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I. Supplementary Methods

(A) Kinetic model.

The reaction cycle in a homogeneous system is described in a kinetic model 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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We called kAL = K and used the relation above in the set of differential equations 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



https://github.com/scotthartley/kinmodel

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 (%=O).



(B) 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 (C). 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 Supplementary Table 5 and 6. To fit the corresponding experimental diagram, we use a

Flory-Huggins free energy density given as 23

f(ca,ep) = kT Z cilog (ric;) + Z Xij TiCi TiCi | (4)
i=A,B,S ij=AB,AS,BS

where c4 and cg denote the concentrations of components A and B, respectively. In Eq. (4),
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 (el ) = pa (hich) (5)
ue (hds) = s (dhdh). ©)
IT (clA, c'B> =1I (cﬂ‘, c']|3) . (7)

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 x4s = 1.29. In Supplementary Fig. 9, we show the corresponding phase dia-
gram together with the experimental measured concentration values. The last thermodynamic
parameter 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

condensates.®

(C) 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, (8)

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 %7

8tcz-o‘ = Diavzcﬂ + kiaCja - quzicia . (9)

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.



(C1) Chemically active droplet
We calculate the radial symmetric stationary profiles that solve Eq. (9) in the two different do-
mains as a function of the radial 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 im-
posed at system boundary r» = Ry, for the solution in domain Il. The two domains are coupled
at the sharp interface at position » = R. Here, we impose concentration boundary conditions
G (R) = a®, cE(R) = b*. These concentrations are later determined self-consistently. For

these boundary conditions, the stationary solutions for domain | read

() = o' —alpl RS.inh(r/)\l) alphy — bl’
ol — pk rsinh(R/X) ol — pl

|Db| — a'p, Rsinh(r/A") plka'plD — b
ol — pk rsinh(R/A) ol — ph

(10)

(11)

cp(r)=p

while in domain I, the stationary solutions follow

_d"®, —0"kap R sinh(r/A") + @cosh(r/A")  d"EL, — 0"kaspl, (12)
KW — Kl gpl, 7 sinh(R/A") + @ cosh(R/AM) KW =Kl gl

Ay = ol a”fng _l?”k‘ﬁB R §inh(r/A") + @ cosh(r/A) B plk,a“k',gA — bk applh
KW — Kol 7 sinh(R/A") + @ cosh(R/AM) K — Kol

ohir) =

(13)

We have made use of \* = /D3 D% /(D%kS 5 + DEES ), 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[\! 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 ’

pala', b)) = pa(a,o"), (14)
,U'B(alabl) ::UB(allvb”)7 (15)
(a', 0" = (", by — %”. (16)

Furthermore, the total of A and B have to be conserved in the system,
4
Vays ot = 50 | (a! + )R + (o + 6") (Rdys — BY)] . (17)

where ciot = ca + c¢p is the conserved quantity associated to the chemical reaction in Eq. (8).

Finally, the conservation law at the interface in the stationary state requires

Ji(R) = j} (R), (18)

where ji* = —D{*0,c is radial component of the material flux density. Note that the stationary
solution implies that ;4 () = —j%(r). Thus, the constraint Eq. (18) is fulfilled simultaneously for

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

(C2) 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. (9), with concentration

boundary conditions on the interfaces left and right

1sinh(:/)\”') +KQc;os,h(r/A“')
i i i
1smh(://\ ) +K2005h(:/)\ )

K
() = K + K+ (19)

o) = ol |

] + ol [Kg + [ﬂ . (20)



Here, we have abbreviated

_ CSCh[(Rout — Rin)/)‘”l]
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We introduced A1 = \/DIDIL/(DIKY, + DKL), ol = —DU/Dl, and ot = Kl /Kl in
analogy to phases | and II.

Finally, we have to determine the eight interface concentrations a', a!'"in q!!hout gl pt plibin 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 R,

uA(a',bl) _ 'UJA(aIII,in’bIII,in)’ (25)
uB(al,bl) _ luB(aIII,in’bIII,in)’ (26)
H(a', b') _ H(alll,in7 bIII,in) 2y ’ (27)
Rin

and three from local equilibrium of phase separation at Rt
Jua(ahout pitouty — (gl plty (28)
pu(ahout plitouty — (gl plly (29)
TI(aMout plilouty — gl 3y — 2 (30)



These six equations must be supplemented with a global conservation law

Ctot Vsys = /dV (ca+cB), (31)
a local conservation law at Rj,,
Ji(Bin) = 5! (Rin) (32)
and a local conservation law at Rq,
48 (Rout) = ji" (Rout) - (33)

In contrast to domains | and I, in domain lll, j4 # —jpB, 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. (32) and (33).

(D) Parameter values used in numerical calculations

If not indicated otherwise, we chose the parameters indicated in Supplementary Table 7 for the
numerical calculations. For the figures shown in this work, we fixed the following parameter
values as stated in Supplementary Table 8. 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 DE‘/D” , the surface tension ~, and the ratio of the activation rates

kY 4 /K% 4 in Supplementary Fig. 12.

(E) Calculations of free energies and free energy rates

We can estimate the free energy difference between a spherical shell stationary state and the

10



corresponding homogeneous state with the same average concentrations

1
C; = dV c; , 34
Vsys / (34)

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 = V+f+ + (Vsys - V_)f_ ; (35)

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

dense phase. With the parameters displayed in Supplementary Table 7, this difference yields
Fix = 2 nd.
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)V-sys , (36)

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 k3T & As outlined in the main text, making use of the parameters in Supplementary
Table 7, we estimate F,qt ~ 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,

Mot = /dV cakpa, (37)

Vsys
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which determines the total free energy turned over per time and volume
Jiot = AQ niot - (38)

Here, AQ) denotes the activation energy supplied by fuel to the precursor to form a product.
Using the parameters shown in Supplementary Table 7, ¢, = 8.6 mM, and AQ ~ 10kpT, we
obtain nit = 4 - 106s~tum~! and Jiot = 0.25 W/L 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
it = |47 By i (Rou) — 4% il (Bin) | Ao/ Vays (39)

Using the parameters shown in Supplementary Table 7, and Aw ~ 10 kgT, this leads to an
energy influx per unit time of J;,; = 0.198 W/L. Comparing it to the total power Jit, this leads to
a ratio Jint/Jiot around 0.7. In Supplementary Fig. 13, we explored how Jiot and Jiy; vary upon
changes in the activation rate, induced by changes in the fuel concentration. Note that in our
minimal model, the fuel implicitly enters the activation rate. As expected, Jit, 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. (38)), 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 ratio Jint/Jiot decreases as fuel concentration increases.

12



Il. Supplementary Discussion

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)sN-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.® Furthermore, product* was also used as a
substitute for the product in the formation of static droplets, i.e., droplets whose formation is

not governed by chemical reactions.

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.

Supplementary Discussion 3. To test the robustness of the spherical shell formation, we
tested different types of poly anions, different chain lengths of pSS, different pSS and
precursor concentrations, and the influence of the dye (Supplementary Tables 9-12). For the
polyanion polyvinyl sulfonate (pVS), no spherical shell formation was observed. We
hypothesize that this is the case because no droplets larger than Vunstanie Were formed
(Supplementary Fig. 14a). For the polyanion polyuridylic acid (pU), no spherical shells were
observed either, even though droplets larger than Vinstabie Were obtained (Supplementary Fig.
14b). Most likely, the previously observed meta-stability of pU-based droplets plays a
significant role in the prevention of spherical shell formation."" Under the screened conditions,
only pSS-based droplets grew sufficiently large while preserving their fuel-responsive nature
to form spherical shells. However, we observed no evidence that other polyanions that yield
coacervate-based droplets with similar properties to pSS-based droplets could not form
spherical shells.

The reduction of the pSS chain length from 75 kg mol™" to 32 kg mol™" had no significant effect

13



on the spherical shell formation (Supplementary Fig. 14c). However, no spherical shells could
be obtained upon increasing the chain length of pSS to 150 kg mol™ due to the formation of
droplets prior to the addition of DIC.

Similarly, a reduction in the pSS concentration led to the formation of droplets prior to the
addition of DIC. For pSS concentrations of 5 and 7 mM, spherical shell formation was
observed, showing no significant difference in the formation (Fig.3i and Supplementary Fig.
14f). For 10 mM pSS, only small droplets were formed that did not fuse into one droplet even
after 5 h (Supplementary Fig. 14g), preventing proper analysis of spherical shell formation.
Last, we used the labeled precursor NBD-G(RG)3sD-OH (Supplementary Fig. 14h), which
showed no significant difference in the spherical shell formation in comparison to

sulforhodamine B, verifying that the dye has no significant effect on the formation of the shells.

Supplementary Discussion 4. Upon decreasing the temperature, all droplets were stable,
independent of their size, and we observed no spherical shell formation (Supplementary
Fig. 15a). However, spherical shells that were already formed under standard conditions also
appeared to be stable and did not revert to spherical droplets upon a decrease in temperature.
This observation is coherent with the fact that non-equilibrium systems can settle in different
steady states depending on the initial conditions, as can be seen in Fig.4g-i, but it could also
be due to a metastable or kinetically trapped state of the shells. Due to the temperature
dependence of the reaction rate constants, the diffusion, and the phase separation behavior
of our system, no clear conclusion could be drawn about the effect of either of these
parameters individually. Additionally, extensive wetting of the coacervate-based droplets
prevented any reasonable analysis at elevated temperatures.

Similarly, the strong dependence of multiple parameters on the pH prevented a thorough
investigation of its influence on the spherical shell formation. On the one hand, lowering the
pH leads to the protonation of the precursor's carboxylic acids. This negation of negative
charges is, like the anhydride formation, able to induce phase separation (Supplementary
Fig. 15b). On the other hand, an increase in the pH prevented phase separation upon the
addition of fuel which is most likely due to an insufficient product yield (Supplementary
Fig. 15b).
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lll. Supplementary tables

reaction constant Value
Ko 2.9-10*s"
K1 1.7+0.08-10"M"' s
k 1.34+1.0
k2 1.2+0.9-102s"

Supplementary Table 1: Kinetic parameters determined by the kinetic model.

Precursor Prodcut*
Kp (M) 1045+114 24+1.2
AG (kcal mol™) 54+01 -7.7+0.3

Supplementary Table 2: Experimentally determined dissociation constant Kp and free
energy AG of the interaction between precursor, product*, and pSS.

Diffusivity Spherical shell Droplet
Dprecursor (MM?s™") 0.060 £ 0.010 0.042 £ 0.003
Doroduct (UM?s™) 0.029 + 0.008 0.032 + 0.003

Supplementary Table 3: Experimentally determined values for the diffusivities in the active
droplet and the active spherical shell.

Total concentrations Fuel
Precursor | Product* pSS Cin Cout Vieoa! Vldilute Kbartitioning
(mM) (mM) (mM) (mM) (mM) (vol%) (Cin/Cout)
0 2 5 144 +17.3 9.98 (99.8%) 0.10 £ 0.01 144 +£1.73

Supplementary Table 4: Experimentally determined values for the partitioning of the fuel in

passive droplets.
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Total concentrations Product”
Precursor | Product* pSS Cin Cout Veoal Vidilute Kpartitioning
(mM) (mM) (mM) (mM) (mM) (vol%) (Cin/Cout)
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

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

Supplementary Table 5: Experimentally determined values for the partitioning of the
product® in passive droplets for the phase diagram.

Total concentrations Precursor

Precursor | Product* pSS Cin Cout Vool Vldilute Kbartitioning
(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

0 5 - - - -

Supplementary Table 6: Experimentally determined values for the partitioning of the
precursor in passive droplets for the phase diagram.
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Quantity | Symbol | Value Reference
Interaction parameter precursor - product XAB -0.18 Suppl. Methods (E
Interaction parameter precursor - solvent XAS 0.78 Suppl. Methods (E
Interaction parameter product - solvent XBS 1.28 Suppl. Methods (E
Precursor relative molecular volume rA 35.1 Suppl. Methods (E
Product relative molecular volume rB 19.4 Suppl. Methods (E
Surface tension ~y 75uN m~1 Suppl. Methods (E
Activation rate outside the drop ' 4 0.17 ¢cg M~ 1s™! Suppl. Table 1
Activation rate inside the drop k' 4 0.51 cg M~ 1s7! Suppl. Table 1
Deactivation rate outside the drop K 5 0.012s71 Suppl. Table 1
Deactivation rate inside the drop Ky g 0.012s7! Suppl. Table 1
Diffusion coefficient of A outside the drop D, 300 um? st °
Diffusion coefficient of B outside the drop DY, 300 um? s~* o
Diffusion coefficient of A inside the drop D', 0.04 um? s~ ! Suppl. Table 3
Diffusion coefficient of B inside the drop DY, 0.0073 um? s~ ! Suppl. Table 3
Activation rate outside the spherical shell Y 4 017 cg M—1s7! Suppl. Table 1
Activation rate in the spherical shell shell KW, 0.51 cg M~ 1s™! Suppl. Table 1
Activation rate in the spherical shell core ks o 0.17 cg M~ 1s™1 Suppl. Table 1
Deactivation rate outside the spherical shell k{LB 0.012s~! Suppl. Table 1
Deactivation rate in the spherical shell shell Kl o 0.012s! Suppl. Table 1
Deactivation rate in the spherical shell core Kyp 0.012s! Suppl. Table 1
Diffusion coefficient of A outside the spherical shell DY 300 pm? s ! o
Diffusion coefficient of B outside the spherical shell DY, 300 um? st °
Diffusion coefficient of A in the spherical shell shell DL'{ 0.04 um? s—! Suppl. Table 3
Diffusion coefficient of B inside spherical shell shell DY 0.0073 um? s—! Suppl. Table 3
liffusion coefficient of A inside the spherical shell core D', 300 pm? st °
iffusion coefficient of B inside the spherical shell core Dg 300 pm? st °

Supplementary Table 7: Table with input parameters used in the numerical calculations.
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Figure Quantity | Symbol | Value
Fig. 4dand e System radius Reys 35 um
Fig. 4dand e Fuel concentration Ciuel 8.6 mM
Fig. 4 f System radius Rsys 17.5 um
Fig. 4 f Fuel concentration Ciuel 8.6 mM
Fig. 4 h System radius Reys 25 um
Fig. 4 h Fuel concentration Ciuel 10 mM
Fig. 4i System radius Rsys 25 um
Fig. 4i Fuel concentration Ciuel 10 mM
Fig. 4i Dif. coef. of A in inside the shell D as indicated by Dprecursor
Fig. 4 i Dif. coef. of B in inside the shell | D' D/5.5
Suppl. Fig. 10 a-c System radius Reys 25 um
Suppl. Fig. 10 b, c Fuel concentration Ciuel 8.6 mM
Suppl. Fig. 12 a-d System radius Rgys 20 um
1l
Suppl. Fig. 12 b Ratio of dif. inside the drople g—ﬁ‘ {1,2,4,5.5,10} (ind. by arrow)
A
Suppl. Fig. 12 ¢ Surface tension v {25uN, 75uN, 175uN} (ind. by arrow)
|
Suppl. Fig. 12d Ratio of act. rates % {0.1, 3,10} (ind. by arrow)
BA
Suppl. Fig. 13 System radius Reys 35 um

Supplementary Table 8: Table with input parameters used for specific figures.
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pAnion

pSS

pVS

pU

Observation

Shells

No shells

No shells

Supplementary Table 9: Observations upon changing the polyanion type. Standard
conditions were 10 mM precursor, 5 mM polyanion, and 200 mM MES at pH 5.3 with 0.1 pM
sulforhodamine B. 0.5 M DIC was added to the oil phase to achieve a steady state.

pSS length

32 kg mol”

75 kg mol”

150 kg mol™

Observation

Shells

Shells

Preassemblies

Supplementary Table 10: Observations upon changing the pSS chain length. Standard
conditions were 10 mM precursor, 5 mM pSS, and 200 mM MES at pH 5.3 with 0.1 pM
sulforhodamine B. 0.5 M DIC was added to the oil phase to achieve a steady state.

[pSS]

3 mM

5 mM

7 mM

10 mM

Observation

Preassemblies

Shells

Shells

No fusion

Supplementary Table 11: Observations upon changing the pSS concentration. Standard
conditions were 10 mM precursor, x mM pSS, and 200 mM MES at pH 5.3 with 0.1 yM
sulforhodamine B. 0.5 M DIC was added to the oil phase to achieve a steady state.

[Precursor]

8 mM

10 mM

12 mM

14 mM

Observation

Shells

Shells

Shells

Preassemblies

Supplementary Table 12: Observations upon changing the precursor concentration.
Standard conditions were x mM precursor, 5 mM pSS, and 200 mM MES at pH 5.3 with 0.1
MM sulforhodamine B. 0.5 M DIC was added to the oil phase to achieve a steady state.

19




IV. Supplementary Figures

a 30; b 20 DIC: 20mM ¢ 0.9 DIC: 20mM
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Supplementary Figure 1. Determination of the reaction constants and binding affinities.
All experiments were performed in triplicate (N=3). a. Kinetics of 20 mM DIC hydration in 200 mM MES
buffer at pH 5.3 measured by NMR. b. Kinetics of the DIC hydration catalyzed by the precursor.
Conditions were 10 mM precursor and 200 MM MES at pH 5.3. Solid lines represent the fits of the
kinetic model. c. Formation of the product upon addition of DIC measured by HPLC. Conditions were
10 mM precursor and 200 mM MES at pH 5.3. Solid lines represent the fits of the kinetic model. d-e.
The change in enthalpy measured by ITC for the interaction between precursor (d) or product* (e) and
pSS. Gray data points were not included in the fitting because they showed signs of coacervation. The
solid lines represent the fit of the PEAQ-ITC Analysis software.
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Supplementary Figure 2. Batch fueling of active droplets. a. Images of an HPLC inlet containing a
solution of 22 mM precursor, 12 mM pSS, and 0.1 uM sulforhodamine B in 200 mM MES buffer at pH
5.3 fueled with 20 mM DIC. After adding the fuel, the sample turned turbid (1 min), and a clear solution
was obtained again after 18 min. b. Confocal microscopy of a solution from A with 0.1 yM
sulforhodamine B and fueled with 10 mM DIC. The active droplets grew and fused initially, but their size
stayed below the size of the active droplets fueled with 20 mM DIC (Fig. 1b, c). After around 4 min, they
started to dissolve without forming spherical shells. Imaging was done in PVA-coated ibidi chambers.
All experiments were performed in triplicate (N=3). c. The volume of each active droplet (blue) is plotted
for each time point. No spherical shells (red) were observed. Experiments were performed in triplicate
(N=3).

21



a 40 u pic b 12 Precursor ©
S30 . S 10l : Prosduct:
E o £
207 I
S 5
S0 v 805
0+ 0.0
0 30 60 90 120 0O 30 60 90 120
Time (min) Time (min)
d -
,\25 solubility A1'0 fA10 F=008 b5 005
S 20f---eere s X X
£ ] © ©
=15 ' 2 .. 2
£10 . 5 0.5 :'{,,\sW 5 0.5 P o1
S * koic=0.018 g “ g
o 5 . N SO
0.0 . - 0.0
80 05 10 15 0 10 20 30 0 1 2 3 4 5
DICqi (M) Time (min) Time (h)
~ 1.00
g°—\° P <0.05
So075 1 I
e ?
£0.50 bt
o025 , °
38
0005510 15 20
DICreactor (mM)

Supplementary Figure 3. Total coacervate volumes and reactant concentrations in a steady
state. a. DIC (fuel) and DIU (waste) concentrations under steady-state conditions were determined by
NMR. Conditions were 10 mM precursor and 200 mM MES at pH 5.3. To achieve a steady state,
perfluorinated oil containing 0.5 M DIC was added to the aqueous phase. The dotted line represents
the average DIC concentration of 6.6 mM. Measurements were performed in ftriplicate (N=3). b.
Analytical HPLC determined average precursor and product concentrations under steady-state
conditions. Conditions were 10 mM precursor and 200 mM MES at pH 5.3. To achieve a steady state,
perfluorinated oil containing 0.5 M DIC was added to the aqueous phase. Solid lines represent the
steady-state concentration of DIC calculated by the kinetic model of 6.6 mM. c. A representative bright
field image of a DIU crystal formed in the oil phase during a steady-state experiment. d. The
dependency of the DIC concentration in the oil phase on the DIC concentration in the aqueous phase.
The aqueous phase consisted of 200 MM MES at pH 5.3, and the oil phase of Novec 7500
perfluorinated oil. The dotted line represents the DIC concentration in the aqueous phase if an excess
of pure DIC was added on top of the aqueous phase without the oil phase. The average partitioning
coefficient of DIC between the aqueous phase and the oil phase was kpic = 0.018. e. Total coacervate
volume in one microfluidic reactor in the first 30 min after adding fuel. Conditions were 10 mM precursor,
5mM pSS, and 200 MM MES at pH 5.3 with 0.5 M DIC. Data points are from two independent
experiments. f. Average total coacervate volume of different microfluidic reactors over 4 h. Conditions
were the same as in e. Error bars represent the standard deviation. P-values were calculated for a =
0.05 (n1h = 41, n2n = 41, nan = 35, nan = 49; P23 = 0.69, Ps4 = 0.07) g. The total volume of coacervate-
based droplets within every microreactor is given dependent on the applied steady-state concentration
of fuel. Microreactors were imaged 3 h after the addition of fuel. Error bars represent the standard. P-
values were calculated for a = 0.05 (n23mm = 13,051 mm = 119, Ns.amm = 91, N13.9mm = 77, N16smm = 98;
P23,54=0.00, Ps.1,84 = 0.00, Ps.4,139 = 0.02, P13.9, 16.8 = 0.00).
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Supplementary Figure 4. Wetting of active and passive droplets without transitioning into a
shell. All experiments were performed in microfluidic reactors. 5 mM pSS, 200 mM MES at pH 5.3, and
0.1 uM sulforhodamine B as a dye were used. All experiments were performed in triplicate (N=3). a-c.
Representative images show the XY-plane at the center of the droplet to demonstrate that no spherical
shell was formed and the XZ-projection of the droplet to demonstrate the wetting at the bottom of the
microreactor. a. A representative active droplet with r < runstable is shown 6 h after adding fuel. In addition
to the abovementioned conditions, the sample contained 10 mM precursor, and 0.5 M DIC was added
to the oil phase to achieve a steady state. b. A representative passive droplet with r > runstable is shown
6 h after the induction of droplet formation. Conditions were 9 mM precursor, 1 mM product* with no
DIC in the oil phase. Additionally, 1 w% Krytox 157 FSH was added to the oil phase. c. A representative
passive droplet with r > rshei is shown 6 days after the induction of droplet formation. These passive
droplets consist only of product* and pSS without the precursor. Since the added fuel cannot react with
the product*, these droplets are thus passive. Conditions were 0 mM precursor, 2 mM product* with 0.5
M DIC in the oil phase to achieve a steady state. d-i. Images were acquired 4 h after the induction of
droplet formation. Dashed lines represent the container size, coacervate volume, and size upon which
spherical shell formation was observed for active droplets (Fig. 3i and j). d-f. Conditions were 9.5 mM
precursor and 0.5 mM product*. g-i. Conditions were 9 mM precursor and 1 mM product*. To show that
passive droplets do not transition into shells, a micrograph of a representative passive coacervate-
based droplet (d, g), the volume of the total coacervate material (e, h) for every individual microreactor,
and the radius (f, i) of the passive droplet in every individual microreactor is shown.
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Supplementary Figure 5. Stability of active spherical shells. All experiments were performed in
microreactors. Conditions were 10 mM precursor, 5 mM pSS, and 200 mM MES at pH 5.3 with 0.1 uM
sulforhodamine B. 0.5 M DIC was added to the oil phase to achieve a steady state. All experiments
were performed in triplicate (N=3). a, c. The volume of the total coacervate material 2 h and 4 h after
the induction of coacervation is shown for every individual microreactor that contained an active droplet
(a) or an active shell (c). The volume of active droplets and active shells, as well as the threshold upon
which shells were formed, did not change between 2 h and 4 h. b, d. The radius of the active droplet
(b) as well as the shell thickness Lsnei of the active shell (d) in every individual microreactor is shown 2
h and 4 h after the induction of coacervation. The radius of active droplets and Lsnen of active shells, and
the threshold upon which shells are formed did not change between 2 h and 4 h. e-f. A representative
active shell 2 h, 4 h, and 6 h after the induction of coacervation. In e the XY-plane of an active shell is
shown, and in f the XZ-plane through the middle of the 3D projection of the respective active shell is
shown. The scale bar of all images represents 10 um. The color scale is given next to the images.
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Supplementary Figure 6. FRAP of active droplets and active spherical shells. All experiments
were performed in microreactors. Conditions were 10 mM precursor, 5 mM pSS, and 200 mM MES at
pH 5.3 with 1 uM of the respective dye. 0.5 M DIC was added to the oil phase to achieve a steady state.
Error bars represent the standard deviation of 10 different measurements (N=10). The time series
shows the fluorescence recovery of a representative active shell. a-c. FRAP of the labeled precursor
(a), labeled product* (b), and labeled pSS (c) in shells 3 h after the induction of coacervation.
Representative images are shown for every measurement. The scale bar of all images represents 10
pm. The color scale is given next to the images. d-f. FRAP of the labeled precursor (d), the labeled
product* (e), and of the labeled pSS (f) in active droplets 1 h after the induction of coacervation. Active
droplets were imaged before they transitioned into a spherical shell. Representative images are shown

for every measurement. The scale bar of all images represents 10 um. The color scale is given next to
the images.
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Supplementary Figure 7. Partitioning of fluorescent molecules into the active spherical shells.
Conditions were 10 mM precursor, 5 mM pSS, and 200 mM MES at pH 5.3 with 1 uM of the respective
dye. 0.5 M DIC was added to the oil phase to achieve a steady state. Active spherical shells were
imaged 3 h after the induction of coacervation. The color scale is given next to the images. a-h. Bright-
field image of an active shell containing Cy3 labeled dextran sulfate (Cy3 DexS, excitation at 552 nm,
a), Cy5 labeled 15-mer of oligouridylic acid (Cy5 Uis, excitation at 638 nm, b) Cy3 labeled (ATCG)s
(Cy3 (ATCG)g, excitation at 552 nm, ¢), Cy5 labeled pSS (Cy5 pSS, excitation at 638 nm, d), NBD
labeled product* (excitation at 488 nm, e). The line profile of the fluorescence along the dotted line is
shown, Nile red (excitation at 561 nm, f), rhodamine 6G (excitation at 488 nm, g), and Hoechst 33342
(excitation 561 nm, h).
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Supplementary Figure 8. Spherical shell formation with varying fuel concentrations. Conditions
were 10 mM precursor, 5 mM pSS, and 200 mM MES at pH 5.3 with 0.1 uM sulforhodamine B. The
indicated amount of DIC.i was added to the oil phase to achieve a steady-state concentration of DICstst
in the microfluidic reactors. After forming the spherical shells, active droplets and shells were measured
at 0.5 h. All experiments were performed in triplicate (N=3). a-d. The volume of the total coacervate
material as well as the radius R (blue) and shell thickness L (red) are shown for every individual
microreactor that contained an active droplet (blue) or an active shell (red).
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Supplementary Figure 9. Phase diagram. a-b. Five independent measurements (red data points with
error bars) of different phase equilibria were used to fit the binodal line (solid green line) where two
phases can coexist. The two corresponding concentration measurements are connected by a red dotted
line, while the green dotted lines show a representative selection of tie lines of the model.
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Supplementary Figure 10. Influence of different parameters on the spinodal instability at the
droplet core and the shell width. a. Influence of fuel concentration on spinodal instability at the
droplet's core. Radial concentration profiles for two different fuel concentrations are shown. For the
lower fuel concentration (blue), the core of a droplet reaches the spinodal concentration (blue dashed).
The stationary droplet is larger for the higher fuel concentration (green). However, the concentration at
the core stays above the corresponding spinodal concentration (green dashed) due to weaker gradients
resulting from a higher activation inside. For systems with high fuel concentrations, the precursor A gets
activated and forms the product B inside the droplet. b-c. Influence of the system size on the shell width.
Both interface radii increase as a function of system volume (b), but despite the 400 % increase of both
radii, the distance between them Lg,.;; = Roue — Rin decreases only by 30 % (c).
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Supplementary Figure 11. Geometry for active droplet and active spherical shell. a. Geometry
for active droplet. b. Geometry for active spherical shell.
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Supplementary Figure 12. 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 (Supplementary
Tables 7 and 8).
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Supplementary Figure 13. Influence of fuel concentration on power turnover in the spherical
shell state. The red curve represents the power per unit volume needed to constantly activate particles
from state A to B, Jiot. We compare it to the free energy transported through the interface corresponding
to activated B particles crossing the interface, Jit (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 Jint/Jior Varies non-monotonically between 46% and 70%.
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Supplementary Figure 14. Influence of various parameters on spherical shell formation. Standard
conditions were 10 mM precursor, 5 mM pSS, and 200 mM MES at pH 5.3 with 0.1 uM sulforhodamine
B, and only the indicated deviations from these conditions were applied. 0.5 M DIC was added to the
oil phase to achieve a steady state. All experiments were performed in triplicate (N=3). a-f. The volume
of the total coacervate material is shown for every individual microreactor that contained an active
droplet (blue) or an active shell (red) upon a change in the indicated parameter. g. Maximum Z-
projection of a representative microreactor 5 h after the induction of coacervation. Dotted circle
represents the outline of the microreactor. The color scale is given next to the image. h. The volume of
the total coacervate material is shown for every individual microreactor that contained an active droplet
(blue) or an active shell (red) upon a change in the indicated parameter. NBD-G(RG)3-D-OH (NBD-
precursor) was used as the dye.
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Supplementary Figure 15. Influence of temperature and pH on spherical shell formation. Unless
indicated otherwise, conditions were 10 mM precursor, 5 mM pSS, and 200 mM MES at pH 5.3 with
0.1 uM sulforhodamine B. 0.5 M DIC was added to the oil phase to achieve a steady state. All
experiments were performed in triplicate (N=3). a. The sample was kept at 5 °C for 3 h. The volume of
the total coacervate material for every individual microreactor is plotted, and a representative image of
a coacervate-based droplet shown to show that no transition into spherical shells independent of the
volume was observed. b. MES buffer with indicated pH was used to prepare the samples. At pH 4.6
and 4.9, phase separation without the addition of fuel was observed. For pH 5.6 and 6.0, no phase
separation was observed even after the addition of fuel. Dotted circles represent the outline of the
microreactor.
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