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Extended methods

Polymers

- Poly(diallyl dimethylammonium chloride) (PDDA, 200-350 kDa, 20 wt% solution in H,O) was
purchased from Sigma and diluted with Milli-Q water to at a stock concentration of 50 mg/mL (0.31
M in monomer units).

- Poly(allylamine hydrochloride) (PAH, 58 kDa) was purchased from Sigma and dissolved in Milli-
Q water at a stock concentration of 10 mg/mL (0.11 M in monomer units). Tetramethylrhodamine
labeled PAH (PAH-TAMRA) was prepared by carbodiimide mediated coupling reaction with EDC
and NHS following a previous report.! The molar ratio of TAMRA:EDC:NHS = 1:1.5:1.5 and the
volume of DMSO was 10% of the total reaction volume.

- Dextran sulfate sodium salt (S-Dex, from Leuconostoc spp., 9-20 kDa) was purchased from Sigma
and dissolved in Milli-Q water at a concentration of 100 mg/mL.

- Poly(acrylic acid) (PAA, 15 kDa, 35 wt% solution in H»O) was diluted by Milli-Q water to a
concentration of 61 mg/mL.

- Adenosine 5'-triphosphate disodium salt hydrate (ATP) was freshly dissolved in Milli-Q water at a
concentration of 100 mM and kept on ice throughout the experiments.

- Poly-L-lysine hydrobromide (PLys, 52 kDa) was purchased from Alamanda polymers and was
dissolved in Milli-Q water at a concentration of 50 mg/mL (0.24 M in monomer units).
Tetramethylrhodamine labeled PLys (PLys-TAMRA) was prepared in the same way as PAH-
TAMRA.

- Trimethylated poly-L-lysine (PLys(Me)3) was prepared from PLys, according to a previously
published article and was dissolved in Milli-Q water at a concentration of 100 mM.?

- Single-stranded DNA (ssDNA, 43 nt) was purchased from Biomers (sequence:
GCCTCGAATCACTCCACTGAACCATCCTCTTGATCTTGTGAAC) and was dissolved in Milli-Q
water at a concentration of 2.0 mg/mL. Alexa-647 labeled ssDNA was prepared according to a
previously reported procedure.’

- Poly (2-(methacryloyloxy)ethyltrimethylammonium chloride) (PMETAC, 25 kDa, PDI 1.26) was
prepared by living atom transfer radical polymerization as reported previously,* and dissolved in
Milli-Q water at a concentration of 50 mg/mL (0.24 M in monomer units).

- Poly(3-sulfopropyl methacrylate) (PSPMA, 30 kDa, PDI 1.3) and PSPMA copolymer with 10 mol%
fluorescein methacrylate (PSPMA-FI, 48 kDa, PDI 1.13) were prepared by living atom transfer
radical polymerization as reported previously.* The polymers were dissolved in Milli-Q water at a
concentration of 50 mg/mL (0.24 M in monomer units) and 10 mg/mL, respectively.

- Poly-D-glutamate (PGlu, 5.6 kDa, PDI 1.06) was prepared by free radical polymerization of O-
benzyl-D-Glutamate-N-carboxyanhydride, followed by deprotection, as described elsewhere,® and
was dissolved in Milli-Q water at a concentration of 13 mg/mL (0.1 M in monomer units).

- Glycidyl trimethylammonium chloride functionalized dextran (Q-Dex, 150 kDa) was prepared
following a previous report,® and was dissolved in Milli-Q water at a concentration of 50 mg/mL.

- Diethylaminoethyl-functionalized dextran (DEAE-Dex, 150 kDa) was prepared following a
previous report,”® and was dissolved in Milli-Q water at a concentration of 50 mg/mL.

- GFP-K7; (80 uM) was obtained by expression in E.coli and purification by affinity and size exclusion
chromatograph as described previously.’
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Supplementary tables

Table S1. Molecular structures of polycations and polyanions.
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Table S2. Single complex coacervates.

(poly) cation

Coacervates formation -NR3* -NHR." “NHg*
PDDA  PLys(Me)s PMETAC  Q-Dex D[E)?XE' PAH G;F;' PLys
PSPMA J J J J V J J V
SO spex | Y v v / [
(poly) O, ATP \ V \ solution / \ \ \/
anion ssDNA S \ S S / S S \
~ PAA V v V V / V J l
o7 e N N N N / Vv soluton ¥
Table S3. Salt concentrations at which coacervates were prepared.
(poly) cation
Coacervates formation -NRs* -NHR2* -NHz*
Nal concentration (M) PDDA  PLys(Me)s PMETAC  Q-Dex DE’:‘XE' PAH G;Z' PLys
) PSPMA 0.50 0.50 0.50 0.20 0.40 1.0 0.20 0.50
SO S bex | 10 0.50 0.50 0.40 / | 0.30 |
(pqu) PO ATP 0.050 0.0060 0.020 solution / 1.0 0.010 0.040
anion sSDNA 0.050 0.040 0.050 0.040 / 0.050 0.050 0.050
) PAA 0.30 0.27 0.30 0.15 / 1.0 0.15 1
o PGlu 0.20 0.30 0.30 0.15 / 0.60  solution 0.40
Table S4. Multiphase complex coacervate droplets prepared from combinations in Table S2.
No. Coacervate 1 Coacervate 2 Coacervate 3 Multiphase Components
1 ssDNA/PLys(Me)3 ssSDNA/GFP-K72 / Two 3
2 ATP/PDDA ATP/PAH / Two 3
3 PAA/PLys(Me)s PAA/GFP-K7 / Two 3
4 PGIu/PDDA PGIu/PAH / Two 3
5 S-Dex/PLys(Me)3 S-Dex/GFP-K72 / Two 3
6 PSPMA/PDDA PSPMA/PAH / Two 3
7 PSPMA/DEAE-Dex PSPMA/PAH / Two 3
8 PSPMA/PDDA PSPMA/Q-Dex / Two 3
9 PSPMA/PDDA ATP/PAH / Two 4
10 PSPMA/PLys(Me)s PSPMA/PAH / Two 3
11 PSPMA/PMETAC PSPMA/PAH / Two 3
12 PSPMA/PLys(Me)s PSPMA/GFP-K72 / Two 3
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13 PSPMA/PAH PSPMAJ/PLYys / Two 3
14 PSPMA/Q-Dex PSPMA/PAH / Two 3
15 PGlu/PLys(Me)s PGIu/PLys / Two 3
16 PSPMA/PMETAC PSPMAJ/PLYs / Two 3
17 PGlu/Q-Dex PGIu/PLys / Two 3
18 PSPMA/PDDA PAA/PDDA / Two 3
19 PSPMA/PLys(Me)s PAA/PLys(Me)s / Two 3
20 PSPMA/PDDA PGIu/PDDA / Two 3
21 PSPMA/PDDA ATP/PAH PAA/PDDA Three 5
22 PSPMA/PDDA PSPMA/PAH PSPMA/Q-Dex Three 4
23 PSPMA/PDDA PSPMA/PAH PSPMA/DEAE-Dex Three 4
Table S5. Critical salt concentrations of single complex coacervates.
(poly) cation
Critical NaCl -NR3s* -NHR2* -NHs*

concentration (M) PDDA  PLys(Me)s PMETAC  Q-Dex D[E)';E' PAH G;F;' PLys

PSPMA | 1.0 0.82 1.0 0.36 0.69 26 0.30 12

SO S-Dex 1.6 1.0 1.7 0.42 / >20 039 >2.0

(poly) o, ATP 0.088 0.010 0030  <0.020 / 2.4 0050 0.7

anion sSDNA | 034 0.21 0.36 <0.020 / 1.6 0.11 0.42

PAA 0.39 0.36 0.48 0.20 / >3.6 0.27 /
€O PGIu 0.36 0.32 0.38 0.14 / 2.8 / 0.87
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Supplementary figures

Figure S1. (a) Method 1 for preparing multiphase droplets by pre-mixing like-charged components,
followed by combining them. (b,c) Bright-field and fluorescence images of PSPMA/PAH/PDDA
multiphase droplets prepared with this method.
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Figure S2. (a) Method 2 for preparing multiphase droplets by preparing single coacervates separately,
followed by combining them. (b,c) Fluorescence images of the single coacervates of PSPMA/PAH and
PSPMA/PDDA, respectively. (d,e) Bright-field and fluorescence images of the multiphase droplets
prepared with this method.

Figure S3. Single complex coacervates of (a) ssDNA/GFP-K7; and (b) ssDNA/PLys(Me)s, and
multiphase droplets shown in Figure 1b, obtained after combining (a) and (b), showing the separate
channels for GFP-K7, (¢) and ssDNA (d).
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Figure S4. Multiphase coacervate droplets formed with two polyanions and a common polycation. (a)
PSPMA/PLys(Me); core coacervates in PAA/PLys(Me)s outer coacervate phases. (b,c) PSPMA/PDDA
core coacervates in PGlu/PDDA outer phase coacervates visualized by bright-field (b) and fluorescence
(c, PSPMA-FI) microscopy. (d) PSPMA/PDDA core coacervates in PAA/PDDA outer phase coacervates
visualized by fluorescence microscopy (PSPMA-FI).

Figure S5. Multiphase coacervate droplets formed with a common polyanion and two primary amine
polycations: PSPMA/PAH core coacervates in PSPMA/PLys outer phase coacervates, visualized by
bright-field (a) and fluorescence (b, PAH-TAMRA) microscopy.

Figure S6. Single phase, mixed coacervate droplets formed after mixing two single phase coacervates
with similar critical salt concentration. (a,b) PSPMA/PDDA and PSPMA/PMETAC, visualized by bright-
field (a) and fluorescence (b, PSPMA-FI) microscopy. (c,d) S-Dex/PDDA and S-Dex/PMETAC,
visualized by bright-field (c) and fluorescence (d, ThT) microscopy.
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Figure S7. Engulfing of a ssDNA/PLys(Me); coacervate by a ssDNA/GFP-K7, coacervate (cf. Fig. 1b).
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Figure S8. Step-wise condensation of PSPMA/PAH/PDDA multiphase droplets, shown by confocal
fluorescence microscopy (top row) and bright-field (bottom row).
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Figure S9. Partitioning coefficients of guest molecules shown in Figure 5 in the outer coacervate phase
(K1) and between the core coacervate and outer coacervate phase (K>).
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Figure S10. Schematic illustration of some of the possible arrangements of three immiscible coacervate
phases. Coacervate 3 is assumed to have the lowest density and interfacial tension.
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PSPMA/PDDA, ATP/PAH, PAA/PDDA PSPMA/PAH/PDDA/DEAE-Dex
PG b .

Figure S11. (a,b) An ATP/PAH inner core, surrounded by a PSPMA/PDDA shell in a PAA/PDDA outer
coacervate phase (prepared by method 1). (c,d) PSPMA/PAH inner core, surrounded by a PSPMA/PDDA
shell in a PSPMA/DEAE-Dex coacervate phase (prepared by method 1). All these samples are visualized
at the same position in bright-field (a,c) and by confocal fluorescence microscopy (b,d) (PSPMA-FI
fluorescence). Because the core coacervates were not prepared at a high salt concentration before mixing
with the other coacervates and lowering the salt concentration in this method, the cores appear more gel-
like and irregular in shape than with method 2.

Mean-field theory of complex coacervates

The mean-field free energy density of a mixture of two components is given by:

F_29 1-¢ _ _
==2ime + 21— ¢) + xp(1 - $) (S1)
where the Flory interaction parameter y is a measure for the interaction strength between the two
components, relative to their self-interaction. Beyond a critical value of y, phase separation
occurs, and the binodal concentrations can be found from a common tangent construction, close

to the spinodal points (02F /d¢? = 0).

In a symmetric mixture of polymers (Ni=N>=N) in a single solvent, the tangent is
horizontal, and the binodal concentrations are given by the implicit relation, under the
assumption that both phases are equally hydrated:'”

_In(¢) - In(1-¢y,—¢)
(1_¢W_2¢) (82)

XpN =

Figure S12 shows the binodal concentrations calculated by Eq. S2 for two coexisting polymer
solutions with a common solvent (e.g., aqueous two-phase system, or two coacervates). The
segregation between the two phases increases with increasing y (stronger interactions) up to a
volume fraction of (1 — ¢,,) of each polymer in their respective phases.
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Figure S12. The binodal concentrations of two coexisting coacervates change with interaction parameter
x, for an equal degree of hydration of ¢,,= 0.5.

The interfacial tension also increases with increasing y away from the critical point as:*

Y < (x — xo)¥? (S3)

For complex coacervation, the Flory-Huggins framework has been extended by Voorn and
Overbeek with a Debye-Hiickel approximation for the electrostatic interaction between
oppositely charged species.!!"!? For complex coacervates composed of polymers of equal length
(N) at a 1:1 charge ratio, the phase behaviour can be mapped onto the Flory-Huggins theory for
a polymer in solution, by defining an effective interaction parameter:'?

3
Vr 2 l
Xeff = Xr T+ 3\/%“ \7_0—5 (@) (84)

where / is the lattice size, /s the Bjerrum length, ¢ the charge density, ¢s the ionic strength (in
mM), and y: the residual, non-electrostatic part of the interaction parameter. The critical salt

concentration ¢s can be found by combining equation (S4) above and the expression for the

1

critical y. of a polymer in solution: y, = % + —, resulting in:'?

N
" T lp 3 o*
¢l = = S5
S 18Nay (12) (%Jr%ﬁ_xr)z (S5)
1,1 vra? (|Jlg 301 1
Xeft =5 5 T3 vy (T) (\/_c—s_\/_c—s) (S6)

According to these equations, the higher the critical salt concentration of a complex coacervate,
the larger its effective interaction parameter, and the larger its density and interfacial tension at
a given salt concentration (as shown in Figure S13).
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Figure S13. The relationship of effective interaction parameter y with salt concentration.

Finally, the effective interaction between two coexisting coacervates, y12, can be approximated
using an expression for the polymer-polymer interaction in phase separated solutions (see main

text), which ultimately results in:
_omat (15)\3( 1 1\? _ 1 1\?
e~ (@) () ~ o (m =) 57)

where the second approximation is valid for strongly charged polyelectrolytes (¢ = 1), and the
parameters used in Ref. 12. Ci"and C>" are the two critical salt concentrations in mol/L.

Supplementary movies
Movie S1. Fusion of core PAA/PLys(Me)s coacervates inside a PAA/GFP-K, outer phase (Figure 2a),
6x real time.

Movie S2. Fusion of PGIu/PDDA coacervates followed by fusion of their internal PGIu/PAH cores
(Figure 2b), 2.5x real time.

Movie S3. Fusion of PSPMA/PDDA coacervates inside a PSPMA/Q-Dex coacervate, 2.5x real time.

Movie S4. Engulfing of an ATP/PAH coacervate by a PSPMA/PDDA coacervate (Figure 2c), 2x real
time.

Movie S5. Fusion of intermediate PSPMA/PDDA coacervates inside a PAA/PDDA coacervate, followed
by fusion of the inner ATP/PAH core coacervates (Figure 6a-b), 2.5x real time.
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