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Living cells harvest energy from their environments to drive the chemical processes that enable life.
We introduce a minimal system that operates at similar protein concentrations, metabolic densities,
and length scales as living cells. This approach takes advantage of the tendency of phase-separated
protein droplets to strongly partition enzymes, while presenting minimal barriers to transport of
small molecules across their interface. By dispersing these microreactors in a reservoir of substrate-
loaded buffer, we achieve steady states at metabolic densities that match those of the hungriest
microorganisms. We further demonstrate the formation of steady pH gradients, capable of driving
microscopic flows. Our approach enables the investigation of the function of diverse enzymes in
environments that mimic cytoplasm, and provides a flexible platform for studying the collective
behavior of matter driven far from equilibrium.

The interior of cells can be highly crowded, with vol-
ume fractions (φ) of about 20% for E. coli [1–5]. This
means macromolecules cannot diffuse their own diameter
without colliding with others. On top of these tight spa-
tial constraints, a large fraction of these macromolecules
are enzymes [6–9], which catalyze chemical reactions that
release energy, creating transient mechanical stresses and
chemical gradients. While this crowded and active mi-
lieu is an essential feature of the cytoplasm [10–14], we
usually study the function of its molecular components,
and even its collective behavior in dilute conditions, not
very far from equilibrium. Working with dilute systems is
an attractive alternative to working directly in the cyto-
plasm because it allows us to isolate the key elements that
we want to study. On the other hand, without crowding
and high metabolic densities, we fail to capture essential
features of enzymes’ physical and chemical niche.

In recent years, the molecular cell biology community
has come to appreciate the essential role that membrane-
less organelles play in compartmentalizing the biochem-
istry of the cytoplasm [15–20]. These condensates of pro-
teins and nucleic acids sequester enzymes and/or their
substrates to regulate their activity [12]. Essential ele-
ments of membraneless organelles can be reconstituted in
vitro, typically based on disordered proteins with weak-
multivalent interactions [21]. Reconstituted and engi-
neered condensates have been shown to be able to parti-
tion enzymes [14, 22–28], and therefore their activity.

Here, we introduce a flexible approach to study en-
zymes in an environment that simulates the crowding
and activity of the cytoplasm, while still being simple
enough to understand and control. We exploit molec-
ular crowding to generate dense liquid protein conden-
sates that strongly partition enzymes, while allowing for
unhindered diffusion of their small-molecule substrates
and products. Loading droplets with model enzymes (L-

lactate dehydrogenase (LDH) and urease) and dispers-
ing them in a reservoir of substrate, we achieve steady-
state metabolic densities as high as any reported in cells.
While the kinetics of urease are unaffected by compart-
mentalization, we observe a significant increase in the
catalytic efficiency of LDH. For urease-loaded droplets,
we observe a steady self-generated pH gradient, an es-
sential feature of living systems. This pH gradient gener-
ates spontaneous flows within the droplets, reminiscent
of cytoplasmic streaming.

Inspired by membraneless organelles within cells,
we partition enzymes inside phase-separated protein
droplets, as shown in Fig. 1a. A host protein is driven
to form a membraneless droplet through crowding by
a polymer [10]. This non-specific crowding not only
drives the formation of droplets, but will facilitate the
efficient partitioning of enzymes into them [31]. Since
small molecules are only weakly affected by the crowding
agent, they can readily diffuse in and out of the droplet.
In this way, trapped enzymes are easily fed by diffusion,
and product can rapidly diffuse out. In principle, an
isolated droplet with a perfectly partitioned enzyme can
maintain arbitrarily high metabolic rates without run-
ning out of substrate. To avoid significant local heating
and minimize gradients of activity across droplets, they
should be on the micrometer scale, see discussion in the
Supplement and [32, 33].

We demonstrate this general approach using bovine
serum albumin (BSA) as the host protein and 4 kDa
poly-ethylene glycol (PEG) as crowding agent. In our
standard conditions, we prepare a solution with average
concentrations of 232 mg/mL PEG and 37 mg/mL BSA
in potassium phosphate buffer, and the system sponta-
neously separates into two phases, a BSA-rich droplet
phase (434 ± 7 mg/mL BSA and 25 ± 3 mg/mL PEG)
and a PEG-rich continuous phase (243 ± 4 mg/mL PEG
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FIG. 1. Liquid-liquid phase separation of BSA droplets and LDH metabolic activity. a, Schematic representation of
the active liquid-liquid phase separated protein droplets with partitioned enzyme. The substrate is present in the continuous
phase and can freely diffuse inside the droplets, while the product formation catalyzed by the enzyme in the droplet phase
can diffuse out. The relative concentrations are not drawn to scale. Left side: confocal microscopy images of droplets with
labelled protein (BSA) and enzyme (LDH). Top to bottom: bright-field channel, fluorescent BSA and LDH channels. b, Phase
diagram of the PEG-BSA phase separated droplets. The green square denotes the overall composition of the droplet suspension
at the chosen working condition. White circles represent the compositions of the two phases at the working condition. The
dashed line indicates tie line connecting these two compositions. c, Substrate production in a φ = 3% dispersion of droplets in
supernatant with an LDH concentration of 3.3 µM in the droplets in the presence of 1 mM pyruvate and 2 mM NADH (black)
and in the same system after the droplet phase was removed by centrifugation (red). See SI for the calculation of enzyme
concentration inside the droplets. d, Velocity values at different pyruvate concentrations of droplets containing 3.3 µM LDH,
dispersed in supernatant (black) compared to that obtained in buffer using 2 nM LDH (cyan). The velocity values have been
fitted using the substrate inhibition equation [29]. Inset of panel d, kinetic parameters of droplets containing-LDH compared
to those of free LDH in buffer. The values of kcat and KM have been calculated by plotting the velocity values from 0.1 to
1.3 mM pyruvate (values without substrate inhibition) using the Michealis-Menten equation [30]. The graph is reported in
Supplementary Fig. S3. e, Different metabolic rates obtained varying the enzyme (concentration of LDH in the droplets 50,
80, 136 and 170 µM respectively) and substrate concentrations (1, 2 and 5 mM pyruvate) in the presence of 10 mM NADH.
The volume fractions (φD) used in these experiments and the trends of lactate production over time at different enzyme and
pyruvate concentrations are reported in Supplementary Fig. S4. f, Sustained high metabolic rate for LDH (80 µM inside the
droplets) in presence of 5 mM NADH and 1 mM pyruvate. Inset: activity of 80 µM LDH in solution in the presence of 2 mM
NADH and 1 mM pyruvate. g, Confocal images of the droplets partitioning labelled LDH during sustained activity at different
times, at the same conditions (LDH, pyruvate, NADH concentrations, and volume fraction) as in panel f. All scale bars are
50 µm.

and 13 ± 1 mg/mL BSA). In these conditions, the vol-
ume fraction of the BSA-rich phase was determined to
be φ = 3 ± 2%, as described in Supplementary Materi-
als. The full phase diagram of this BSA-PEG system is
shown in Fig. 1b. With this system, we can vary the con-
centration of BSA in the droplets from about 350 to 500
mg/mL. Note that these are somewhat higher than the
values reported for the concentration of protein in typ-
ical cytosol [34–37]. The viscosity of the droplet phase

was determined by particle tracking microrheology to be
2.1 Pa s, about 2000× that of water (Fig. S1), and com-
parable to values reported for the cytoplasm [38, 39].
Thus, proteins in the droplet phase are highly crowded
in a manner similar to the cytoplasm. Note that the two
phases can be separated by centrifugation, which allows
us to adjust φ at will by diluting the BSA-rich phase with
the desired quantity of the PEG-rich phase.

As a proof of concept, we chose to work with the en-
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zyme L-Lactate dehydrogenase (LDH), whose substrate
and product are pyruvate and lactate, respectively [40]
(Fig. S2). Fluorescent imaging of tagged LDH (Fig. 1a)
qualitatively shows that it partitions well to the droplet
phase. To quantify this with unlabelled enzyme, we pre-
pare the droplet and continuous phases equilibrated in
the presence of enzyme. Then, we compare lactate pro-
duction at φ = 3% and φ = 0% (where droplets have
been removed by centrifugation). The global rate of lac-
tate production at φ = 3% is about 100× faster than
φ = 0%, estimated from the early time lactate production
rate in Fig. 1c. Thus, LDH is strongly partitioned to the
droplet phase. With these results, we can now compare
the kinetics of LDH in the BSA-rich phase and in buffer
(Fig. 1d). At all substrate concentrations, the LDH reac-
tion velocity, V , is higher in the droplets than in buffer.
Michaelis-Menten parameters are reported in the inset of
Fig. 1d. While the Km values are nearly identical, kcat
increases significantly. Expressed in terms of catalytic ef-
ficiency, we find kcat/Km = 2131 ± 520 s−1mM−1 in the
two-phase system and kcat/Km = 1229 ± 276 s−1mM−1

in buffer, the latter in agreement with literature values
[41]. Note that the catalytic efficiency in the supernatant
is identical to plain buffer (Fig. S3). Compartmentaliza-
tion and crowding therefore lead to a significant enhance-
ment of the kinetics of LDH. Note that the reaction veloc-
ities decrease above 1.3 mM pyruvate concentration (Fig.
1d). This substrate inhibition effect is well documented
for LDH in buffer [42, 43] and is characterized by the in-
hibition constant, Ki, which we find to be unchanged by
compartmentalization.

The rate of consumption of chemical energy inside the
droplets, Q̇, determined by the standard enthalpy of the
reaction and the measured reaction rates, is shown in Fig.
1e. With metabolic densities approaching 1 MW/m3

(Figs. 1e and S4), these droplets exceed the metabolic
rates of even the most voracious unicellular organisms
[44].

Reducing the volume fraction of the droplets 3000× to
φ ≈ 10−5, the reaction can run steadily for more than
one hour (Fig. 1fg). By contrast, a simple LDH solu-
tion at the same metabolic rate would consume all the
pyruvate in less than 5 sec (Fig. 1f, inset). Thus, par-
titioning enables a thousand-fold increase in lifetime for
experiments with concentrated enzymes.

To directly visualize the localization of the enzymatic
reaction to the droplet, we switched from LDH to urease.
This enzyme hydrolyses urea to produce carbon dioxide
and ammonia, a strong base [45] (Fig. S2). Thus, the lo-
cal effect of urease can be visualized using a pH-sensitive
fluorescent dye. Before imaging the localization of the
reaction, we checked the partitioning of urease to the
droplets (Fig. 2a) and characterized its reaction kinet-
ics macroscopically. For unlabelled urease, macroscopic
measurements revealed that the rate of ammonia produc-
tion was more than 400-fold higher at φ = 0.03% than

φ = 0%, as shown in Fig. 2b. This implies that the
reaction, as it was for LDH, is strongly partitioned to
the droplet phase. However, we notice that the catalytic
efficiency of urease is slightly decreased in our droplets
compared to our standard buffer conditions (Fig. 2c).
Specifically, kcat/Km = 781 ± 107 s−1mM−1 in the
droplets and 2000 ± 290 s−1mM−1 in standard buffer
[46]. Notably, Km increases 3-fold in the droplets phase
(Fig. 2c) while the kcat slightly increases (Table inset in
Fig. 2c). However, kcat and Km in the supernatant phase
are identical to theirs value within the droplets (Fig. S5).
Therefore, confinement and crowding has no significant
effect on urease kinetics.

To directly visualize local changes in pH we used a
pH-sensitive dye (SNARF-1) (Fig. S6). In the absence
of urea (Fig. 2d, control), the pH inside the droplets
over time is stable at the buffered value of 7.0-7.2. On
the contrary, adding 50 and 100 mM urea, the local
pH inside the droplets increases over time to a plateau
around pH 8.5-9.0, as shown in Fig. 2d and in the same
timescales, the global pH of the reaction mixture in-
creases only slightly from 7.2 to 7.3 (Fig. S7). These ex-
periments confirmed that the local pH inside the droplets
is changing quickly while the global pH of the reaction
mixture is stable. Thus, compartmentalization of ure-
ase into droplets creates a stable pH gradient. Interest-
ingly, the pH change inside the droplets is not only de-
pendent on the urea concentration but also the droplet
radius (Fig. 2f and Fig. S8). The plateau pH inside the
droplets increases with droplet radius, suggesting signif-
icant transport-limitations (Fig. 2f).

To characterize small molecule transport in the urease-
loaded BSA droplets, we added rhodamine-B to the con-
tinuous phase. In the presence of urea, transport of the
dye into the droplet was asymmetric, suggesting advec-
tion, Fig. 3a. Time-lapse imaging of partitioned fluo-
rescent nanoparticles revealed an underlying flow, with
a magnitude of about 0.1 µm/s (Fig. S9). This internal
flow is modified by the presence of nearby droplets shown
by the time-lapse images in Fig. 3b. Flow across the
center of each droplet points toward its neighbor. This
suggests that concentration gradients created by enzy-
matic activity could drive flow in nearby droplets. Since
we observe flow only with active urease-loaded droplets,
we hypothesized that this flow could be due to local pH
gradients.

To test this, we generated a pH gradient by releasing
supernatant adjusted to pH 8.4 and tagged with fluo-
rescein isothiocyanate (FITC) from a micropipette close
to the droplets. We observed similar flow patterns to
those exhibited by the active droplets, directed toward
the pipette (Fig. 3c, Fig. S10).

To quantify the coupled flow of adjacent droplets, we
tracked the particle trajectories shown in Fig. 3b. Ex-
ploiting the steady nature of the flow, we calculated the
velocity within the droplet at each point on a grid. The
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FIG. 2. Evaluation of partitioning, kinetic characterization and pH change generated by urease activity inside
the droplets. a, Confocal microscope image of Alexa Fluor 488-labelled urease at 1.0 µM inside the PEG-BSA droplets
(scale bar is 20 µm). b, c Urease activity measurement in the droplets and supernatant and in the supernatant only and
Michelis-Menten curves of urease in the droplets and supernatant and in buffer. Inset of panel c, kinetic parameters values of
droplets containing-urease compared to those of free urease in buffer. The concentration of urease in the activity measurements
is 1 µM in the droplets and supernatant and 0.3 nM in buffer. d, Visualization of the pH change in the droplets containing 1
µM urease at different times using two different concentration of substrate (50 and 100 mM urea) along with the control (no
substrate). Scale bars are 50 µm. e, f, Evaluation of the pH change over time and radius in the droplets containing 1 µM urease
at different urea concentrations.

resulting velocity field, shown as gray arrows in Fig. 3d,
indicates fluid speeds from zero to 0.15 µm/s, comparable
to velocities observed during cytoplasmic streaming, e.g.
[48]. Interestingly, the sharpest gradients in the fluid ve-
locity are found near the edges of the droplets (Figs. S11
and S12). Combining this information with the droplet
viscosity, we determined the apparent shear stresses at
the droplet interface, which have a magnitude of 10 mPa
(red arrows in Fig. 3d).

We identify two distinct mechanisms that could un-
derlie the observed flow: a classical mechanism involv-
ing the surface, and a novel mechanism driven in the
bulk. Both provide qualitatively similar flow profiles
within the droplet (see SI for details). In the first mech-
anism, gradients of pH create gradients of the interfacial
tension between the droplet and continuous phases, γ
[49]. This Marangoni effect gives a characteristic veloc-
ity (∂γ/∂c)∆c/ηin. Here, c is the concentration of the pH
determining species and ∆c is the scale of its difference
between the source and buffer. In the second mecha-
nism, proteins in the bulk create a diffusiophoretic flow
throughout the droplet, due to the confining effects of the
densely-packed proteins and the surrounding medium,
reminiscent of the osmotic flows due to non-contact in-
teractions [50]. In this mechanism, the velocity scale is

given by ξkBTR∆c/ηin, where ξ captures the effective
confining force experienced by each protein. Related dif-
fusiophoretic effects have recently been shown to lead
to protein organization and transport through establish-
ment of chemical gradients, via diffusiophoresis [51, 52].
Interestingly, the two velocity scales depend differently
on the droplet radius, favoring the bulk-driving mecha-
nism for larger droplets.

To test the feasibility of pH-driven Marangoni flows,
we inferred surface tension differences along the droplet
interface and quantified the pH-dependence of the sur-
face tension. Integration of the shear stresses along the
droplets’ edge gives us the relative surface tension at each
point along the interface (Figs. 3e and S13). The inferred
surface tension is lower close to neighboring droplets, and
the magnitude of the surface tension differences across
the droplet is about 0.5 µN/m. To determine whether
these surface-tension differences could be driven by pH,
we applied the sessile drop method [47] to measure the
equilibrium surface tension between the droplet and con-
tinuous phases at different values of pH (Fig. S14). We
observed a significant reduction of the surface tension
from roughly 40 µN/m at below pH 7.6 to 23 µN/m above
pH 8.2 (Fig. 3f). These alkaline pHs are readily achieved
during the urease reaction (Fig. 2), and fit with the ob-
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FIG. 3. Activity induced flow. a, Fluorescent intensity of rhodamine diffusing in an active droplet (1 µM urease in the
droplet, 100 mM urea) after 200 seconds from addition (red), overlapped on the time projections of fluorescent tracers (black).
b, Time projection of fluorescent intensity for a group of three active droplets (1 µM urease in the droplet, 100 mM urea).
The tracks show the color-coded trajectories of fluorescent tracers. c, Time projection of fluorescent intensity for a droplet and
micro-pipette. The tracks show the color-coded trajectories of fluorescent tracers, while the dark halo the released solution.
d, Shear stress vectors calculated at the droplets’ edges (red arrows) overlapped on the fluid velocity field (grey arrows) for
the droplets in panel b. e, Delta surface tension integrated along the droplets’ edges overlapped on the fluid velocity field
(black arrows) for the droplets in panel b. f, Box plot of surface tension difference between the supernatant and droplet phase
as a function of the pH of the supernatant, calculated with the sessile drop method [47] (inset). For each point 20 droplets
were analyzed. The droplet in the inset has a radius, at its widest point, of 600 µm. g, The induced flow field inside (black
arrows) and outside (blue arrows) of the droplet in the micro-pipette experiment, obtained from the theoretical model (see SI
for details). Time projection of the flow trajectory inside the droplet is shown in the inset. All the scale bars are 20 µm.

servation of reduced surface tensions for nearby droplets.

A quantitative comparison of theory and experiment
requires detailed information on the pH profile, includ-
ing the continuous phase. For simplicity, we focused on
the micro-pipette experiment and ignored the action of
the buffer. In this approximation, the concentration of
pH-determining species falls off roughly like 1/r, and the
predicted velocities from a pure surface-tension driven
flow are 100-fold too large, as discussed in the Supple-
ment. This, however, could be countered by diffusio-
phoretic flow to generate velocity scales comparable to
those observed in the experiments, as shown by the sim-
ulation of the micro-pipette experiment in Fig. 3g.

We have shown that enzymatic reactions can be
strongly compartmentalized into crowded protein-rich
droplets, reaching steady metabolic rates that are as
high as any reported in a living system. Interestingly,
LDH assays show a significant increase in catalytic effi-
ciency in the droplets suggesting that crowding and con-
finement might have unappreciated effects on enzymatic

activity. Furthermore, we create steady pH gradients,
mimicking an essential feature of pre-biotic conditions
[53–55]. Generally, the free-energy stored in these pH
gradients are capable of doing work. Specifically, we
showed enzyme-generated pH gradients can drive steady
flow within droplets, mimicking cytoplasmic streaming
[56, 57].

Our work opens a number of new research direc-
tions. In biochemistry, the effects of crowding and high
metabolic density on enzyme activity and protein folding
are a paramount challenge. [58–61] Our approach facili-
tates metabolic engineering, through the compartmental-
ization of enzymatic cascade reactions [62–65]. Further-
more, the biocatalysis applications compartmentalization
are vast, including continuous biochemical synthesis of
small molecules in droplet microreactors [31, 66].

Further, our approach provides a flexible platform for
studying of materials driven far from thermodynamic
equilibrium, yet in steady state. At the continuum scale
it enables investigations of how activity can affect ma-
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terial properties, and drive new types of flow. At the
molecular scale, the ability to create strong concentra-
tion gradients in steady state will enable a mechanistic
understanding of the emerging phenomenon of enzyme
chemotaxis [67–69]. Enzymatic activity might drive novel
behaviors, including the emergence of early metabolic
pathways, motility, or division [70, 71].

Our active droplets may also serve as microscopic ‘test
tubes’ for the reconstitute of higher-order biological func-
tion, including the studies on the origin of life [72–77].
Experimental studies of primitive protocell models based
on compartmentalization [78–85] have advanced tremen-
dously in the recent years and complement the present
work.
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