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Understanding How Coacervates Drive Reversible Small Molecule
Reactions to Promote Molecular Complexity
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ABSTRACT: Liquid—liquid phase-separated coacervate droplets give rise to membraneless
compartments that play an important role in the spatial organization and reactivity in cells. Due to P

/
K
their molecularly crowded nature and ability to sequester biomolecules, coacervate droplets create

part, Im

distinct environments for enzymatic reaction kinetics and reaction mechanisms that markedly Low [Im]ene
differ from bulk solution. In this work, we use a combination of experiments and quantitative mn,coac
modeling to understand how coacervate droplets promote reversible small molecule reaction o '
chemistry. In particular, we study a model condensation reaction generating an unstable

fluorescent imine in polyacrylic acid—polyethylene glycol coacervate droplets over a range of .

conditions. At equilibrium, the concentration of the imine product in coacervate droplets is
approximately 140-fold larger than that in bulk solution, which arises due to preferential
partitioning of reactants and products into coacervate droplets and a reaction equilibrium constant that is roughly threefold larger in
coacervate droplets than in solution. A reaction—diffusion model is developed to quantitatively describe how competing reaction and
partitioning equilibria govern the spatial distribution of the imine product inside coacervate droplets. Overall, our results show that
compartmentalization stabilizes kinetically labile reaction products, which enables larger reactant concentrations in coacervate
droplets compared to bulk solution. Broadly, these results provide an improved understanding of how biomolecular condensates
promote multistep reaction pathways involving unstable reaction intermediates and suggest how coacervates provide a potential
abiotic mechanism to promote molecular complexity.

B INTRODUCTION

Biomolecular condensates have recently been recognized to
play an important role in the spatial organization and reactivity

biochemical reaction rates in coacervates and coacervate-
containing solutions. Some observations of enhanced reaction
rates are attributed to partitioning of biomolecules within
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in cells.'" Membraneless compartments have been associated
with several biological functions including cell signaling”’ and
transcription.” Within cells, these condensates are formed via
liquid—liquid phase transitions due to the interactions between
proteins (frequently with intrinsically disordered regions) and
nucleic acids. Intracellular condensates can exist constitutively
or arise at specific points during the cell cycle or in response to
stimuli.® Due to their ability to provide compartmentalization
without the use of a membrane bilayer, membraneless
compartments have been proposed as a prebiotic means of
molecular organization that could promote origin of life
chemistry.”® Although biomolecular condensates can operate
as open reactors that promote transport across their
boundaries, the mechanisms by which they can modulate
chemical and biochemical reactions remain unclear.”
Coacervates are frequently used as model systems to explore
how liquid—liquid phase separation influences biochemical
processes within cells or promotes origin of life chemistry.'’
Coacervates are dense liquid droplets composed of macro-
molecules that separate from the dilute phase through liquid—
liquid phase separation either by segregation or associa-
tion.""'* Significant recent work has been directed toward
understanding how coacervate droplets influence biomolecular
enzymatic reactions.”'>'* Prior work has reported accelerated
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coacervates, resulting in large localized concentrations of
enzymes and reactants.'> >’ However, the macromolecularly
crowded and highly charged coacervate environment has also
been reported to change reaction kinetics by potentially
altering biomolecule conformations and reaction path-
ways.'”*'7** For example, in polyethylene glycol (PEG)-
based coacervates, T7 RNA polymerase was reported to have
an association constant 2 orders of magnitude larger and a
transcription rate constant 6 times larger than in buffered
solution.”> By taking advantage of the ability to co-localize
multiple biomolecules, prior work has examined how
coacervates accelerate multistep chemical reactions.”>™*’ In
addition to enzymatic biomolecular chemistry, a few prior
studies have shown that coacervates also promote non-
biological catalyzed reactions such as nanoparticle-catalyzed
reactions,">”**” though the majority of prior studies has
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mainly focused on understanding how coacervation affects
enzyme activity.

Prior work has shown that small molecules readily partition
into coacervate droplets, resulting in localized increases in the
concentration of small molecules in the coacervate
phase.'>*°7*% Moreover, it has been hypothesized that changes
in enzymatic activity within molecularly crowded environments
arise from interactions of both the enzyme and small molecule
substrates with the molecular crowder.’® The chemical
environment in coacervate droplets is expected to be
significantly different compared to buffered solutions: in
some cases, the water content is expected to be approximately
30—40% smaller than that found in bulk water’” and the
dielectric constant is closer to methanol than that of bulk water
due to the high concentration of polymeric species."”*® Such
differences in composition suggest that coacervate droplets
could alter small molecule reaction kinetics or shift reaction
equilibria through macromolecular-mediated interactions.
Moreover, coacervate-driven changes in small molecule
reaction kinetics or energetics are biologically relevant. For
example, substrate channeling between multiple enzymes
might be promoted if the unique hydration environment
found in coacervates stabilizes labile intermediates in an
enzymatic reaction pathway.B'9 Despite recent progress, we lack
a full understanding of how coacervation influences small
molecule reaction chemistry.

To understand how reactions in coacervates change small
molecule reaction kinetics and energetics, we study an imine
synthesis reaction (Scheme 1) in coacervate droplets

Scheme 1. Reversible Synthesis of Fluorescent Imine 3 from
Non-Fluorescent Reactants Amine 1 and Aldehyde 2
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composed of polyacrylic acid (PAA) and PEG. Imine
chemistry has previously been shown to control templated
assembly of peptide condensation in self-induced biomolecular
condensates as a means of generating chain-length-specific
oligomers.40 PAA-PEG systems were previously shown to form
H-bond-driven coacervate droplets capable of sequestering
various small molecules.*”*' Here, we show how PAA-PEG
coacervate droplets create regions of high imine synthesis
reactivity at several different solution compositions through
both partitioning of reactants and shifts in reaction equilibria.
A reaction—diffusion model is developed and used to
understand how reaction and partitioning equilibria control
the concentration of reaction products in coacervate droplets.
Broadly, our results suggest that the ability of coacervate
droplets to accumulate unstable reaction products could
further elucidate the role of biomolecular condensates in
cells and provide an increased understanding of how
coacervates could drive origin of life chemistry.

B EXPERIMENTAL SECTION

Materials. Poly(ethylene glycol) (PEG, M,, =~ 35 kDa) was
purchased from Sigma-Aldrich. Poly(acrylic acid) (PAA, M,, ~ 240
kDa) was purchased from Alfa-Aesar. N-Methyl-N-(2-hydroxyethyl)-
4-aminobenzaldehyde 2 was purchased from AA Blocks LLC and
used without further purification. N-Methyl-2-amino-benzothiazolium
salt 1 was synthesized as previously described (details in the
Supporting Information).*** The kinetically stable dye analog (4)
of imine 3 (which replaces the imine functional group with an alkene)
was synthesized as previously described (structure and details in the
Supporting Information).44

Bulk Imine Synthesis Kinetics Measurements. Bulk imine
synthesis reaction kinetics were measured using both UV—vis and
fluorescence spectroscopies in aqueous buffer solution (50 mM
citrate, pH 3) and in the presence of individual coacervate
components (PAA or PEG). All measurements were performed at
ambient temperature (295 K). The quantum yield of dye 4 has
previously been reported to be environmentally sensitive.** Similarly,
the relative quantum yield of imine 3 was measured to change with
different environmental conditions (Figure S1). To avoid solvato-
chromic effects that may give rise to errors in quantifying imine
concentrations using fluorescence emission, UV—vis absorption
spectroscopy was used to quantify imine 3 concentration in bulk
solution to measure the aqueous imine synthesis reaction equilibrium
constant K, ,,- The absorption maximum of imine 3 was measured to
be Apsmex = 530 nm in aqueous solution. Although the absorption
peak was slightly shifted between species 3 and 4, the incorporation of
an imine bond into the conjugated polymethine chain reportedly has a
limited effect on the molar absorption coefficient of the dye (ie.,
molar absorptivities are on the same order of magnitude).*
Therefore, the molar absorptivity of dye 4 in aqueous solution was
determined to be &5,y = (5.42 + 0.09) X 10* M™! em™" (Figure S2),
and this value of molar absorptivity was used to quantify the
concentration of imine 3 at equilibrium. The same molar absorptivity
and procedure were used to calculate the concentration of imine 3 at
equilibrium in aqueous solution and in coacervate phases (as
described below). Therefore, although this approximation may
introduce some uncertainty in determining absolute reaction
equilibria values, it has no effect on relative comparisons between
different reaction equilibria values.

UV—vis measurements were performed with a 10 mm cuvette using
a Nanodrop One spectrophotometer (ThermoFisher Scientific, Inc.).
Amine 1 and aldehyde 2 were mixed in equimolar concentrations, and
absorbance at 530 nm was measured every 4 s until equilibrium was
reached (typically within 10—1S min), as denoted by a plateau in
transient absorbance. Due to higher sensitivity, fluorescence spec-
troscopy was used to quantify reaction rates k,. Fluorescence intensity
was measured every 4 s with a fluorometer (Cary Varian) with
excitation and emission wavelengths of 515 and 550 nm, respectively.
The expected imine 3 concentrations at equilibrium (determined
from experimentally measured K, values) were used to relate
fluorescence intensity and concentration of imine 3 for each solution
condition. An integrated bimolecular rate law was used to determine
the forward kand reverse k, rate constants from the fluorescence data
as described in the Supporting Information.

Coacervation Turbidity Assay. PAA and PEG were dissolved in
50 mM citrate buffer (pH 3) to a final concentration of 0.25 mg/mL.
PAA and PEG solutions were mixed at PAA mass fractions (fps4)
ranging from 0 to 1 in increments of 0.1. Solutions were mixed in 10
mm cuvettes and allowed to equilibrate for 15 min before measuring
turbidity (absorption at A = 600 nm) as a marker for phase separation
using a Nanodrop spectrophotometer. Ultimately, fp44 = 0.6 showed
the highest turbidity (Figure S3) and was used throughout the
experiments, unless otherwise noted.

Small Molecule Partitioning in PAA-PEG Coacervates. PAA
and PEG were mixed ([macromolecule],,, = 33 mg/mL, fp,4 = 0.6,)
in 1.5 mL conical centrifuge tubes in the presence of NaCl (0—1 M)
and individual small molecules (amine 1 and aldehyde 2 at a
concentration of S mM or dye 4 at a concentration of 60 yM). All
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samples were prepared in buffer solution (50 mM citrate, pH 3) to a
total volume of 200 puL. The coacervate mixture was mixed by
agitation and allowed to incubate for at least 1 h to establish
partitioning equilibrium. Samples were spun at 15,000 rpm
(~18,000g) for 1S5 min, and the supernatant was quantitatively
removed from the coacervate. The mass of the pelleted coacervate was
measured by determining the difference in weight between the empty
and coacervate-containing centrifuge tubes. The coacervate pellet was
dissolved in dimethylformamide (DMF) by shaking and heating the
solution to 60 °C. Absorption spectra of the supernatant and
dissolved coacervate solutions were measured using a Nanodrop
spectrophotometer. Characteristic absorbance peaks from amine 1,
aldehyde 2, and dye 4 (287, 350, and 510 nm, respectively; Figure S4)
were used to quantify the concentration of the small molecules in the
supernatant and coacervate solutions. The concentration of the small
molecules in the coacervate phase was determined from the measured
concentration in the dissolved coacervate solution and the mass of the
coacervate (assuming a density close to 1 g/mL). The partitioning
coefficient K, for each small molecule was calculated as:

[small molecule]_,.

Ky = —— ¢
[small molecule]aq (1)

where [small molecule] ., and [small molecule],q are the measured
concentrations of the small molecules in the coacervate and aqueous
phases, respectively. Partitioning coefficient measurements for each
small molecule at each NaCl concentration were measured in
triplicate.

Imine Reaction Equilibrium in PAA-PEG Coacervates. The
imine synthesis reaction equilibrium constant in the PAA-PEG
coacervate phase K, ., was determined by mixing amine 1 and
aldehyde 2 with PAA-PEG coacervate ([macromolecule] = 30 mg/
mL, fps4 = 0.6) in an Eppendrof UVette. The concentration of PAA-
PEG was chosen such that there would be roughly ~60 uL of
coacervate in solution. After incubating and reacting for ~2 h, the
cuvette was spun at 6000g for 20 min to collect the coacervate.
Although initially visibly opaque, the coacervate clarified over the
course of several days, and UV—vis measurement was collected across
the short path length (2 mm) of the cuvette. It was assumed that the
reactant concentrations are determined by their respective partition-
ing coeflicients during the clarification process. The concentration of
imine 3 was determined as described above, and K, ,, Wwas
determined using the concentrations of amine 1 and aldehyde 2 in
the coacervate (details in the Supporting Information). To ensure that
the concentration of imine 3 measured in the coacervate phase was
representative of that at reaction equilibrium, the concentration of
imine 3 in the coacervate was measured both with and without the
aqueous supernatant. The samples equilibrated for 2—3 days after any
change was made.

Coacervate Imaging and Fluorescence Recovery after
Photobleaching (FRAP). Two types of samples were analyzed
using a confocal microscope: coacervate droplets with reactants in
aqueous buffer and non-immersed coacervate droplets with reactants
without buffer. To prepare the samples, amine 1 and aldehyde 2 (15
mM each) were mixed with NaCl (0—1 M) and PAA/PEG coacervate
([macromolecule] = 2 mg/mL, fp,, = 0.6) in S0 mM citrate buffer,
pH 3. Mixtures were incubated for 15—20 min before preparing
microscope slides. To prepare the coacervate sample without buffer, a
20 uL droplet of the coacervate solution was deposited onto a clean
microscope coverslip. The drop sat for 2—3 min (to allow coacervate
droplets to gravitationally settle on the microscope slide) before a
piece of filter paper was used to wick the buffer, leaving a non-
immersed coacervate residue. To prepare the coacervate sample in
buffer, a second 4 uL droplet of the coacervate mixture was
immediately deposited directly adjacent to the non-immersed
coacervate sample. A piece of double-sided tape (~150 pm-thick,
3M) with a hole cut out in the center was placed around both the
non-immersed and immersed coacervate droplets, and a microscope
slide was placed on top to create a sealed chamber containing both
drops. The procedure to deposit the second drop and seal the

chamber was performed rapidly (<1 min) to minimize potential water
evaporation from the non-immersed coacervate droplets. Because
both the non-immersed and immersed coacervate samples were in the
same sealed environment, the relative humidity in the chamber
equilibrated to the water activity of the immersed sample, and there
was no evaporation expected from the non-immersed sample. Samples
were prepared at least 30 min before imaging to allow the imine
synthesis reaction to reach equilibrium.

Confocal microscopy imaging of coacervate samples containing
reactants amine 1 and aldehyde 2 was performed on a Leica SP8 UV/
visible confocal inverted microscope. All images were acquired with a
63x/1.40 HC PL APO Oil CS2 objective using Leica Application
Suite X software (both from Leica). For all experiments, the excitation
was at 515 nm and the emission bandwidth of the photomultiplier
tube was set to 525—600 nm. To enable a quantitative comparison
between samples, images were collected with a constant zoom factor,
laser intensity, and photomultiplier voltage. To determine the relative
concentration of imine 3 under different concentrations of NaCl,
confocal images of the immersed coacervate samples were measured
(at least S images per sample) and the average fluorescence intensity
of similarly sized coacervate droplets (typically 10—20 um in
diameter) were measured. Confocal microscopy images were analyzed
using FIJI (Fiji is just Image]) to determine average fluorescence
intensity at each [NaCl].

FRAP measurements were performed on the confocal instrument
with the same laser power and photomultiplier tube voltages used in
the imaging experiments. Experiments were performed using the
FRAP package in the LAS software. Two types of FRAP experiments
were performed on both the immersed and non-immersed samples:
partial droplet (5—10 ym bleached diameter) and whole droplet (~10
um diameter). Typical measurements involved pre-bleach imaging for
10 frames, bleaching the region of interest (ROI) for S—15 frames
with laser power set to 100%, and imaging fluorescence recovery until
complete. Post-bleach imaging was performed every 0.4 and 4 s for
fast-recovering (immersed, diffusional controlled) and slow-recover-
ing (non-immersed, reaction controlled) samples, respectively. FRAP
measurements were performed in triplicate for each solution
condition using a new ROI for each measurement.

Because of the loss of fluorescence during multi-frame post-bleach
measurements, the fluorescence was normalized to a nonbleached
ROI to obtain Fy(t) as has been described previously:**

[St B Bt] [Ro B Bo]
F.(t) =
w(t) [R, — B,] [S, — By] @)

where S, is the average measured fluorescence recovery of the
bleached ROL R, is the average fluorescence intensity of a reference
ROI that was either a similarly sized whole droplet in the same frame
(for the whole-droplet experiments) or an ROI in the nonbleached
region within the same droplet (for partial-droplet experiments). S,
and R, are the average pre-bleach intensities for the bleached and
nonbleached RO, respectively. By and B, are the average background
fluorescence pre- and post-bleaching, respectively. Recovery curves
were fit using Python according to the following equation:

Fy() = A1 —e™) + C (3)

where A is the mobile fraction of the fluorescent probe, C is the y-
intercept of the Fy(t) fluorescence intensity recovery curve, and k is
the rate of recovery. For diffusion-controlled recovery, an apparent
diffusion coefhicient (Dapp) was obtained using the recovery half-time
(71 = In(2)/k) and the radius (r) of the specific bleached ROI
according to*

0887
A, (4)

where 0.88 is a constant used for calculating diffusion of circular
beams. For reaction-controlled recovery, the recovery rate k was taken
to represent the reverse reaction rate constant k, and was used to
characterize reaction kinetics in coacervates.*’
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B RESULTS AND DISCUSSION

To elucidate how coacervate droplets can accelerate chemical
processes, we fully characterized reaction kinetics in aqueous
solution, reaction kinetics in the coacervate environment, and
the transport of reactants and products across the coacervate
phase.*® Figure 1 shows the relevant coupled equilibria (both

ern,aq
[Aldlyq + [Am]lyq S [IM]yg

part, Ald

ern,coac

Figure 1. Coupled reaction and partitioning equilibria describing the
reversible synthesis of fluorescent imine 3 in the PAA-PEG coacervate
system. Imine synthesis can proceed in both aqueous solution and
coacervate droplets as described by K, .4 and K, respectively.
Reactants and products partition into the coacervate phase, according

to their partitioning equilibria constants, K.

reaction and partitioning) that describe the imine synthesis
reaction in a liquid—liquid biphasic system. Reversible imine
synthesis reaction energetics have previously been reported to
shift in microcompartments due to reactions at an oil—water
interface*”** and sequestration of reactants in micelles.”> For
these reasons, we used this model imine reaction to understand
how compartmentalization drives condensation reactions to
increase molecular complexity (i.e., higher energy or increased
chemical diversity) in aqueous solution. The time scales of the
competing equilibria shown in Figure 1 ultimately govern the
distribution of reaction products in the coacervate system.
Therefore, we experimentally measured each of the relevant
equilibria in our reaction system. First, we describe the
measurement of bulk reaction kinetics K,,, ., We next measure
reactant and product partitioning coefficients K, followed by
the measurement of reaction kinetics and energetics within
coacervate droplets K., ... Finally, using a coupled reaction—
diffusion model, we fully characterize the concentration of
reaction products within the coacervate droplets and use our
model to explore how reversible reactions can be promoted via
coacervation.

Imine Synthesis in Aqueous Solution. We began by
studying the reaction between amine 1 and aldehyde 2 in bulk
solution using UV—vis and fluorescence spectroscopies. Prior
reports of imine synthesis of cyanine dye derivatives used
fluorescence spectroscopy to measure reaction kinetics and
quantify the product concentration under a variety of
conditions.*>** However, the relative quantum yields of dye
4 and imine 3 change with viscosity’* and solution
composition (Figure S1), so UV—vis absorption spectroscopy
was used to quantify the concentration of imine 3.
Fluorescence spectroscopy was only used to determine the
unimolecular reverse rate constant k, (Scheme 1) from
calibrated fluorescence intensities.

The experimentally measured kinetic parameters of the
imine synthesis reaction in aqueous solution (50 mM citrate

buffer, pH 3) at different concentrations of NaCl are shown in
Figure 2. Figure S5 shows kinetic traces of imine 3 synthesis at
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Figure 2. Experimentally determined reaction rate parameters K., k,,
and k; in aqueous solution and in the bulk PAA-PEG coacervate
phase. Dashed red lines represent the average of values across
different NaCl concentrations used in the reaction—diffusion model
and tabulated in Table S2.

different equimolar starting concentrations of amine 1 and
aldehyde 2. At 0 M Na(Cl, K,,,,, in aqueous solution was
determined to be (9.8 + 0.5) x 107* M™!, which is
approximately 2 orders of magnitude smaller than the reaction
equilibrium constant measured for cyanine dye-derived
imines.””** We note that prior work only relied on
fluorescence spectroscopy (rather than absorbance) to quantify
the concentration of imine products, so apparent differences in
Kiyyaq could arise from the method of quantifying reaction
products (e.g., absorbance provides a quantitative method of
determining concentrations), potential systematic errors
introduced by using molar absorptivity of dye 4 to approximate
that of imine 3, or changes in reaction energetics. The forward
k¢ and reverse k, rate constants for the synthesis of imine 3 at 0
M NaCl are (8.6 + 0.8) X 107* M~ 57! and (8.8 + 0.7) X
107 57!, respectively. Using these kinetic parameters, the
concentration of imine 3 as a function of time was determined
using an integrated reversible bimolecular rate law (Figure SS).

Imine synthesis reaction equilibria were previously reported
to shift in the presence of oil—water interfaces*”* and anionic
surfactants.” Tt is therefore necessary to determine Kinaq
under a wide range of solution conditions (i.e., NaCl
concentration and presence of coacervate components) used
in this study. As shown in Figure 2 and Figure S6, K,
changes slightly upon increasing NaCl concentration. For
example, K, ,, was determined to be (1.48 + 0.05) x 1073
M at 1.0 M NaCl, roughly 50% larger than the value at 0 M
NaCl. Although k, remains constant across all NaCl
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concentrations examined in this work, ks increases slightly with
increasing salt concentrations, reaching a maximum value of
(1.3 +£0.2) X 107° M~ s7" at 1.0 M NaCl. This slight change
in K, indicates that high concentrations of charged species
might shift reaction equilibria within coacervate droplets.

In addition to characterizing the dependence of K., on
salt concentration, K, ,, was also measured in the presence of
individual coacervate components (PAA and PEG). Although
Kiaq does not change with increasing PEG concentration, it
increases with increasing PAA concentration, reaching (2.85 +
0.05) x 107> M™" at 20 mg/mL PAA (Figure S7). PAA has
pK, = 4.5°" and exists primarily in its protonated state under
these experimental conditions (pH 3). Together, these
observations suggest that acidic species can shift imine
synthesis reaction equilibria.”” At low concentrations of PAA
and PEG (<2 mg/mL; i.e., concentrations used to quantify
reaction—diffusion in coacervates droplets, as described
below), shifts in K, ,, are negligible and well approximated
by the K,,,,, values obtained in the absence of polymers.

Partitioning of Reactants and Products into PAA-PEG
Coacervate Droplets. Small molecules such as fluorescent
dyes have been observed to strongly partition into coacervate
droplets.”’ ~*° The small molecule partition coefficient Kpart can
vary greatly depending on the chemical system. The propensity
to partition is generally understood to arise from intermo-
lecular interactions (e.g., hydrophobic, electrostatic, and H-
bonding) between the small molecule and the macromolecules
driving coacervation.” For some coacervate systems, the small
molecule can affect the intermolecular interactions within the
coacervate phase, leading to changes in K, as a function of
small molecule concentration.”

The partition coefficients of amine 1 (K,4;4,,) and aldehyde
2 (K,4a1a) were measured in PAA-PEG coacervate droplets.
Unless otherwise noted, experiments were performed using a
coacervate PAA mass fraction of fpy, = 0.6. To determine
whether K, depends on the small molecule concentration for
the PAA-PEG coacervate system, we prepared a series of
solutions of PAA-PEG coacervates (1S and 25 mg/mL)
containing different concentrations of amine 1 (0.5 and 1 mM)
and aldehyde 2 (025 and 0.5 mM). After establishing
partitioning equilibrium, the concentrations of small molecules
in the coacervate and aqueous phases were determined and
analyzed (Figure 3a). A linear relationship between the
concentrations of amine 1 and aldehyde 2 in the coacervate
and aqueous phases is observed, suggesting that K,,,,; does not
change with concentration for the small molecules used in this
system. Thus, for all subsequent conditions, K,,, was
determined using a small molecule concentration similar to
that used in the imine synthesis reactions.

We next studied the concentration dependence of the
partition coefficients Kgyxm and Kpygaq at different concen-
trations of NaCl (Figure 3b). Our results show that amine 1
and aldehyde 2 preferentially partition into the coacervate
phase at all ionic strengths considered here (i.e., K, > 1). In
addition, K, decreased with increasing concentration of
NaCl, such that K444, = 92 £ 0.2 at 0 M NaCl and K am =
5.5 £ 02 at 1.0 M NaCl. However, K44 increased with
increasing concentration of NaCl, such that K, 4 = 5.3 = 0.3
at 0 M NaCl and K441 = 15.8 + 0.5 at 1.0 M NaCl. A similar
difference in partitioning behaviors in PAA-PEG coacervates as
a function of NaCl concentration was previously reported for
cationic and neutral dyes,”> which suggests that different
mechanisms drive the partitioning of the two reactants in this
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Figure 3. Concentration dependence and salt dependence of
aldehyde and amine partitioning into the coacervate phase. (a)
Concentrations of amine 1 and aldehyde 2 in the PAA-PEG
coacervate phase versus the supernatant phase across a range of
reactant concentrations. (b) Partitioning coefficients of amine 1,
aldehyde 2, and dye 4 in PAA-PEG coacervates at different
concentrations of NaCl.

system. Amine 1 is cationic, and its partitioning into PAA-PEG
coacervates is primarily driven by H-bonding interactions. At
higher salt concentrations, the pK, and degree of protonation
of PAA at pH 3 both decrease, causing a slight decrease in
amine 1 partitioning.‘?’2 Conversely, aldehyde 2 is nonionic,
which suggests that its partitioning into PAA-PEG coacervates
is driven primarily by hydrophobic interactions. At higher salt
concentrations, the hydrophobicity of PAA-PEG coacervates
has been observed to increase,* leading to a stronger
hydrophobic driving force for nonionic partitioning. Overall,
the concentrations of amine 1 and aldehyde 2 are both
enhanced in PAA-PEG coacervates compared to bulk solution,
and different NaCl concentrations change the total reactant
concentration within the coacervate phase.

In addition to quantifying the partitioning of reactants, we
further studied the partitioning of the imine reaction product
between the coacervate and aqueous phases. Imine 3 forms in
bulk solution and partitions into PAA-PEG coacervates, and it
is therefore necessary to determine K, to fully characterize
the chemical reaction system. However, our results suggest that
imine 3 is relatively unstable in aqueous solution, as its kinetic
lifetime in aqueous solution is approximately 2 min as
estimated from k,. For these reasons, K, cannot be directly
measured in PAA-PEG coacervates. Instead, partitioning of dye
4 is used to approximate K, .- Dye 4 differs from imine 3 by
one C-atom, and estimates of their octanol—water partitioning
coefficients K,,, are similar (Table S1),*> suggesting that imine
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3 and dye 4 have similar chemical characteristics and should
partition similarly. The partitioning coefficient of dye 4 is large
at 0 M NaCl (138 + 5) and decreases with increasing
concentration of NaCl (Figure 3b), suggesting that partition-
ing is driven primarily by H-bonding. The partitioning
coefficient of dye 4 is significantly larger than those of amine
1 and aldehyde 2. Moreover, dye 4 retains the chemical
functionality of both amine 1 and aldehyde 2. Together, these
observations suggest that the Gibbs free energy of partitioning
AG®,,, of dye 4 can be approximated by the sum of AG®,,,, of
its constituents (amine 1 and aldehyde 2). Therefore, the
partitioning coeflicient of dye 4 is expected to scale with the
product of the partitioning coefficients of amine 1 and
aldehyde 2, which is consistent with our experimental results.

Imine Synthesis Reaction Energetics and Kinetics in
PAA-PEG Coacervates. After characterizing the concen-
trations of amine 1 and aldehyde 2 in the PAA-PEG coacervate
system, we studied the imine synthesis reaction in the
coacervate phase. First, the coacervate phase reaction
equilibrium constant K,.,,, was determined by measuring
imine 3 at different reactant concentrations using UV—vis
spectroscopy. Upon increasing the reactant concentration, the
concentration of imine 3 in the PAA-PEG coacervate visibly
increased (Figure 4a). Figure 4b shows the UV—vis spectra of
the PAA-PEG coacervate phase at different reactant concen-
trations. The concentration of imine 3 in the coacervate phase
was determined to be approximately 140 times larger
compared to the aqueous phase. Product concentration
enhancement in the coacervate likely arises (in part) due to
an increased concentration of reactants in the coacervate phase
compared to bulk solution. However, an increase in reaction
product concentration in the coacervate phase can also arise
from changes in reaction energetics due to the nature of the
distinct chemical environment in coacervate droplets.

We further sought to determine if intermolecular inter-
actions in the coacervate phase contribute to enhanced
product concentrations. By plotting the concentration of
imine 3 (determined from absorption at 530 nm) as a function
of the product of reactant concentrations in the coacervate
phase (calculated from the total reactant concentration in the
cuvette, their partitioning coefficients, and the relative volume
of the coacervate phase; Supporting Information), we
determined the reaction equilibrium constant in the coacervate
phase to be K, = (2.6 = 02) X 107> M~" at 0 M NaCl
(Figure 4c). It is possible that partitioning of imine 3 from the
aqueous phase could interfere with quantification of K, ., 50
the UV—vis absorption spectra were obtained with and without
the aqueous supernatant present in the cuvette. Results from
the UV—vis absorption spectra show that the concentration of
imine 3 is nearly identical between the two conditions (Figure
S8), suggesting that the imine 3 concentration measured under
both conditions is largely determined by reaction equilibrium
in the bulk coacervate phase. Moreover, K., ,, iS approx-
imately 2.7 times larger than K, ,, suggesting that imine
synthesis in the PAA-PEG coacervate is slightly enhanced
compared to bulk solution. K, ,, was also observed to increase
with increasing PAA concentration (Figure S7). Therefore, we
posit that the enhanced concentration of PAA in the
coacervate phase promotes acid-catalyzed formation of imine
3.* Our results suggest that reactions in coacervates can
generate enhanced concentrations of unstable chemical
products that are not accessible in bulk solution due to a
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Figure 4. Imine synthesis reaction energetics and kinetics in PAA-
PEG coacervates. (a) Series of images showing bulk PAA-PEG
coacervate at different equimolar total reactant concentrations. (b)
UV—vis absorption spectra of PAA-PEG coacervates at different
equimolar total reactant concentrations. (c) Equilibrium imine 3
concentration in bulk PAA-PEG coacervates versus the product of
reactant concentrations. The slope was used to calculate K, ., in
Figure 2.

combination of increased concentration of reactants and
intermolecular interactions with the polymeric species.

We next assessed the ability of PAA-PEG coacervates to
promote the synthesis of imine 3 under a variety of different
solution conditions. Reaction equilibrium constants were
measured in bulk PAA-PEG coacervates at different NaCl
concentrations using the same methods and controls described
above (Figures S8 and S9). As shown in Figure 2, Kineq 18
enhanced in PAA-PEG coacervates at all concentrations of
NaCl. Interestingly, even though both partitioning of the
individual reactants and K, ., vary considerably with changing
NaCl concentrations, reaction energetics within the coacervate
phase remain constant with changing solution conditions (e.g,,
average K., oo = (2.5 £ 0.3) X 107> M, dashed red line in
Figure 2). These results suggest that the reaction environment
within the coacervate phase remains relatively constant with
changing ionic strength. These results are consistent with prior
work reporting that the concentration of partitioned species in
coacervates remains constant during wet-dry cycles,” and that
coacervates can promote biochemical reactions under bulk
conditions in which they are otherwise prohibited.'” Overall,

these results show that PEG-PAA coacervation provides a
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means to maintain a constant, favorable reaction environment
for the imine synthesis reaction across a range of solution
conditions.

To further understand the increase in K, ., compared to
Kixnap we determined reaction rate constants for imine
synthesis. To decouple imine 3 synthesis from partitioning
to/from bulk solution, reaction kinetics were probed in
individual coacervate droplets deposited on a glass coverslip
without buffer solution. For these experiments, isolated
coacervate droplets were sealed in a chamber with a drop of
buffer solution, thereby minimizing water evaporation over the
time scale of the characterization experiments. Imine synthesis
reaction kinetics were determined by performing fluorescence
recovery after photobleaching (FRAP) experiments on the
individual coacervate droplets. Upon photobleaching entire
isolated (non-immersed) coacervate droplets, fluorescence
recovery only arises from chemical synthesis of new imine 3
(i.e., reaction dominant fluorescence recovery) because there is
no suspending medium to replenish the photobleached imine
3.*7°* Thus, photobleaching whole, isolated droplets provides
a method to trigger and measure imine synthesis reaction
kinetics within coacervate droplets.

Figure Sa shows snapshots of an isolated photobleached
coacervate droplet before, during, and after fluorescence
recovery for 5 min. The rate of fluorescence recovery in
isolated coacervate droplets was used to determine the reverse
rate constant k, in the coacervate environment (Figure Sc).
The reverse rate constant k, in PAA-PEG coacervates in 0 M
NaCl solutions was found to be (6.4 + 0.5) X 107> s}, which
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Figure S. Whole droplet FRAP measurements. Images of fluorescence
recovery of (a) a non-immersed and (b) immersed PAA-PEG
coacervate droplets (from 2 mg/mL macromolecule, fp,4 = 0.6) at 0
M NaCl. Scale bars represent 20 ym. (c) Fluorescence recovery traces
of non-immersed and immersed coacervate droplets. The slow
fluorescence recovery in non-immersed coacervate droplets arises
from imine synthesis and the fast fluorescence recovery in immersed
coacervate droplets arises primarily from imine partitioning.

is approximately 30% smaller than k, measured in aqueous
solution. Slower hydrolysis kinetics suggest that imine 3 is
slightly stabilized relative to the hydrolysis transition state in
PAA-PEG coacervate droplets, which arises from the decreased
water concentration expected in the coacervate®” and
stabilizing interactions between imine 3 and acidic PAA.*
We further determined k; in PAA-PEG coacervates in 0 M
NaCl solutions using values of K., ., and k,, and our results
show that k; = (12 + 0.1) x 10° M™! s7!, which is
approximately 2 times larger compared to aqueous solution.
Overall, our results show that k, is slightly slower in the
coacervate phase (suggesting stabilization of imine 3) and kg is
slightly larger in the coacervate phase (suggesting stabilization
of the transition state). Similar to K, . these individual rate
constants do not change in the coacervate phase with changing
NaCl concentration (Figure 2). Taken together, these
observations suggest that the reaction environment in the
coacervate phase remains similar with different solution
properties.

Small Molecule Reaction—Diffusion in PAA-PEG
Coacervate Droplets. Although rate constants and ener-
getics of imine synthesis have been systematically determined
in the coacervate phase, these parameters alone cannot be used
to describe reactions in coacervate droplets suspended in
aqueous solution. FRAP measurements of suspended or
immersed coacervate droplets (i.e., those surrounded by an
aqueous medium) show qualitatively different recovery kinetics
compared to non-immersed coacervate droplets (Figure Sb).
Coacervate droplets immersed in aqueous solution show much
faster recovery kinetics compared to similarly sized non-
immersed droplets because the immersed coacervate droplet is
in dynamic equilibrium with the surrounding solution, allowing
mass transport across the interface.*’ Although non-immersed,
isolated coacervate drops required chemical synthesis to
recover fluorescence intensity, fluorescence intensity in
immersed coacervates rapidly recovers as nonbleached imine
3 from bulk solution rapidly diffuses across the liquid—liquid
interface and into the coacervate droplet. These qualitative
observations suggest that fluorescence recovery in immersed
coacervate droplets is primarily controlled by rates of
diffusional mass transport instead of reaction equilibrium.
We quantify the relative rates of reaction and diffusion using a
dimensionless group known as the Damkohler number, as
discussed below.

The relative concentrations of imine 3 in individual,
immersed coacervate droplets were determined using confocal
fluorescence microscopy. Figure 6a,b shows representative
confocal microscopy images of immersed PAA-PEG coac-
ervates droplets at 0 and 1.0 M NaCl, respectively. The
fluorescence intensity is noticeably higher in coacervate
droplets in 1.0 M NaCl compared to those in 0 M NaCl
solution. The average fluorescence intensity in coacervate
droplets at different NaCl concentrations is shown in Figure
6¢. The average fluorescence intensity initially decreases with
increasing NaCl concentration until 0.4 M NaCl, after which
the fluorescence intensity increases upon increasing NaCl
concentration. As described above, our results suggest that the
chemical environment within PAA-PEG coacervate droplets
remains relatively constant at different NaCl concentrations.
Therefore, the average fluorescence intensity within droplets is
expected to be proportional to the concentration of imine 3
under different solution conditions. Thus, relative fluorescence
intensities of imine 3 are used to determine the relative
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Figure 6. Confocal microscopy images of PAA-PEG coacervate
droplets at (a) 0 M and (b) 1.0 M in solutions with 15 mM equimolar
reactant concentrations and 2 mg/mL total macromolecule
concentration. Scale bars represent 20 um. (c) Average fluorescence
intensity of 10—20 um PAA-PEG coacervate droplets is plotted on
the right-hand axis. Comparisons of equilibrium imine 3 concen-
trations arising from different equilibria processes in a 10 ym radius
coacervate droplet at a volume fraction of 0.005 are shown on the left
axis. [Imine]eqy}mrt is the partitioning equilibrium concentration,
[imine}eq,m is the reaction equilibrium concentration, and [imi-
nel.csim i the average imine concentration from the reaction—

diffusion model.

concentrations of imine 3 in PAA-PEG coacervates at different
concentrations of NaCl. However, both reaction and molecular
transport in coacervate droplets need to be quantified to
understand absolute imine 3 concentrations in immersed
coacervate droplets in aqueous solutions.

We next sought to quantify the relative influence of chemical
reaction rates and molecular transport. The concentration of
imine 3 in the coacervate phase is controlled by competing
equilibria: reaction equilibria and partitioning equilibria of
both reactants and products (Figure 1). The Damkohler
number Da is a dimensionless group that compares relative
time scales of reaction and transport in a chemical process. For
the imine synthesis reaction, the Damkohler number is given
by

D[Z — krrczuac

7D, (s)

where D, is the diffusion coefficient of the imine in the
coacervate, assuming a spherical droplet of radius r,,,. When
Da >> 1, the rate of transport is much slower than the rate of
reaction, and the concentration within the droplet can be
approximated by reaction equilibrium (ie, [imine].q,.,)-
When Da < 1, diffusional mass transport is much faster
than the reaction, and the concentration within the droplet can
be approximated by partitioning equilibrium (ie., [imi-
ne]eq,},art). When Da = 1, the rates of transport and reaction
are approximately equal.

To quantify the regimes of reaction—transport for coacervate
droplets, D,,, was measured in PAA-PEG coacervate droplets at
different NaCl concentrations by FRAP and photobleaching
only portions of entire droplets. D,, was found to decrease

with increasing NaCl concentration, ranging from D,,, = (1.5 +
02) X 1072 to (94 +£ 02) x 107 m?* s™ at 0 and 1.0 M
NaCl, respectively (Figure S10). For a coacervate droplet with
radius r,, = 10 pm (characteristic droplet size in our
experiments, as shown in Figure 6a,b), Da was found to be Da
= 0.05 and 0.07 in 0 and 1.0 M NaCl], respectively. Thus, imine
diffusion is faster than imine synthesis under all conditions.
However, Da is not < 1, so partitioning equilibrium is not
expected to completely dominate the system. In other words,
the imine synthesis reaction is expected to play a minor role in
determining concentration profiles in the coacervate. Broadly,
both reaction and diffusion need to be taken into account to
accurately quantify imine synthesis in coacervates.

We next sought to quantify the concentration of imine 3 in
coacervate droplets. The concentrations of imine 3 at reaction
([imine]eq‘m) and partitioning ( [imine]eqrpm) equilibria were
first compared to approximate concentrations in droplets with
very large and very small Da, respectively. For this comparison,
coacervate droplets were assumed to have a radius r., = 10
um and exist at a volume fraction f,,. = 0.00S, which is
consistent with experimental conditions where [macromolecu-
le]io = 2 mg/mL. Because Kinaq and Ky, coqc are generally
small, the concentrations of amine 1 and aldehyde 2 were fixed
at concentrations determined by their partitioning coeflicients.
First, [imine],y,, was determined at each NaCl concentration
using the concentrations of reactants in the coacervate droplet
and the average value of K, ., (Figure 6c). The
concentration of [imine]eq,rxn increases with increasing
concentration of NaCl, from 20 + 2 to 35 + 3 uM at 0 and
1.0 M NaCl, respectively. Next, [imine o, was determined
using the aqueous imine 3 concentration calculated from
aqueous reactant concentrations and K, ,, and experimentally
determined K5, (Figure 6c). These results show that
[imine oo is relatively constant with NaCl concentration,
increasing from 22 + 1 to 24 + 2 yM at 0 and 1.0 M NaC],
respectively. At low concentrations of NaCl (<0.4 M),
[imine]eqpm and [imine]eq,Part are approximately equal, which
suggests that the concentration of imine 3 can be predicted by
either partitioning or reaction equilibrium at all Da. However,
[imine]eq‘Part is less than [imine]eq‘rxn at high ionic strengths for
concentrations >0.4 M NaCl, which suggests that the
equilibrium concentration of imine 3 in coacervate droplets
varies depending on Da. The average fluorescence intensity of
imine 3 in 10 pgm radius PAA-PEG coacervate droplets was
nearly 40% smaller in 0 M NaCl solution compared to 1.0 M
NaCl. This relative change is smaller than that predicted by
[imine] (roughly 75%) but larger than that predicted by
[imineJoqpo (roughly 10%). Although these two equilibria
provide baselines for comparison, these results suggest that a
detailed reaction—diffusion model is needed to accurately
describe imine 3 concentrations within coacervates.

Quantitative Model for Reaction—Diffusion in Co-
acervate Droplets. To quantitatively describe the imine
synthesis reaction in the coacervate and aqueous phases, a
reaction—diffusion model was developed, which considers the
partitioning of small molecules and reaction rates in each phase
(Supporting Information). Reaction—diffusion models have
been previously used to understand coupled and sequential
enzymatic reactions in coacervate droplets.25’26 Here, coac-
ervate droplets are modeled as spheres suspended in a well-
mixed aqueous phase. Assuming droplets are distributed
uniformly in solution and do not coalesce, the volume of the
aqueous phase is determined from the coacervate droplet

eq,rxn
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radius r,,, and volume fraction f,,,. Imine synthesis proceeds
in both the aqueous and coacervate phases according to the
following rate law:

[imine]

= k; ,| [aldehyde], [amine], —

r[imjne] ,x

(6)

where (i)« is the rate of imine 3 formation, kg, is the
forward rate constant, K, . is the reaction equilibrium
constant, and the subscript x represents the phase (e.g,
aqueous (aq) or coacervate (coac)). The concentrations of
amine 1 and aldehyde 2 in the coacervate and aqueous phases
are determined using their experimentally measured partition
coefficients and f,,,. As noted above, the concentration of
reactants is assumed to be constant because K,,,,, < 1 and
K00 << 1. In this way, changes in the concentration of imine
3 are quantitatively modeled.

The species conservation equation for imine 3 inside the
coacervate droplet is given by a coupled reaction—diffusion
equation:

rxn,x

Jlimine] pen
ot = = DimV [lmlne]coac + r[imine],coac

(7)
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which can be written in spherical coordinates as
, O[imine]_,.
or + r[imine],coac

O[imine] . b [ (
—F =D, r
(8)

ot

To solve this partial differential equation, two boundary
conditions and one initial condition are needed. In brief, the
initial imine 3 concentration is zero, and the concentration of
imine 3 is assumed to rapidly reach an equilibrium value at the
coacervate/aqueous interface given by K., such that
[imine] ouc(r = oo t) = Ky pg[imine],q(¢). In this way, the
solubility of imine 3 at the coacervate/aqueous phase
boundary is set by a fixed ratio that is combined with a
continuity of mass flux condition to ultimately determine the
transport of imine 3 across the interface. The second boundary
condition assumes symmetry about the origin. Because
diffusion within the coacervate phase is much slower than
that in the aqueous phase, the aqueous phase is assumed to be
well mixed at all time points. The reaction—diffusion model
was numerically solved using a custom Python code.

The reaction—diffusion model was used to determine the
equilibrium concentration of imine 3 in PAA-PEG coacervates
at different NaCl concentrations (Supporting Information).
The experimentally determined parameters used in the model
are given in Table S2. The simulated average equilibrium
concentrations of imine 3 in the coacervate droplet at different
NaCl concentrations are shown in Figure 6c. As expected, at
low concentrations of NaCl (<0.4 M), [imine] ., qm agrees
with those predicted by both reaction and partitioning
equilibria. At larger NaCl concentration (>0.6 M), [imi-
ne] oucsim falls between [imine] and [imine] g, suggest-
ing that both reaction and transport contribute to the
coacervate concentration. Figure 6¢ also shows that [imi-
ne] acsim more closely matches the relative changes in average
fluorescence intensity in coacervate droplets than either
[imine o v, and [imine]og o [Imine]c,cim increases by 30%
from 0 to 1.0 M NaCl, which more closely matches the 40%
increase in fluorescence intensity. Slight differences in
[imine]mac’sim and fluorescence intensity trends might arise

eq,rxn
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from the approximated partition coeflicients of imine 3 and
small differences in the partitioning behavior of dye 4 and
imine 3. Ultimately, these results suggest that a complete
characterization of both reaction kinetics and transport in both
the coacervate and bulk solution phases is necessary to fully
understand small molecule reaction kinetics and distribution
within coacervate droplets.

Having validated our reaction—diffusion model, we sought
to use our model to understand how coacervates can promote
reversible chemistry under a variety of different conditions.
First, to understand how reversible reactions in coacervates
influence aqueous solution reactivity, the reaction—diffusion
model was used to explore the system at different values of £,
ranging from f,. = S X 107" to 0.2 in a 10 um radius
coacervate drop (Figure 7). Two different scenarios were
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Figure 7. Aqueous composition from imine synthesis in a PAA-PEG
coacervate drop (10 um radius) as a function of coacervate volume
fraction. (a) Aqueous imine concentration decreases with increasing
coacervate volume fraction at both 0 and 1.0 M NaCl. (b) Relative
shift in aqueous imine reaction equilibrium constant at different PAA-
PEG volume fractions in 0 and 1.0 M NaCl. The dashed line
represents the asymptotic shift in aqueous reaction equilibrium where
coacervate reaction and partition equilibria predict the same
concentration of imine 3.

simulated: (1) [imine],y ., & [imine]., . (i.e, PAA-PEG
coacervates at 0 M NaCl) and (2) [imine?iq,m # [imine]eq‘Part
(i.e, PAA-PEG coacervates at 1.0 M NaCl). For both
scenarios, larger values of f,,,. resulted in smaller concen-
trations of reactants in aqueous solution, which was associated
with a concomitant decrease in the simulated aqueous imine 3
concentration ([imine]aqlsim; Figure 7a). These results suggest
that reactions in coacervates are unable to significantly increase
aqueous concentrations of imine 3 because of its preferential
partitioning into the coacervate phase and instability in
aqueous solution.

In order to understand how reversible reactions
coacervates can affect bulk solution reactivity, [imine],qm
was compared to the imine 3 concentration predicted by the
aqueous concentration of reactants and K, ([imine]aqreq).
Here, the ratio of [imine] to [imine]:q,eq gives the

in

aq,sim
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fractional change in the apparent equilibrium constant due to
the reaction in coacervates. If the ratio of [imine],qy, to
[imine], ., is greater than unity, then the aqueous imine 3
concentration is larger than that predicted by K, and
reactions in coacervates boosted solution reactivity. Con-
versely, if the ratio is less than unity, then the aqueous imine 3
concentration is smaller than that predicted by K., and
coacervates lower solution reactivity. Interestingly, our results
show that reaction and partition equilibria predict nearly the
same imine 3 concentration in the coacervate droplet in the
case of 0 M NaCl solution, such that the ratio of [imine],q g,
to [imine]a%eq is close to 1 at all f,,’s (Figure 7b). These
observations suggest that enhanced reactivity and large
concentrations of imine 3 in coacervate droplets do not
necessarily boost reactivity in aqueous solution. On the other
hand, when reaction equilibrium predicts a larger imine 3
concentration than that predicted by partitioning equilibrium
such as in the case of 1.0 M NaCl solutions, then there is a net
flow of imine 3 out of the coacervate droplet to establish
partitioning equilibrium (Figure 7b). In this case, the ratio of
[imine ], i to [imine],q ., is greater than unity and increases
with larger values of f.,,. (Figure 7b). This ratio asymptotically
approaches the ratio of [imine]eq,, to [imine]. .. In this
way, there is a net flow of imine 3 from PAA-PEG coacervate
droplets at 1.0 M NaCl until the aqueous concentration
increases, such that partitioning and reaction equilibria predict
the same concentration of products. Although this asymptotic
relationship is expected to be universal for reversible reactions
in coacervate droplets, the system behavior is dependent on
the characteristics of the reaction and coacervate. For example,
increasing droplet size inhibits the ability for coacervate
droplets to shift reaction equilibrium in aqueous solution due
to their smaller surface-to-volume ratios, which slows diffu-
sional flux between the two phases (Figure S11). Thus, the
ability for coacervate droplets to change bulk solution
reactivity strongly depends on both molecular transport and
how reaction energetics shift within the coacervate.

The reaction—diffusion model was further used to under-
stand how changing Da affects the internal distribution of
reaction products within a coacervate droplet. Although the
reaction rate inside the coacervate droplets is constant, Da is
varied by changing r,,,. At small r,,,, diffusional mixing is fast
and Da is small. Conversely, at large r,,, diffusional mixing is
slow and Da is large. Similar to the results with changing
volume fraction, two scenarios are described: imine synthesis
in PAA-PEG coacervates in 0 and 1.0 M NaCl. Simulations
were performed at different r,,,. values with a small volume
fraction of f,,. = 1 X 107" using the kinetic parameters
described in Table S2. Figure 8a shows the equilibrium imine 3
concentration in coacervate droplets of different sizes at 0 M
NaCl (i.e., conditions in which partition and reaction equilibria
give roughly the same concentration of products). In this
scenario, the concentration of imine within the coacervate
droplet remains roughly constant for all r,,, values, and slow
transport to the interface does not significantly influence imine
3 concentration. Conversely, in 1 M NaCl (when [imine]
is larger than [imine].q,.), steep chemical gradients form
within the coacervate droplet as r,, and hence Da both
increase (Figure 8b). At small r,,,,, the concentration of imine
3 at all points within the droplet is given by [imine].q
However, as the r,,, increases and diffusional mixing slows, the
concentration of the reaction product at the center of the
droplet approaches [imine Joq .. At large 7, (and hence large
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Figure 8. Reaction—diffusion model simulations of radial distribution
of imine 3 concentration for differently sized coacervate droplets at
low volume fraction (1 X 10™*) in (a) 0 M and (b) 1.0 M NaCl. The
dashed black line shows the concentration of imine 3 predicted by
partitioning equilibrium. The dashed red line shows the concentration
of imine 3 predicted by reaction equilibrium. Steep chemical gradients
form within the coacervate droplet when Da > 1 and [imine] eqpart 7
[imine Joq ren-

Da), the concentration of imine 3 throughout most of the
droplet exists at [imine].q,, and the concentration only
approaches |:imine]eq’part close to the droplet interface. Thus, a
stable imine 3 chemical gradient and spatial heterogeneity can
form within the coacervate droplets when Da is greater than 1.
Although not explicitly included in the model, coacervate
droplet coalescence leads to larger droplets (and hence larger
Da) and would promote the formation of chemical spatial
heterogeneity. Ultimately, chemistry and the distribution of
small molecule reaction products within a coacervate droplet
are only understood with careful characterization of both
reaction kinetics and transport in both phases of a coacervate
system.

B CONCLUSIONS

In this work, we systematically describe how reaction kinetics
and energetics of a reversible bimolecular chemical reaction
(imine synthesis) change inside coacervate droplets compared
to bulk solution. The concentration of imine 3 was found to be
approximately 100—140 times larger in coacervate droplets
compared to bulk solution under all solution conditions
measured here. The large concentrations of imine 3 observed
in coacervate droplets are not achievable in bulk solution due
to the low aqueous solubility of the reactants (amine 1 and
aldehyde 2) and the small reaction equilibrium constant Kinaq:
The enhanced imine 3 concentration within coacervate
droplets arose from both preferential partitioning of reactants
and products into the coacervate phase and a slight shift in the
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reaction equilibrium constant within coacervates to favor
product formation. Depending on the solution condition,
K. c0ac Was measured to be roughly 2—3 times larger than
Kinaq- The shift in the equilibrium constant was understood to
arise from acid-catalyzed promotion of imine 3 driven by the
high concentration of PAA in the coacervate droplet.”” Thus,
through increased reactant concentrations and shifted reaction
energetics, coacervate droplets can act as micro-reactors
capable of abiotically promoting reversible bimolecular
reactions to form larger, higher energy molecules (i.e., increase
molecular complexity).

The synthesis of fluorescent imine demonstrates how stable
concentration gradients form from reversible reactions inside
coacervate droplets, and further, how coacervate droplets can
change the chemical composition of the surrounding medium.
Because coacervate droplets are membraneless compartments,
molecules diffuse freely across the liquid—liquid interface and
within the droplet. However, coacervate droplets can also be
highly viscous, leading to slow diffusion. The competition
between partitioning and reaction equilibrium leads to
chemical gradients within a droplet, potentially making
product quantification within a coacervate droplet difficult to
understand. In the limit of Da >> 1, spatial chemical gradients
form inside coacervate droplets, which leads to a difference in
the product concentration predicted by reaction and
partitioning equilibria. In this case, a net flow of product
between the two phases will attempt to equalize reaction and
partitioning equilibria. Depending on the concentration of the
coacervate droplets in solution, this can result in an apparent
shift in reaction equilibrium in the surrounding aqueous
solution. Ultimately, measurements of both reaction and
transport are necessary to understand reaction kinetics and
the spatial distribution of reaction products within coacervate
droplets.

Shifts in reaction equilibria and larger concentrations of
products from the imine synthesis reaction in coacervate
droplets demonstrate how compartmentalization in coacervate
droplets might provide a mechanism to drive energetically and
kinetically unfavorable reactions in aqueous solution. Although
the imine synthesis reaction leads to a modest increase in
molecular complexity, the ability for coacervates to sequester a
wide variety of small molecules could promote multiple
different reaction pathways to drastically increase chemical
complexity. Thus, these results may suggest a mechanism by
which coacervate droplets could promote abiotic synthetic
chemistry to produce autocatalytic molecular species relevant
to the origin of life.>> In addition, given that substrate
interactions with macromolecules in a molecularly crowded
environment can affect enzyme kinetics,® the results here
demonstrate how coacervate droplets could promote substrate
channeling in enzymatic reaction pathways by slightly
stabilizing labile intermediates.>” Our results suggest that,
beyond the biomolecular processes that are typically studied,’
compartmentalization within coacervates can potentially
influence or accelerate a wide variety of small molecule
reactions.
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