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I. Supplementary Methods

(A) Determination of rate constants of the chemical reaction cycle. The concentration
profiles of the precursor and its corresponding anhydride (product) were determined by HPLC,
whereas NMR quantified fuel and waste.

Due to the instability of the product, a quenching technique was used with an amine that
converts the product into a quantifiable amide'3. To a solution (145 uL) of 10 mM precursor
in 200 mM MES at pH 5.3 was added a solution (5 pL) of 5-20 mM DIC in acetonitrile in an
HPLC vial. After each time point, 10 pL of the reaction mixture was added to 20 pL of an
aqueous solution of ethylamine (400 mM). The resulting clear solution was then injected into
the HPLC, and the concentration of the precursor and product was calculated from the
resulting peak integrals.

Quantification of fuel and waste: 5-20 mM DIC was added to a solution (1 mL) of 200 mM
MES at pH 5.3 and vortexed for 30 s to dissolve all DIC. The sample also contained 10 vol%
D20 and 80 mM acetonitrile (ACN) as a reference. 10 mM precursor was added to 500 pl of
this solution. The solution was vortexed and added to an NMR tube. 'H-NMR measurements
were performed on a 300 MHz NMR every 5 min until no more DIC was detected. The
concentrations of fuel and waste were then calculated from the peak integrals, which were
compared with the acetonitrile reference. The chemical shifts of the compared signals were
'H NMR (300 MHz, D20O): ACN & (ppm) = 2.07 (s, 3H, CH3), DIC & (ppm) = 1.22-1.23 (d, 12H,
CH3), DIU § (ppm) = 1.09-1.10 (d, 12H, CH3).

The obtained data from the HPLC and NMR experiments were then fitted via a kinetic model

in python.

(B) Kinetic model.

The reaction cycle in a homogeneous system is described in a kinetic modeled according to
the following mechanism:
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Ac is the dicarboxylic acid, F is the fuel, | is the intermediate O-acylurea, W is the waste, and

An is the anhydride.



The mechanism translates into the following set of differential equations:

-
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We then applied steady-state approximation to obtain:
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Experimental data were fit to the equation system (2) using a custom program in Python 3

(kinmodel, https://github.com/scotthartley/kinmodel) previously published by the group of

Hartley and applied to similar systems®. To calculate concentrations of precursor and product

under continuous fueling, the change in fuel concentration was set to 0 (%=0).

(C) Determination of the partitioning and concentration of molecules inside and outside
of the droplet phase. To determine the amount of precursor, product®, and fuel in the dilute
phase and inside passive droplets for the phase diagram, we measured their concentrations
using HPLC, fluorescence spectroscopy, and NMR.

For the precursor, we quantified the fraction of the precursor that remained in the dilute phase
of passive droplets by HPLC. 5 mM pSS was added to a solution containing 10-x mM
precursor and x mM product* (total peptide concentration = 10 mM) or 20 mM precursor
(without product®) in 200 mM MES at pH 5.3. The turbid suspension (V = 150 uL) was
vortexed, incubated for 5 min, and then centrifuged for another 15 min at 20,412xg. 100 pL of
the supernatant was removed and added into an HPLC inlet. 1 yL of NaCl (4 M) aqueous
solution was added to dissolve residual turbidity. The resulting clear solution was injected into

the HPLC and compared to a solution containing 10-x mM precursor or 20 mM precursor



without pSS to calculate the fraction of precursor that remained in the supernatant after droplet
formation.

Product*: we quantified the fraction of product* as a measure for the anhydride product that
remained in the dilute phase of passive droplets by fluorescence spectroscopy because its
concentration in the supernatant could not be determined accurately via HPLC (peak overlap
with the precursor, low fraction remaining in supernatant). Therefore, we used NBD-G(RG)3N-
NH: (fluorescent analog of product*), which partitions similarly into the droplet phase as
product*®. To a solution of 10-x mM precursor and x mM product* (total peptide concentration
=10 mM) or 2 mM product® (without precursor) in 200 MM MES at pH 5.3 with 1 yM NBD-
G(RG)3N-NH2 were added 5 mM pSS. The turbid suspension (V = 150 uL) was vortexed,
incubated for 5 min, and then centrifuged for another 15 min at 20,412xg. 100 pL of the
supernatant was removed and added into an Eppendorf tube. 1 uL of an aqueous solution of
NaCl (4 M) was added to dissolve residual turbidity. The fluorescence of the sample was then
measured on the fluorimeter (Excitation at 467 nm, emission at 526 nm). To account for the
dependence of the fluorescence of dyes on their environment®, we prepared an identical
sample without NBD-G(RG)3N-NH2. we added the supernatant (96 pL) to an Eppendorf tube
containing 1 uL of an aqueous solution of NaCl (4 M). To the clear solution, we then added 1
MM NBD-G(RG)3N-NH2 (4 pL) as in the previous sample and measured its fluorescence
intensity. The intensity ratio between these two samples was used as the fraction of the
fluorescent molecules that remained in the supernatant.

Fuel: we quantified the fraction of fuel partitioned into the droplet phase of passive droplets
using NMR. To avoid the reaction of precursor and fuel, passive droplets consisting only of
product* and pSS were used. 10 mM DIC (1.55 pl) was added to a solution (1 mL) containing
2 mM product* and 5 mM pSS in 200 mM MES at pH 5.3. The solution was vortexed and
incubated for 5 min. The sample was centrifuged for 5 min at 20,412xg and the supernatant
was carefully removed. The residual coacervate phase (about 1 uL) was dissolved in a
solution (50 pL) containing 400 mM NaCl, 560 mM borate buffer at pH 10, 80 mM ACN as
standard, and 20 vol% D.O. The high pH prevents further hydrolysis of DIC between sample
preparation and measurement. the DIC concentration was determined by 'H-NMR
spectroscopy. Blank measurements without droplets were performed to account for residual
DIC containing dilute phase on the walls of the sample containers after the removal of the
supernatant. As a blank, 10 mM DIC was added to a solution (1 mL) containing 200 mM MES
at pH 5.3. The blank solution without droplets was treated similarly to the solution with droplets.
The sample was centrifuged for 5 min at 20,412xg and the supernatant was carefully
removed. A solution (50 pL) containing 400 mM NaCl, 560 mM borate buffer at pH 10, 80 mM
ACN as standard, and 20 vol% D-O was added and the DIC concentration was determined

by '"H-NMR spectroscopy. The concentrations of fuel were then calculated from the peak



integrals which were compared with the acetonitrile reference and corrected by the blank. The
chemical shifts of the compared signals were 'H NMR (500 MHz, D.O): ACN § (ppm) = 2.07
(s, 3H, CH3), DIC 6 (ppm) = 1.22-1.23 (d, 12H, CH3).

Combined with the total volumes of the droplet pellets (see method below), we calculated the
partitioning of the individual molecules in passive droplets (Table S1-3). The resulting error
bars of the concentration inside the droplets (cin) and the partitioning coefficient (K) represent
the accumulated standard deviation from the experiments measuring the fraction of molecules

in the supernatant (cout) and the total volumes of the coacervate pellets.

(D) Determination of total droplet volumes. To calculate the partitioning of the precursor,
product*, and fuel in the droplet phase for the phase diagram, the total droplet volume was
estimated via a centrifugation assay. For that, samples (200 uL) of passive droplets containing
10-x mM precursor and x mM product* (total peptide concentration = 10 mM), 20 mM
precursor (without product), or 2 mM product* (without precursor) in 200 mM MES at pH 5.3
with 15 pyM sulforhodamine B (for visualization) were prepared. After the addition of 5 mM
pSS, the turbid suspensions were incubated for 5 min and then centrifuged for another 15 min
at 20,412xg. The volume of the droplet pellets (0.4-2 uL) was then compared to size standards
visually (Table S1-3).

(E) Estimating the concentration of product and fuel in the microreactors. To validate
whether the continuously fueled microreactors contain a steady-state level of product and fuel,
we chose an indirect quantification method by HPLC for the product, and quantification by
NMR for the fuel. We assumed that the diffusion of fuel from the surrounding oil phase into a
microfluidic reactor (r= 5-50 pym) is fast and should be comparable to a two-phase system in
a glass vial under vigorous stirring. We used perfluorinated oil without surfactant in these
experiments to avoid stabilized emulsions.

Product: 250 uL of an aqueous solution containing 10 mM precursor in 200 mM MES at pH
5.3 was added on top of perfluorinated oil (Novec 7500, 1 mL) in an HPLC vial. We started
the reaction network by the addition of 0.5 M DIC into the oil phase and vigorously stirring the
reaction mixture. To determine the concentration of the product, 10 uL of the aqueous phase
was quenched with 20 pL of an aqueous solution of ethylamine (400 mM) every 30 min. The
reaction between the amine and the product yields a stable amide that can be quantified’?.
We correlated the resulting peak integrals of the amide to the product assuming that the
absorption of the amide is equal to the absorption of the precursor (Fig. S1).

Fuel and waste in the steady state: 1.25 mL of 10 mM precursor in 200 mM MES at pH 5.3
were added to 5 mL of perfluorinated oil (Novec 7500) containing 0.5 M DIC. The mixture was

vigorously stirred and samples of 25 yL were taken and quenched with 25 pL 640 mM borate



buffer at pH 10 with 20 vol% D20 and 80 mM acetonitrile as a reference. The high pH inhibits
the direct DIC hydration and the reaction of the precursor with DIC to ensure that the time until
the sample is measured is not influencing the measured concentrations of fuel and waste.
Samples are measured by 'H-NMR spectroscopy. The concentrations of fuel and waste were
then calculated from the peak integrals which were compared to the acetonitrile peak
reference (Fig. S1). The chemical shifts of the compared signals were 'H NMR (400 MHz,
D20): ACN § (ppm) = 2.07 (s, 3H, CH3), DIC 6 (ppm) = 1.22-1.23 (d, 12H, CH3), DIU § (ppm)
=1.09-1.10 (d, 12H, CH3).

Variation of the fuel concentration in the microreactor: The concentration of fuel in the aqueous
phase was measured for different fuel concentrations in the oil phase to determine the
partitioning into the aqueous phase. 1 mL of 200 mM MES at pH 5.3 is added to 10 mL of
perfluorinated oil (Novec 7500) containing 0.25 — 1.0 M DIC. The mixtures were vortexed for
20 s and after the phases have separated 250 pl of the aqueous phase are added to 250 pl
of 640 mM borate buffer at pH 10 with 20 vol% D-O and 80 mM acetonitrile as a reference.
Samples were measured by 'H-NMR spectroscopy. The concentrations of fuel were then
calculated from the peak integrals which were compared to the acetonitrile peak reference
(Fig. S4D). The chemical shifts of the compared signals were "H NMR (400 MHz, D.O): ACN §
(ppm) = 2.07 (s, 3H, CH3), DIC & (ppm) = 1.22-1.23 (d, 12H, CH3).



(F) Thermodynamic model for the experimental phase diagram

In the theoretical model, we use an effective ternary mixture where the influence of fuel, waste,
and polyanion is accounted for in an implicit manner; details see section (P). The effective
components of the ternary mixture are solvent, the precursor A, and the product B. For these
components, equilibrium concentrations inside and outside were determined experimentally;
see Table (1-2). To fit the corresponding experimental diagram, we use a Flory-Huggins free

energy density given as 78

f(ca,ep) = kT Z cilog (ric;) + Z Xij TiCi TiCi | (3)
i=A,B,S ij=AB,AS,BS

where ¢4 and cp denote the the concentrations of components A and B, respectively. In Eq. (3),
we have combined the molecular volumes v 4, v, and vg in the ratios introduced the molecular
volume ratios r; = v;/vg. The concentration of the solvent follows from the incompressibility of
the mixture, cs = 1/vg — racy — rpeg. This free energy density depends on five parameters:
the molecular volume rations, r 4 and rg, and the interaction parameters, x4z, xas, and xap.
We determine these five parameters by fitting experimental measurements of different phase
equilibria. At phase equilibria, the chemical potentials p; = 9f/0c; of components A and B
and the osmotic pressure Il = —f + Zi:A,B c;14; are balanced between the phases. For the
measurements, the product was stabilised against hydrolysis by mutating the C terminal as-
partic acid for an asparagine. This chemical modification yields a peptide that has the same
interaction propensities as the product but is stable, i.e., it does not convert to the precursor.

Every measured point in the phase diagram gives three constraints

pa (o) = ma (choeh) )
ue (hds) = s (dhdh). (5)
II (clA, c'B> =1I (cﬂ‘, cljlg) . (6)

We obtained the five unknown parameters by simultaneously minimizing the deviations for the



resulting 13 conditions. The best fit was obtained for r4, = 35.1, rg = 194, xap = —0.18,
xas = 0.78, and xas = 1.29. In Ext. Data Fig. 9, we show the corresponding phase diagram
together with the experimental measured concentration values. The last thermodynamic pa-
rameter needed for our model is the surface tension ~. Since ~ is difficult to estimate within our
experimental setup, we use the value v = 75 uN m~! which is thousand times smaller than the
air-water interfacial tension. Our value is in good agreement with surface tensions measured
for similar coacervates ° . Note that the used value is slightly larger than for biological conden-

sates 10 .

(G) Sharp interface model for the kinetics of active droplets and active spherical shells
In general, diffusion is driven by spatial gradients of chemical potentials, while reactions mini-
mize the difference in chemical potentials between products and reactants. For the following,
we consider linearized kinetic equations, where diffusion is driven by spatial gradients of con-
centrations and the reaction

A= B, (7)

is driven by the differences in concentrations of the respective components. The resulting
kinetic parameters in terms of diffusivities and rate coefficients are then determined via exper-
imental measurements, see experimental section. Therefore, the dynamical equation for c4
and ¢ read 1112

8tcz-o‘ = Diavzcﬂ + kiaCja - quzicia . (8)

In the case of spherical active droplets, there are two different domains with o = I,1l, where |
denotes the dense phase of droplet and Il denotes the dilute phase outside the droplet. For
spherical symmetric active spherical shells, three different domains exist, a = LlI,lIl, where |
denotes the dilute phase within the core of the spherical shell, lll labels the dense phase of the

spherical shell, and Il correspond to the dilute phase outside the spherical shell.



(P1) Chemically active droplet
We calculate the radial symmetric stationary profiles that solve
Eqg. (8) in the two different domains as a function of the ra-

dial coordinate r. At the droplet’s core (»r = 0), we impose no

flux boundary conditions for the solution of domain I. Similarly,

no flux boundary conditions are imposed at system boundary
Sketch I. Geometry for
active droplet.

r = Rgys for the solution in domain Il. The two domains are
coupled at the sharp interface at position r = R. Here, we im-
pose concentration boundary conditions ¢ (R) = a®, c%(R) = b*. These concentrations are
later determined self-consistently. For these boundary conditions, the stationary solutions for

domain | read

B o' —alpl Rsinh(r/A) alpl, — !

|
a(r) = : : (9)
A ol — pk rsinh(R/X) ol — pl
' — a'p, Rsinh(r/\ a'ply, — v
cp(r) = pp—— — ( .) P (10)
ol — pk rsinh(R/A) Pp — Pg
while in domain I, the stationary solutions follow
) = "k, — B"kap R sinh(r/A") + @cosh(r/A") 'kl — B"kappl) (1)
KW — Kol 7 sinh(R/A") + @ cosh(R/A) K =Kl
Nyl gl sinh(r/\") & & cosh (/) Nl gl I
Ay = b kpa —0'kap R (r/A") + (r/A")  ya'k, — 0"kaBp)) (12)

TP R T sinh(R/AT) + @ cosh(R/AT)  CFT R gl

We have made use of \* = /D3 D%, /(D%kS 5 + D%ES ), p% = —D% /D%, and p = k% 4 /kS 5,
where o = |, Il indicate the phases.
The coefficient ® = — (A Rgys cosh[ A Rgys] —sinh[ A Reys]) /(A Rsys sinh[ A Rgys] —cosh[ A Rgys])

ensures the zero flux boundary condition at the system radius.

Finally, we have to determine the four interface concentrations a', ", b', b"' and the position

of the interface R. For this, we need five constraints. Three of these constraints follow from the



assumption of a local equilibrium of phase separation 2

pala', b)) = pa(a,o"), (13)
,UB(alabl) = ,UB(allab”)7 (14)
(a', 0" = (", by — %’V. (15)

Furthermore, the total of A and B have to be conserved in the system,
4
Vsys Cot = §7T [(al + bI)RS + (a“ + b”)(ngs - R3) ’ (16)

where ciot = ca + c¢p is the conserved quantity associated to the chemical reaction in Eq. (7).

Finally, the conservation law at the interface in the stationary state requires
Ji(R) = j}(R), (17)

where ji* = —D{*0,c is radial component of the material flux density. Note that the stationary
solution implies that j%(r) = —j%(r). Thus, the constraint Eq. (17) is fulfilled simultaneously for

both components A and B, making the total number of independent constraints equal to five.

(P2) Chemically active spherical shell

In the spherical shell state, the stationary concentration
profiles in domain | and Il have the same functional
form as in the active droplet state. In addition, there

is the shell domain Il between domain | and domain

Il. Here, the stationary solutions of Eq. (8), with con-

centration boundary conditions on the interfaces left and
Sketch Il. Geometry for v

active spherical shell. right



H 1 1
M) = K1smh(:/)\ ) + KQCOSh(:/)\ ) + K3+ %, (18)
: i i
cp(r) = ph [Klsmh(:/)\ ) Jrl(zmsh(:/A )] + pj [K3+ [ﬂ : (19)

Here, we have abbreviated

_ CSCh[(Rout - Rin)/AIH]

Ky = i e [(blll,ianlB — a"in g ) R cosh (Rout/)\|”>
BA ~ PpraB (20)
_ (blll,outKIILI‘IB - am,outKg)lA)Rout cosh (Rin/)\mﬂ ’
csch{(Rout — Rin) /A" :
Ky = [(Rout in) /A" [(blll,outKwB _ a""OUtKJ_r',e'A)RoutSlnh(Rin/)\'”>]

Kga = PpKip (21)
_ (blll,inKAIB _ am,inK%lA)Rin sinh(Rout/)\'”)} ’

(ahoutplll 4 pllloutpliyp— (gMlin plll 4 plikin pllly .

o : (22)
(D -+ D) (Fow — i)

(alll,in _ alll,out)DLI‘I 4 (blll,in _ b”I’OUt)Dg

(Dull + Dljlalpllc“)(Rout — Rin)

Ky = RinRout - (23)

We introduced A" = \/D'/Q'D'IQ/(Dﬂl'kﬂJB +DWEN ), plt = —DW/ D and Pl = KW, /KN 5, in
analogy to phases | and Il

Finally, we have to determine the eight interface concentrations a', a!'"i" q!!hout gl pl plikin plil.out
and b, and the two positions of the interfaces Rj, and Roy. For this, we need ten constraints,

three of which follow from the assumption of a local equilibrium of phase separation at Rj,

pala', b)) = pa(a"m, phm), (24)
,UB(aly bl) — ,uB(CL”I’in, blll,in) ’ (25)
T(d, b') = T(a"", pin) — 2y (26)

Rin’



and three from local equilibrium of phase separation at Rt

MA(aIII,out7 blll,out) _ ,U«A(a”7 b”) ,

These six equations must be supplemented with a global conservation law

Ctot Vsys = /dV (ca+cB),
a local conservation law at Ry,
Ji(Bin) = ji'(Rin) ,
and a local conservation law at Rqt,

jz!I(ROUt) = jzl‘”(Rout) .

(27)
(28)

(29)

(30)

(31)

(32)

In contrast to domains | and I, in domain lll, j4 # —jp, due to the 1/r term in the solution of the

Laplace equation. Thus, the two flux equations have to be balanced for the components A and

B at one interface, respectively. Due to the symmetry of the stationary solutions, one equal-

ity is automatically fulfilled at the second interface. Thus, we are left with three independent

constraints coming from the local conservation laws at the interfaces Eqgs. (31) and (32).

(H) Parameter values used in numerical calculations

If not indicated otherwise, we chose the parameters indicated in Table 6 for the numerical

calculations. For the figures shown in this work, we fixed the following parameter values as

stated in Table 7. To illustrate the dependency of the stationary profiles on the parameters,

we show the concentration profiles in composition space for different settings of the ratio of

D'} /DY, , the surface tension ~, and the ratio of the activation rates k', , /K% , in Sup. Fig. 1.



(I) Calculations of free energies and free energy rates
We can estimate the free energy difference between a spherical shell stationary state and the

corresponding homogeneous state with the same average concentrations

1
C; = dVc; , 33
| @

with i = A, B. In the following estimates, we will consider spherical shells at steady state
corresponding to Rsys = 35 um. We start from the concentrations in the coexisting phases, cj
and c; , corresponding to the spherical shell average concentration ¢;. Neglecting the interface
contribution and considering each phase homogeneous, the free energy in the spherical shell

state can be estimated directly via

Fmix = VJrf+ + (Vsys - Vﬁ)fi ) (34)

where the free energy density in each phase is f* = f(ci, cﬁ) and VT is the total volume of

the dense phase. With the parameters displayed in Table 6, this difference yields F,ix = 2 nJ.
This free energy can be compared with the total activation free energy, defined as the energy

of a B molecule times the number of excess B molecules at the spherical shell steady state

Fact = AW(EB - COB)VsyS , (35)

where ¢ = ciot/[1 + exp(AQ)] is the B concentration in the homogeneous equilibrium state,
i.e., without fuel present, and A2 is the activation free energy of a single A molecule, which is
roughly 10 kT '3 As outlined in the main text, making use of the parameters in Table 6, we
estimate Faet ~ 80 nJ.

Next, we estimate the number of particles that constantly get converted from the precursor



A into the product B, per unit time and volume,

/dV cakpa, (36)

Ttot =
sys

which determines the total free energy turned over per time and volume
Jiot = A ngot - (37)

Here, AS) denotes the activation energy supplied by fuel to the precursor to form a product.
Using the parameters shown in Table 6, cg = 8.6 mM, and AQ2 ~ 10kgT, we obtain nyt =
4-105s~'um~! and Jyt = 0.25 WIL as outlined in the main text.

We can also estimate the free energy flux through the spherical shell interface. Specifically,

we calculate the flux of product B through the interface where each product is activated by AQ
Jit = |47 B3 74 (Row) — 47 B2, 4 (Bin) | Aw/Vays (38)

Using the parameters shown in Table 6, and Aw ~ 10 kgT, this leads to an energy influx per
unit time of Ji,y = 0.198 W/L. Comparing it to the total power Ji, this leads to an efficiency
Jint/ Jiot @round 70%. In Sup. Fig. 2, we explored how Ji,t and Jgne vary upon changes in
the activation rate, induced by changes of the fuel concentration. Note that in our minimal
model, the fuel enters implicitly in the activation rate. As expected, Jiot, which represents the
total power needed to activate precursor A to product B to their respective values at the non-
equilibrium steady state (see definition in Eq. (37)), varies linearly with the fuel concentration.
On the other hand, the free energy transported to the spherical shell interface, Ji, scales
sublinearly with fuel concentration. This is because the higher the fuel the more activation
occurs inside, making the B particle flux at the interface less pronounced. As a consequence,

the efficiency decreases as fuel concentration increases.



Il. Supplementary Text

Supplementary discussion 1. We quantified the interaction strength between the peptides
(precursor and product) with pSS by means of ITC. We used Ac-F(RG)3sN-NH: (product®) as
a measure for the product (anhydride of precursor) since both molecules are structurally very

similar and contain the same positive net charge®.

Supplementary discussion 2. For the mechanism evaluation, we wanted to quantify the
precursor, product and fuel partitioning in the active droplets. However, for the setup of
continuously fueled droplets, a centrifugation assay is not directly possible. Determining the
partitioning of the molecules in droplets fueled with a batch of fuel is possible for a specific
time point with a centrifugation assay. Still, the molecular composition of the dilute and the
dense phase is time-dependent (with respect to fuel addition) and thus this data cannot be
used to build a phase diagram. Furthermore, a proceeding of the reactions cannot be
prevented during the preparation of these assays. To avoid this time dependence, we
prepared passive droplets containing only one of the reactive components at a time. For the
precursor and the product, passive droplets at different ratios of precursor and product®
(without fuel) were used to measure active droplets in a steady state. To determine the
partitioning of the fuel, we prepared droplets consisting only of product* and pSS (no

precursor) which were therefore passive as well.



lll. Supplementary tables

Total concentrations Precursor

Precursor | Product* pSS Cin Cout V coal Vdilute Kpartitioning
[mM] [mM] [mM] [mM] [mM] [vol%] [Cin/Cout]
20 0 5 309+323 18.2+1.5(91%) 0.57 +0.10 17 £19
9.5 0.5 5 782 +584 7.8+0.9(82%) 0.22 +0.04 101 + 88

9 1 5 734+£229 6.1+0.5(67%) 0.40 +0.05 121 + 49

8 5 655+236 6.2+0.3(78%) 0.28 + 0.05 106 + 43

5 - - - -

Table S1: Experimentally determined values for the partitioning of the precursor in passive

droplets for the phase diagram.

Total concentrations Product*
Precursor | Product* pSS Cin Cout VooalVdilute Kpartitioning
[mM] [mM] [mM] [mM] [mM] [vol%)] [Cin/Cou]
20 0 5 - - - -

9.5 0.5 5 176 £+48 0.11+£0.03(23%) 0.22+0.04 1545+904
9 1 5 233+35 0.07£0.02 (7%) 0.40+0.05 3360+ 1645
5 692+139 0.10+£ 0.0 (5%) 0.28+0.05 7146 + 3258

0 2 5 699 +434 0.78+0.08 (39%) 0.18+0.05 901 + 653

Table S2: Experimentally determined values for the partitioning of the product* in passive
droplets for the phase diagram.

Total concentrations Fuel
Precursor | Product* pSS Cin Cout V coal Vdilute Kpartitioning
[mM] [mM] [mM] [mM] [mM] [vol%] [Cin/Cout]
0 2 5 144 +17.3 9.98 (99.8%) 0.10 £ 0.01 1.44 +1.73

Table S3: Experimentally determined values for the partitioning of the fuel in passive

droplets.




Diffusivity Spherical shell Droplet
Dprecursor [MM?/s] 0.060 £ 0.010 0.042 £ 0.003
Dproduct [UmM?/s] 0.029 £ 0.008 0.032 + 0.003

Table S4: Experimentally determined values for the diffusivities in the active droplet and the
active spherical shell.

reaction constant Value
Ko 2.9-10*s"
K1 1.7+0.08-10"M"'s™
K 1.34+1.0
Kz 1.2+0.9-102s"

Table S5: Kinetic parameters determined by the kinetic model.



Quantity | Symbol | Value Reference
Interaction parameter precursor - product XAB -0.18 Sl (F)
Interaction parameter precursor - solvent XAS 0.78 S| (F)
Interaction parameter product - solvent XBS 1.28 S| (F)
Precursor relative molecular volume A 35.1 Sl (F)
Product relative molecular volume B 194 Sl (F)
Surface tension v 75 uN m~1 Sl (F)
Activation rate outside the drop kY 0.17 cg M~1s~1 | SI(B)and Tab.5
Activation rate inside the drop k' 4 0.51 cg M~1s~! | SI(B)and Tab.5
Deactivation rate outside the drop K 5 0.012s7! SI (B) and Tab.5
Deactivation rate inside the drop kg 0.012s7! Sl (B) and Tab.5
Diffusion coefficient of A outside the drop DY 300 pm? s~ 1 14
Diffusion coefficient of B outside the drop DY, 300 yum? s~ ! 14
Diffusion coefficient of A inside the drop D' 0.04 ym? s—1 Tab.4
Diffusion coefficient of B inside the drop D, 0.0073 pm? s~1 Tab.4
Activation rate outside the spherical shell K 0.17 cg M~1s~1 | SI(B)and Tab.5
Activation rate in the spherical shell shell W, | 051¢M~!s™! | SI(B)and Tab.5
Activation rate in the spherical shell core Ky, | 017 cg M~!s~! | SSI (B)and Tab.5
Deactivation rate outside the spherical shell K 5 0.012s7! Sl (B) and Tab.5
Deactivation rate in the spherical shell shell KW 0.012s7! Sl (B) and Tab.5
Deactivation rate in the spherical shell core Ky g 0.012s7! Sl (B) and Tab.5
Diffusion coefficient of A outside the spherical shell DY 300 ym? s~1 14
Diffusion coefficient of B outside the spherical shell DY, 300 pm? s~ ! 14
Diffusion coefficient of A in the spherical shell shell D 0.04 ym? s—! Tab.4
Diffusion coefficient of B inside spherical shell shell D',_'u;' 0.0073 pm?2 s—! Tab.4
Diffusion coefficient of A inside the spherical shell core D' 300 um? s~1 14
Diffusion coefficient of B inside the spherical shell core | D', 300 ym? s1 14

Table S 6: Table with input parameters used in the numerical calculations.



Figure Quantity | Symbol | Value
Fig. 4Cand D System radius Rsys 35 um
Fig. 4 Cand D Fuel concentration Ciuel 8.6 mM
Fig. 4 E System radius Reys 17.5 um
Fig. 4 E Fuel concentration Ciuel 8.6 mM
Fig. 4 G System radius Rsys 25 um
Fig. 4 G Fuel concentration Ciuel 10 mM
Fig. 4 H System radius Rsys 25 um
Fig. 4 H Fuel concentration Ctuel 10 mM
Fig. 4 H Dif. coef. of A in inside the shell Dﬂl' as indicated by Dpyecursor
Fig. 4 H Dif. coef. of B in inside the shell D D/5.5
Ext. Data Fig. 10 A-C System radius Rsys 25 um
Ext. Data Fig. 10B, C Fuel concentration Ciuel 8.6 mM
Sup. Fig. 1 A-D System radius Reys 20 pum
1
Sup. Fig. 1B Ratio of dif. inside the drople % {1,2,4,5.5,10} (ind. by arrow)
Sup. Fig. 1C Surface tension ~y {25uN, 75uN, 175uN} (ind. by arrow)
Sup. Fig. 1D Ratio of act. rates ’Iz:ﬁ {0.1, 3,10} (ind. by arrow)
BA
Sup. Fig. 2 System radius Reys 35 um

Table S 7: Table with input parameters used for specific figures.



IV. Supplementary Figures
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Supplementary Figure 1. Influence of different parameter choices. A Concentration values of
A and B as a function of the radial distance r from the droplet center (red shaded domain is the
droplet inside). B-D Concentration profiles of the components A and B of the droplet domain (red
shaded domain in A) in composition space (red line) in addition to the binodal line (green) and the
spinodal line (blue). Red solid line corresponds to the kinetic parameters used in the main text (Tab.
6 and 7).
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Supplementary Figure 2. Influence of fuel concentration on power turn over in the spherical
shell state. The red curve represents the power per unit volume needed to constantly activate
particles from state A to B, J,,.. We compare it to the free energy transported through the interface
corresponding to activated B particles crossing the interface, ], (blue curve). The vertical line
corresponds to the fuel concentration value used for the estimates in the main text. In the shown

fuel concentration range, the efficiency J,./]:.: varies non monotonically between 46% and 70%.



V. Supplementary Movies

Supplementary movie 1. Spherical shell formation upon dissolution. Confocal
micrograph timelapse series of a solution of 22 mM precursor, 5 mM pSS in 200 mM MES at
pH 5.3 with 0.1 uM sulforhodamine B as a dye and fueled with 20 mM DIC. The active droplets
grew and fused initially and big droplets formed spherical shells upon dissolution. Imaging was
done in PVA-coated ibidi chambers.

Supplementary movie 2. Dissolution without spherical shell formation. Confocal
micrograph timelapse series of a solution of 22 mM precursor, 5 mM pSS in 200 mM MES at
pH 5.3 with 0.1 uM sulforhodamine B as a dye and fueled with 10 mM DIC. The active droplets
grew and fused initially but no spherical shells were formed upon dissolution. Imaging was
done in PVA-coated ibidi chambers.

Supplementary movie 3. Formation of a stable active droplet. Confocal micrograph
timelapse series of a solution of 10 mM precursor, 5 mM pSS in 200 mM MES at pH 5.3 with
0.1 uM sulforhodamine B as a dye. To achieve a steady state, 0.5 M DIC was added to the oil
phase. The active droplets grew and fused until they reached a stable size of r < runstavie. The
time-lapse series represents the maximum z-projection of a z-stack throughout one
microreactor. Imaging was started 10 min after the addition of fuel.

Supplementary movie 4. Stable active droplet. Confocal micrograph timelapse series of a
solution of 10 mM precursor, 5 mM pSS in 200 mM MES at pH 5.3 with 0.1 uM sulforhodamine
B as a dye. To achieve a steady state, 0.6 M DIC was added to the oil phase. Start of imaging
was 2 h after the addition of fuel. A representative stable active droplet with r < runstavre.

Supplementary movie 5. Stable active shell. Confocal micrograph timelapse series of a
solution of 10 mM precursor, 5 mM pSS in 200 mM MES at pH 5.3 with 0.1 uM sulforhodamine
B as a dye. To achieve a steady state, 0.6 M DIC was added to the oil phase. Start of imaging
was 3 h after the addition of fuel. A representative stable active shell with r > rynstabie.

Supplementary movie 6. Transition of an active droplet into an active spherical shell.
Confocal micrograph timelapse series of a solution of 10 mM precursor, 5 mM pSS in 200 mM
MES at pH 5.3 with 0.1 uM sulforhodamine B as a dye. To achieve a steady state, 0.5 M DIC
was added to the oil phase. An active droplet with a critical radius larger than rfunstabe
transitioned info an active spherical shell. Imaging was done in a microreactor. Imaging was
started 1 h after the addition of fuel.
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