coalesce and maintain their spherical
morphology, as is evident from micrographs of the dense
dispersion of coacervate microdroplets, highlighting the
effectiveness of comb polyelectrolytes in preventing micro-
droplets coalescence (Figure 1B). Moreover, the sedimented
droplets readily dispersed upon gentle shaking of the vials
(Figure 1B). Correspondingly, turbidity in the shaken vials
recovered to levels similar to the as-mixed emulsions and
persisted for a few hours after shaking (Figure 1C).

In typical emulsions, oil—water interfaces possess a high
interfacial tension and thus provide a strong driving force for
interfacially active molecules to self-assemble at the interfaces.
In contrast, coacervate—water interfaces are characterized by
low interfacial tensions,”** thus requiring multipoint anchor-
ing to localize the polymeric stabilizers at the interface. The
unique architecture of the comb polyelectrolytes, consisting of
multiple PEO chains attached to the PAA backbone, is posited
to enable such multipoint anchoring of the backbone on the
surface of the coacervate droplets while the neutral side chains

https://doi.org/10.1021/acsmacrolett.2c00327
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remain in the supernatant and restrict the complete
assimilation of the backbone in the coacervate phase. The
PEO side chains, with a Flory radius of ~5 nm, are thus
hypothesized to form a dense corona around the micro-
droplets, providing steric repulsion among them and restricting
their coalescence, thus imparting long-term stability to the
dispersions.

Reducing the strength of the steric repulsion between the
coacervate microdroplets can therefore be anticipated to
hinder their stabilization. This was consistent with our
observations that while comb polyelectrolytes with similar
backbone charge density but varying lengths of the PEG side
chains were all effective at inhibiting droplet coalescence
(Figures S1 and S2 and Table S1), decreasing the PEG side
chain molecular weight led to poorer stabilization of the
coacervate droplets and their faster settling (Figure S2).
Similarly, diblock polymers comprising a charge-bearing block
and a neutral block do not impart stability to coacervate
droplets, ascribable to their insufficient interfacial absorption
resulting in their assimilation of the polymers in the coacervate
droplets; our representative experiments led to the formation
of dense complexes (Figure S3). At the same time, the
sterically hindered inability of the comb polyelectrolytes to
assimilate into the coacervate phase also meant that, when
mixed with linear polyelectrolytes, comb polyelectrolytes did
not form bulk complex coacervates (Figure S3).

Both the extent of stabilization and the size of the stabilized
complex coacervate droplets is controllable by tuning the
relative concentrations of the comb and the linear polyelec-
trolytes. As shown in Figure 2A, increasing the comb
polyelectrolyte concentration, Cpg, in dispersions containing
a constant concentration of the constituent polyelectrolytes
(PAA and PDADMAC), Cpy, resulted in reduced settling of
the complex coacervate droplets. Concomitantly, the mean
diameter of the droplets, D, measured using dynamic light
scattering, in as-mixed dispersions containing a constant Cpg
decreased initially before increasing marginally and plateauing
with increasing C pp (Figure 2B—D). The total interfacial area
that can be stabilized is expected to be proportional to Cpg.
Thus, upon increasing Cpp, D decreased until all droplets
possessed a monolayer of comb polyelectrolytes on their
surfaces. Further increasing Cpp resulted in multilayer
adsorption on the droplets surfaces, resulting in a slight
increase of the droplet sizes, followed by saturation of the
droplet surfaces, and plateauing of the droplet size. The extent
of saturation of the droplet surfaces also dictated their
temporal stability. While marginal coarsening of the droplets
and settling was observed over 48 h at low C g (Figure 2E,F),
the droplet size distribution remained nearly unchanged at
high Cpp (Figure 2G). At the same time, the total volume of
the complex coacervate phase is expected to be proportional to
Cpg-' " Therefore, larger C.pp were required to stabilize
dispersions with high Cpg. Correspondingly, D was found to
increase linearly with increasing Cpy, at a constant C.pg (Figure
2E—G). In dispersions with low C_p and high Cpg (Figure 2E),
the comb polyelectrolytes were insufficient to stabilize the
larger volume of the coacervate phase into small droplets that
remain suspended in the emulsions, resulting in unstable
dispersions.

Dilution of the stabilized dispersions did not undermine the
stability of the complex coacervate microdroplets. Moreover,
dilution from concentrated homogeneous mixtures of the
linear and comb polyelectrolytes resulted simultaneous
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coacervation of the linear polyelectrolytes and interfacial
absorption of the comb polyelectrolytes. Thus, a single-phase
mixture of the oppositely charged linear polyelectrolytes and
the comb polyelectrolytes, when diluted 12-, 24-, 30-, 48-, and
120-fold by addition of water, resulted in stable complex
coacervate emulsions that remained turbid up to 48 h after
dilution (Figure S4).

Order of mixing of the linear and comb polyelectrolytes also
did not affect the stability of the microdroplets. The results
shown in Figures 1 and 2 followed a mixing order wherein the
comb polyelectrolyte was introduced in the mixture after the
polycation but before the polyanion. Other mixing sequences,
including mixing of the polycation and the polyanion, before
the addition of the comb polyelectrolyte and introduction of
the comb polyelectrolyte first followed by the addition of the
polycation and the polyanion also led to stable dispersions of
the complex coacervate droplets (see Figure SS). These results,
when combined with resilience against dilution, demonstrate
the strong interfacial affinity of the comb polyelectrolytes in
aqueous complex coacervate dispersions and highlight the
versatility of the approach demonstrated here to produce stable
coacervate emulsions.

Spontaneous sequestration of proteins into complex
coacervate microdroplets remains unaffected upon their
stabilization by comb polyelectrolytes. Mixing of fluorescein
isothiocyanate labeled bovine serum albumin (FITC-BSA)
with the linear polyelectrolytes, without or with comb
polyelectrolytes, resulted in strong localization of the proteins
inside the unstable or stabilized droplets, as monitored by
fluorescence imaging. BSA, with a net negative charge of 18 e~
at pH ~ 6, was found to distribute uniformly inside the
droplets, as indicated by the overlaid brightfield and
fluorescent images (Figure 3A, rows 1 and 2). Moreover, the
microdroplet morphology (Figure 3A, rows 1 and 2) and sizes
(Figure 3B) in as-mixed dispersions were similar in unstable
and stabilized dispersions. Yet, while the unstable protein-
loaded coacervate droplets (Figure 3A, row 1) coalesced
readily, resulting in clear solutions with distinct coacervate and
supernatant phases, the stabilized coacervate microdroplets
maintained their stability up to 48 h (Figure 3A, row 3).
Moreover, FITC-BSA remained localized within the stabilized
microdroplets up to 48 h (Figure 3A, row 3). It is notable that
the microdroplets coarsened marginally (Figure 3B), akin to
coacervate microdroplets without proteins (Figure 2E—G).

The extent of protein localization inside the microdroplets
was estimated as the ratio of the fluorescent intensity inside
and outside the droplets. Proteins are known to partition
strongly into the complex coacervate phases,”'” and we
observed a similar strong partitioning of FITC-BSA into the
unstable and stabilized coacervate microdroplets (Figure 3C),
in agreement with previous studies. Importantly, only a
nominal loss of protein from the stabilized microdroplets was
observed as the droplets equilibrated; the apparent protein
partitioning coeflicient in the stable microdroplets after 48 h of
preparation were comparable with freshly prepared unstable
complex coacervate dispersions (Figure 3C). Thus, it can be
surmised that comb polyelectrolyte stabilized coacervate
microdroplets can be employed as aqueous protein encapsu-
lants with a substantial protein sequestration and retention.

Lipase-mediated degradation of p-nitrophenyl butyrate to p-
nitrophenol (Figure 4A) was carried out in stabilized complex
coacervate microdroplets to highlight their utility as droplet
bioreactors. The evolution of the absorbance spectra of p-
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Figure 3. Proteins partition preferentially in coacervate droplets in the
stable coacervate dispersions. (A) Confocal brightfield (left),
fluorescence (middle), and overlaid (right) micrographs show
FITC-labeled BSA localized in as-mixed dispersions of unstable
coacervates droplets (row 1) and stabilized complex coacervate
microdroplets (row 2), as well as in stabilized complex coacervate
microdroplets incubated for 48 h (row 3). The droplets were
visualized upon settling on nonadherent substrates. FITC-BSA
concentration was 1 mM (charge concentration). Scale bars: 10
um. (B) Mean diameter of FITC-BSA loaded unstable and stable
coacervate microdroplets in dispersions corresponding to those
depicted in (A). Mean diameters were estimated from measurements
on triplicate samples and three measurement trials for each sample.
(C) The protein partitioning coefficient for FITC-BSA into the
coacervate phase, as estimated by the ratio of the fluorescence
intensity inside and outside the droplets, for as-mixed unstable
dispersions, as-mixed stable dispersions, and stable dispersions aged
48 h of coacervate microdroplets as a function of polyelectrolyte
concentration.

nitrophenol (at ~405 nm) provided a facile route to quantify
its production rate and the catalytic activity of lipase (Figure
4C).>" Aqueous mixtures of lipase, oppositely charge linear
polyelectrolytes and comb polyelectrolytes formed stable
complex coacervate microdroplets wherein lipase, bearing 14
e~ at pH = 6, colocalized with the linear polyelectrolytes.
Enzymatic degradation of p-nitrophenyl butyrate in such
dispersions occurred rapidly, manifesting as a fast growth of
the absorbance spectra before plateauing (Figure 4C, see also
Figure S6). Expectedly, the growth of the absorbance spectra
in the stabilized dispersions was significantly faster than the
corresponding spectra evolution in lipase solutions. Surpris-
ingly, the spectra evolution in the stabilized dispersions were
faster than even the unstable complex coacervate dispersions.

Going beyond the results, suggesting colocalization of FITC-
BSA (Figure 3), demonstrating that comb polyelectrolytes do
not interfere with the colocalization of proteins in the
coacervate microdroplets, the faster production of p-nitro-
phenol in stabilized coacervate microdroplets indicate that
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comb polyelectrolytes (i) do not interfere with the catalytic
action of lipase, (ii) do not impede with the transport of small
molecule substrate (p-nitrophenyl butyrate) or product (p-
nitrophenol) in and out of the droplets, respectively, and (iii)
promote the biodegradation reaction. Moreover, increasing the
comb polyelectrolyte concentration led to a faster evolution of
the absorbance spectra, indicating even further acceleration of
the biodegradation of p-nitrophenyl butyrate to p-nitrophenol
in the stabilized coacervate microdroplets. We note that, unlike
the enzyme, the small molecule substrate or product can be
expected to nearly equipartition between the coacervate and
the supernatant phases.”” Transport of the substrate and the
product molecules in and out of the droplets is therefore
expected to be driven by the hydrolysis reaction in the
droplets.

An estimation of the enzymatic reaction rate (1/4 /2) was
obtained as the inverse of half of the time required for the
plateauing of the absorbance spectra. Depicted in Figure 4D, it
is evident that localization of lipase in complex coacervates led
to a 2-fold increase in the p-nitrophenol production rate. This
enhancement is consistent with previous reports® and can be
attributed to enhanced macromolecular crowding in the
coacervate environments.””'>'*?%*°% Stabilizing the coac-
ervate droplets by addition of comb polyelectrolytes led to a
further increase in p-nitrophenol production rates, with up to
S-fold increase and 10-fold increase as compared to reaction
rates in complex coacervates and freely suspended lipase in
solution, respectively (Figure 4D). The reaction rates were also
tunable by varying the comb polyelectrolyte concentrations,
with higher C_pg, resulting in smaller droplets (Figure 4B) and
higher reaction rates (Figure 4D). We posit that the coacervate
microdroplets maintain a large interfacial area in the stabilized
dispersions while the comb polyelectrolytes do not interfere
with the transport of small molecules, resulting in swift
transport of small molecules in and out of the coacervate
droplets, facilitating the bioreaction.

Temporal stability of the coacervate-water interface had a
distinct influence on the bioreaction rate in the complex
coacervates. As the coacervate droplets coalesced into a
homogeneous coacervate phase in the unstable dispersions, the
bioreaction rate declined markedly to approach reaction rates
in aqueous protein solutions (Figure 4E,F), thus relinquishing
all the advantages of carrying out the bioreaction in a
coacervate environments. In contrast, the stabilized coacervate
microdroplets remained in dispersed state up to 48 h (with
minor coarsening of droplets, see Figure 4B), enabling
unmitigated transport of substrate and product molecules
and preserving the p-nitrophenyl butyrate biodegradation rates
(Figure 4E,F). This is a striking result, as it demonstrates that
comb polyelectrolyte-stabilized complex coacervate micro-
droplets can be utilized as encapsulants for enzymes that
present cell-like crowded environments to the enzymes,
enhancing bioreaction rates while retaining their colloidal
stability, paving the way for complex coacervate-based colloidal
bioreactors.

In summary, we have introduced a methodology to subside
coalescence of complex coacervate microdroplets by employ-
ing comb polyelectrolyte stabilizers. The stabilized micro-
droplets remain stable for months and do not coalesce even
when placed in proximity of other microdroplets. Moreover,
we have demonstrated that microdroplet stabilization is
independent of the dispersion processing routes and a facile

https://doi.org/10.1021/acsmacrolett.2c00327
ACS Macro Lett. 2022, 11, 902—909


https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.2c00327/suppl_file/mz2c00327_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00327?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00327?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00327?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00327?fig=fig3&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.2c00327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Macro Letters

pubs.acs.org/macroletters

A C T T T E T T T T T
ﬁ :I T T | |: | T T T T 1]
i o 12 © Clpse = 1.7 M 1-
/\)I\o p-nitrophenyl 5 [ Cpz=38.8mM 1=
butyrate S, [ As mixed 18,
_ S 08t -8
Lipase S F 1
Eofe W 13
o_ 5} L 18
(%} (%
g 0.4 :‘. A A Free Lipase 2
+ i AAA Cepe [MM]
N 0 rA Q@0 @ 48 © 95
0" o H 000, | I I E——
p-nitrophenol  butyric acid 0 200 400 600 800 1000
Time [s] Time [s]
B D F
[[Cepe (mMp |7 Cpe=388mM ] Clipase = 1.7 UM Cuipase = 1.7 1M
T 4ol m4s Cipase =-1.7 1M Cpe = 38.8 mM Ceg = 38.8 MM
3 | =95 _— 10 |- As mixed 3 _— 10 = After 48 hours =
s 1o & 10 1 ]
e [ 1S s 12 o 1
o i X oat 4 x4 1
o 05 — —
2 Bl {1 o s .
@ = =
%) — 2 1l ~ oL i
Asmixed 24 hrs. 48 hrs. I_Ifree 0 48 95 I_Ifree 0 48 95
Time after mixing IPaS€  :PE conc. [mM] IPas€ " pE conc. [mM]

Figure 4. Activity of enzymes is markedly enhanced upon localization in stable complex coacervate microdroplets. (A) Reaction scheme depicting
the lipase-mediated degradation of p-nitrophenyl butyrate to produce p-nitrophenol. (B) Temporal evolution of the mean diameter of stabilized
coacervate microdroplets with colocalized lipase. Mean diameters were estimated from measurements on triplicate samples and three measurement
trials for each sample. (C) Temporal evolution of the absorbance at 40S nm upon addition of p-nitrophenyl butyrate to an aqueous solution of
lipase, unstable complex coacervate dispersions with lipase localized in the unstable coacervate microdroplets, and complex coacervate dispersions
where lipase is localized in stabilized microdroplets. The activity of lipase is revealed by the temporal evolution of the absorbance spectra of the p-
nitrophenol produced upon enzymatic degradation of p-nitrophenyl butyrate. The absorbance spectra for coacervate dispersions evolved at a
significantly faster rate as compared to lipase solution or unstable coacervate dispersions, denoting enhanced reaction rates in solutions where
enzymes were localized in stabilized microdroplets. (D) The reaction rate (1/t;/,), estimated from the absorbance spectra, in dispersions
corresponding to (C). (E, F) Temporal evolution of the absorbance at 40S nm and the reaction rate (1/t,/,) in dispersions corresponding to (C)

but aged for 48 h before addition of p-nitrophenyl butyrate.

tuning of the microdroplet size and stability can be achieved by
varying the comb polyelectrolyte size and concentrations.

Proteins (and enzymes), when introduced in the mixtures,
partitioned spontaneously into the stabilized microdroplets,
and remained localized in them up to 48 h. Macromolecular
crowding in the coacervate environment enhanced the catalytic
activity of enzymes by enhancing diffusion of substrate
molecules and their binding affinity with enzymes. The
stabilized coacervate—water interfaces further accelerated
enzyme-catalyzed reactions by up to 10-fold by promoting
rapid transport of the small molecule substrate and products in
and out of the coacervate microdroplets. The stabilization of
enzyme in the microdroplets and of the microdroplets against
coalescence also meant that enzyme-containing dispersions
retained their ability to catalyze and accelerate biochemical
reactions even days after preparation. Thus, the comb
polyelectrolyte-stabilized coacervate microdroplets can be
envisioned as stable protein storage platforms that retain the
biomolecules partitioned into them and conserve their activity
over extended durations.

We envision that the long-term stability and the protein
encapsulation attributes of the complex coacervate micro-
droplets will be key in their development as synthetic
protocells and colloidal self-assembled microreactors sustaining
and supporting cell-free biosynthesis. Furthermore, we
anticipate that the stabilization approach demonstrated here
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provides a platform for developing complex coacervate
emulsions as encapsulants and delivery vehicles in pharma-

L ogS1 . 52-55 56 .57
ceutical,”” agricultural, food,” and cosmetics®’ formula-
tions.
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