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The	Effect	of	Comb	Architecture	on	Complex	Coacervation	
Brandon	M.	Johnston,a	Cameron	W.	Johnston,a	Rachel	A.	Letteri,b	Tyler	K.	Lytle,c	Charles	E.	Sing,e	
Todd	Emrick,b	and	Sarah	L.	Perry*a	
Complex	 coacervation	 is	 a	widely	 utilized	 technique	 for	 effecting	 phase	 separation,	 though	predictive	understanding	of	
molecular-level	 details	 remains	 underdeveloped.	 Here,	 we	 couple	 coarse-grained	 Monte	 Carlo	 simulations	 with	
experimental	efforts	using	a	polypeptide-based	model	system	to	investigate	how	a	comb-like	architecture	affects	complex	
coacervation	 and	 coacervate	 stability.	 Specifically,	 the	 phase	 separation	 behavior	 of	 linear	 polycation-linear	 polyanion	
pairs	was	compared	 to	 that	of	 comb	polycation-linear	polyanion	and	comb	polycation-comb	polyanion	pairs.	The	comb	
architecture	was	found	to	mitigate	cooperative	interactions	between	oppositely	charged	polymers,	as	no	discernible	phase	
separation	was	observed	for	comb-comb	pairs	and	complex	coacervation	of	linear-linear	pairs	yielded	stable	coacervates	
at	higher	salt	concentration	than	linear-comb	pairs.	This	behavior	was	attributed	to	differences	 in	counterion	release	by	
linear	vs.	comb	polymers	during	polyeletrolyte	complexation.	Additionally,	the	comb	polycation	formed	coacervates	with	
both	stereoregular	poly(L-glutamate)	and	racemic	poly(D,L-glutamate),	whereas	the	linear	polycation	formed	coacervates	
only	with	the	racemic	polyanion.	In	contrast,	solid	precipitates	were	obtained	from	mixtures	of	stereoregular	poly(L-lysine)	
and	poly(L-glutamate).	Moreover,	 the	 formation	of	 coacervates	 from	cationic	 comb	polymers	 incorporating	up	 to	~90%	
pendant	 zwitterionic	 groups	 demonstrated	 the	 potential	 for	 inclusion	 of	 comonomers	 to	 modulate	 the	 hydrophilicity	
and/or	other	properties	of	 a	 coacervate-forming	polymer.	 These	 results	provide	 the	 first	detailed	 investigation	 into	 the	
role	of	polymer	architecture	on	complex	coacervation	using	a	chemically	and	architecturally	well-defined	model	system,	
and	highlight	the	need	for	additional	research	on	this	topic.	

1. Introduction
Complex	coacervation	is	a	liquid-liquid	phase	separation	driven	
by	 the	 electrostatic	 interaction	 of	 oppositely	 charged	
polyelectrolytes	 in	water	that	results	 in	a	dense,	polymer-rich	
coacervate	 phase	 in	 equilibrium	 with	 a	 polymer-poor	
supernatant	phase	(Figure	1).1-5	These	coacervates	are	initially	
present	 as	 droplets	 in	 solution,	 and	 can	 be	 coalesced	 by	
sedimentation	 or	 centrifugation.	 While	 coacervate-based	
materials	 have	 a	 long	 history	 in	 the	 food	 and	 personal	 care	
industries,6-11	and	more	recent	application	in	drug	delivery	and	
biomedical	 adhesives,12-14	 a	 detailed	 and	 predictive	
understanding	 of	 how	 molecular-level	 details	 impact	 the	
formation	 and	 properties	 of	 this	 class	 of	 materials	 remains	
underdeveloped.4	

	 Coacervation	 occurs	 by	 electrostatic	 attraction	 between	
oppositely	 charged	 macromolecules	 and	 the	 entropically	
favourable	 release	 of	 counterions	 and	 restructuring	 of	 water	
molecules.15-19	 As	 a	 result,	 parameters	 such	 as	 the	 polymer	
charge	stoichiometry,	linear	charge	density	along	the	polymer	
chain,	 pH,	 ionic	 strength,	 and	 polymer	 concentration	
effectively	modulate	 the	 self-assembly	 and	 responsiveness	 of	
these	 materials.20-24	 The	 development	 of	 a	 detailed	 and	
predictive	 understanding	 of	 the	 molecular-level	 effects	 of	
polymer	 chemistry	 and	 architecture	 has	 historically	 been	
limited	 due	 to	 the	 poorly	 defined	 chemical	 and	 physical	
properties	of	many	of	the	naturally	derived	polymers	that	have	
dominated	this	literature.3,5,7,25-28	However,	recent	advances	in	
polymer	chemistry	have	enabled	the	controlled	synthesis	of	a	
diverse	 palette	 of	 polymers	 with	 precisely	 defined	 chemical	
and	 physical	 properties.29-34	 For	 instance,	 synthetic	
polypeptides	have	been	used	extensively	as	model	systems	to	
examine	the	effects	of	different	side	chain	moieties	pendant	to	
a	 polypeptide	 backbone	 through	 incorporation	 of	 various	
amino	acids.29,35-47	Furthermore,	solid-phase	synthesis	enables	
precise	 control	 over	 the	 sequence	 and	 presentation	 of	
chemical	functionality.48-50	

To	 date,	 most	 studies	 of	 complex	 coacervation	 have	
focused	 on	 the	 impact	 of	 specific	 chemistries,	with	 relatively	
few	 reports	 investigating	 the	 effect	 of	 polymer	 architecture.	
Here,	 we	 utilize	 polypeptide-based	 comb	 polymers	 to	
investigate	the	effects	of	branching	on	the	self-assembly	and		



Figure	 1.	 (a)	 Schematic	 depiction	 of	 complex	 coacervation	 between	 two	 oppositely	
charged	 linear	polymers.	(b)	Comb	polymer	architectures,	 including	cationic	(red)	and	
anionic	 (blue)	comb	polymers,	and	a	copolymer	of	cationic	and	zwitterionic	moieties.	
(c) Coacervation	is	observed	as	droplets	of	a	polymer-dense	coacervate	dispersed	in	a
polymer-dilute	 supernatant	 phase.	 Monte	 Carlo	 simulations	 are	 used	 to	 provide	 a	
coarse-grained	 representation	 of	 coacervation,	 taking	 molecular	 architecture	 into	
account.	 The	 optical	 micrograph	 shows	 a	 coacervate	 phase	 formed	 from	 a	 comb	
polycation	(red)	and	linear	polyanion	(blue).	

stability	of	 complex	coacervates.	Furthermore,	we	 investigate	
the	effect	of	hydrophilic	zwitterionic	moieties	(i.e.,	net-neutral	
groups	with	 both	 positive	 and	 negative	 charges	 on	 the	 same	
monomer	unit)	as	comonomers	within	comb	polymers	without	
altering	the	local	charge	density	of	the	polymer	(Figure	1b).51-56	
Zwitterions	are	of	particular	interest	in	the	context	of	complex	
coacervation	since	they	 increase	polymer	solubility,	and	open	
opportunities	for	electrostatic	interactions	between	the	dipole	
of	 the	 zwitterion	 and	 the	 charge	 on	 the	 polymer.57-59	 Our	
studies	 showed	 that	 while	 architecture	 did	 not	 significantly	
impact	 the	 charge	 stoichiometries	 yielding	 complex	
coacervates,	 the	 comb	 architecture	 markedly	 decreased	 the	
salt	 stability	 relative	 to	 equivalent	 linear	 coacervates.	
Additionally,	 the	 incorporation	of	 zwitterionic	moieties,	up	 to	
ca.	 90	 mol%	 within	 cationic	 comb	 polymers,	 did	 not	 disrupt	
coacervate	 formation,	 suggesting	 the	 potential	 for	
incorporation	 of	 high	 loadings	 of	 zwitterions	 or	 other	
comonomers	into	these	structures.	

2. Experimental	Section
2.1.	Materials

	

Dichloromethane	 (DCM,	 ≥99.5%)	 and	 dimethylformamide	
(DMF,	≥99.5%)	were	purchased	from	Fisher	Bioreagents.	N,N-
diisopropylethyleamine	 (DiPEA,	 ≥99%),	 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium	 3-oxid	 hexaflurophosphate	 (HATU,	 97%),
hydrogen	 chloride	 solution	 (4M	 in	 dioxane),	 ethyl	 vinyl	 ether
(99%),	methanol	 (anhydrous	MeOH,	99.8%),	 triisopropylsilane
(TiPS,	 99%),	 and	 Ramage	 ChemMatrix	 Resin	 (0.3-0.6	mmol/g,
35-100	 mesh)	 were	 purchased	 from	 Sigma-Aldrich.
Trifluoroacetic	 acid	 (TFA,	 ≥99%),	 1-hydroxybenztriazole
monohydrate	 (HOBt	 hydrate,	 ≥98%),	 and	 Fmoc-Lys(Boc)-
preloaded	 2-chlorotrityl	 chloride	 resin	 (0.3-1.5	 mmol/g,	 100-
200	mesh)	were	 purchased	 from	Advanced	 ChemTech.	 2,2,2-
Trifluoroethanol	 (TFE,	 ≥99%)	was	 purchased	 from	Alfa	 Aesar.
Sodium	 chloride	 (NaCl)	 and	 sodium	 bicarbonate	 were
purchased	from	Fisher	Chemical.	Fmoc-Lys(Boc)-OH	and	Fmoc-
Glu(OtBu)-OH	 were	 purchased	 from	 Peptide	 Solutions,	 LLC.
Diethyl	 ether	 (stabilized	 by	 butylated	 hydroxytoluene	 (BHT))
and	 dialysis	 tubing	 (molecular	 weight	 cut-off,	 MWCO	 =	 6-8
kDa)	were	purchased	from	Fisher	Scientific.	Piperidine	(≥99%)
was	 purchased	 from	 EMD	 Millipore	 Corporation.	 Poly(D,L-
glutamate	 sodium	 salt)	 (avg.	 MW=15000	 g/mol),	 poly(L-
glutamate	 sodium	 salt)	 (avg.	 MW=15000	 g/mol),	 poly(D,L-
lysine	 hydrobromide)	 (avg.	 MW=21000	 g/mol),	 and	 poly(L-
lysine	hydrobromide)	(avg.	MW=21000	g/mol)	were	purchased
from	 Alamanda	 Polymers,	 Inc.	 Water	 was	 dispensed	 from	 a
Milli-Q	purification	system	at	a	 resistivity	of	18.2	MΩ-cm.	 (Z)-
Cyclooct-4-ene-1-carboxylic	acid	 (COE-COOH)	was	synthesized
from	 1,5-cyclooctadiene	 as	 previously	 reported.60-62	 3-
Bromopyridine-substituted	Grubbs	Generation	III	catalyst	(G3-
BrPy)	 was	 synthesized	 according	 to	 a	 literature	 procedure.63

Sulfobetaine-substituted	 cyclooctene	 (SB-COE)	 was
synthesized	from	dimethylaminoethyl	cycloctene	according	to
the	literature.64	All	other	chemicals	were	used	without	further
purification	or	modification.

2.2.	Characterization	
1H	 NMR	 spectra	 of	 Boc-	 and	 tBu-protected	 oligopeptide-
substituted	 cyclooctene	monomers	 and	 deprotected	 charged	
polymers	 were	 recorded	 on	 either	 a	 Bruker	 Spectrospin	
DPX300	or	a	Bruker	Ascend	500	spectrometer	equipped	with	a	
Prodigy	 cryoprobe.	 Mass	 spectrometry	 was	 performed	 on	 a	
Bruker	 MicroFlex	 LRF	 matrix-assisted	 laser	
desorption/ionization	 time	 of	 flight	 mass	 spectrometer	
(MALDI-TOF).	 Size	 exclusion	 chromatography	 (SEC)	 on	
deprotected	 cationic	 pentalysine	 comb	 polymers	 was	
performed	in	TFE	with	0.02	M	sodium	trifluoroacetate	at	40°C	
using	an	Agilent	1200	system	equipped	with	an	isocratic	pump	
operated	at	1	mL/min,	a	degasser,	an	autosampler,	one	50	x	8	
mm	PSS	PFG	guard	column	(Polymer	Standards	Service),	three	
300	x	7.5	mm	PSS	PFG	analytical	linear	M	columns	with	a	7	μm	
particle	size	(Polymer	Standards	Service),	and	an	Agilent	1200	
refractive	 index	 detector.	 The	 system	 was	 calibrated	 with	
linear	PMMA	standards.	SEC	equipped	with	a	multi-angle	light	
scattering	 detector	 (SEC-MALS)	 was	 performed	 on	 the	
deprotected	pentaglutamate	comb	polymer	in	aqueous		



Figure	 2.	 (a)	 Synthesis	 and	 polymerization	 of	 oligolysine-substituted	 cyclooctenes.	 	 Lysine-based	 oligopeptides	 were	 prepared	 via	 solid-phase	 peptide	 synthesis	 utilizing	 a	 2-
chlorotrityl	chloride	resin	preloaded	with	Fmoc-protected	lysine.	Following	repeated	addition	of	Fmoc-protected	lysine	and	removal	of	the	Fmoc	group	with	a	20%	piperidine/DMF	
solution,	cyclooct-4-ene-1-carboxylic	acid	was	coupled	to	the	N-terminus.	The	resin	was	cleaved	from	the	peptide	following	synthesis	using	a	20%	v/v	TFE	/DCM	solution,	exposing	
the	C-terminal	carboxylic	acid	to	give	LK5-COE.	ROMP	using	the	G3-BrPy	catalyst,	followed	by	Boc	removal	in	highly	acidic	conditions	yielded	the	positively	charged	lysine	comb	
polymer	LK5.	(b)	Synthesis	and	polymerization	of	pentaglutamic	acid-substituted	cyclooctene.	Glutamate-based	peptides	were	prepared	via	solid-phase	peptide	synthesis	utilizing	
a	glutamate-preloaded	Ramage	ChemMatrix	resin	and	capped	with	cyclooct-4-ene-1-carboxylic	acid.	The	resin	was	cleaved	from	the	peptide	following	synthesis	using	a	2%	v/v	
TFA/DCM	solution,	exposing	a	C-terminal	amide	and	yielding	LE5-COE.	(b)	ROMP	using	the	G3-BrPy	catalyst,	followed	by	acid-catalyzed	cleavage	of	the	t-Bu	groups	to	yield	the	
negatively	charged	oligoglutamate-substituted	comb	polymer	LE5.		

solution	with	5%	ammonium	phosphate	and	3%	acetonitrile	at	
25°C.	SEC-MALS	was	operated	with	a	flow	rate	of	0.5	mL/min	
on	a	Wyatt	system	equipped	with	a	TSKgel	G2000SWxl	column	
(15	 cm,	 5	 μm	 particle	 size,	 Tosoh	 Bioscience,	 LLC),	 a	 DAWN	
HELEOS	 II	 MALS	 detector	 (664	 nm),	 and	 an	 Optilab	 T-rEX	
refractive	index	detector.		

2.3.	Synthesis	of	5-[K(Boc)]5-1-cyclooctene	(LK5-COE)	and	5-
[E(OtBu)]5-1-cyclooctene	(LE5-COE)		

Penta-L-lysine-substituted	 cyclooctene	 (LK5-COE)	 was	
synthesized	 either	 by	 hand	 following	 previously	 published	
procedures,48,65	 or	 by	 automated	 peptide	 synthesis	 as	
described	 here	 for	 penta-L-glutamate-substituted	 cyclooctene	
(LE5-COE).	 Solid-phase	 peptide	 synthesis49	 was	 used	 to	
prepare	 LE5-COE	 utilizing	 a	 CEM	 Liberty	 Blue	 peptide	
synthesizer	 equipped	 with	 a	 CEM	 Discover	 attachable	
microwave	 and	 HT12	 high-throughput	 attachment.	 Fmoc-
Glu(t-Bu)-preloaded	Ramage	 resin	 (0.494	g,	 0.51	mmol/g,	 35-
100	 mesh)	 was	 swollen	 in	 a	 DCM/DMF	 mixture	 (50%	 v/v),	
followed	 by	 deprotection	 of	 the	 Fmoc	 group	 using	 a	
piperidine/DMF	 solution	 (25%	 v/v)	 to	 yield	 a	 free	 amine.	
Addition	of	Fmoc-Glu(t-Bu)-OH	(0.2	M	in	DMF)	and	subsequent	
Fmoc	removal	was	repeated	4x	to	produce	penta-L-glutamate	
oligopeptide	 chains.	 Amino	 acid	 coupling	 was	 assisted	 by	
HATU	

	

(0.5	M	in	DMF)	and	DiPEA	(2	M	in	DMF).	(Z)-Cyclooct-4-ene-1-
carboxylic	 acid	 (0.2	 M	 in	 DMF)	 was	 then	 coupled	 to	 the	 N-
terminus	of	the	peptide,	and	the	cyclooctene-modified,	resin-
attached	 peptide	was	 transferred	 to	 a	 50	mL	 peptide	 vessel,	
washed	with	DCM	(~25	mL),	and	cleaved	from	the	resin	with	a	
TFE	 solution	 (20%	 v/v	 in	 DCM).	 The	 resulting	 solution	 was	
concentrated	 under	 reduced	 pressure	 to	 ~2	 mL	 and	
precipitated	 into	 diethyl	 ether	 (40	 mL).	 The	 precipitate	 was	
isolated	by	 centrifugation	 (4000	 rpm,	5	min)	and	dried	under	
vacuum	 to	 afford	LE5-COE	as	 a	 flaky	white	 solid	 in	 38%	yield	
(0.23	g).	MALDI-TOF	mass	spectrometry:	calculated	[M	+	Na]+	
1101.63,	 found	 1101.90.	 1H	NMR	 (500	MHz,	 DMSO-d6,	 δ,	
ppm):	7.72-8.18	(br	m,	5H),	6.98-7.72	(br	m,	2H),	5.53-5.81	(br	
m,	2H),	4.04-4.51	(br	m,	5H),	1.30-2.44	(br	m,	76H).	

2.4.	Representative	Polymerization	of	Oligopeptide-	and	SB-
substituted	Cyclooctenes		

Polymerizations	 and	 subsequent	 removal	 of	 peptide	
protecting	 groups	 were	 conducted	 similarly	 as	 previously	
reported.64	LK5-COE	(0.20	g,	0.15	mmol)	and	SB-COE	(0.080	g,	
0.23	mmol)	were	 dissolved	 in	 TFE	 (0.71	mL)	 in	 a	 scintillation	
vial	 equipped	 with	 a	 stir	 bar	 and	 a	 septum.	 The	 monomer	
solution	 was	 subjected	 to	 three	 freeze−pump−thaw	 cycles.	
Separately,	a	solution	of	3-bromopyridine-substituted	Grubbs’		



Figure	 3.	Synthesis	 of	 zwitterion-containing	 comb	polymers	 by	 ROMP	of	 oligolysine-	 and	 sulfobetaine-	 (SB)	 substituted	 cyclooctenes,	 holding	 the	 [LK5-COE]:[G3-BrPy	 catalyst]	
molar	ratio	constant	and	varying	the	SB-COE	feed	ratio.	Subsequent	removal	of	Boc	groups	yielded	a	series	of	positively	charged,	zwitterion-containing	oligolysine	comb	polymers,	
named	LK5SB-X,	where	X	=	mol%	SB	compared	to	total	monomer	(pentalysine	and	SB).		

metathesis	 catalyst	 (G3-BrPy)	 was	 prepared	 in	 DCM	 (50	
mg/mL)	and	subjected	to	three	freeze−pump−thaw	cycles.	The	
catalyst	solution	(0.003	g,	0.004	mmol,	0.06	mL)	was	added	to	
the	 monomer	 and	 the	 mixture	 was	 stirred	 for	 2	 h	 at	 room	
temperature	 under	 N2(g).	 Ethyl	 vinyl	 ether	 (0.10	mL,	 0.075	 g,	
1.0	mmol)	was	added,	and	the	mixture	was	stirred	30	min	and	
opened	to	ambient	atmosphere.	The	mixture	was	diluted	with	
TFE	 (1	 mL)	 and	 precipitated	 into	 diethyl	 ether	 (40	 mL).	 The	
precipitate	 was	 isolated	 by	 centrifugation	 (4000	 rpm,	 5	min)	
and	dried	under	vacuum	to	afford	a	mixture	of	monomer	and	
polymer	 as	 a	 yellow-brown	 solid	 (86%	 mass	 recovery).	 The	
precipitate	(0.24	g)	was	dissolved	 in	MeOH	(~12	mL)	and	4	M	
HCl	in	dioxane	(~5	mL).	The	mixture	was	stirred	for	3	h	at	room	
temperature	while	open	to	atmosphere,	then	precipitated	into	
diethyl	 ether	 (~160	 mL).	 The	 precipitate	 was	 isolated	 by	
centrifugation	 (4000	 rpm,	5	min)	 then	dissolved	 in	water	and	
adjusted	to	pH	7-8	with	sodium	bicarbonate.	The	solution	was	
dialyzed	in	water	(6−8	kDa	MWCO	membrane)	and	lyophilized	
to	afford	a	white	powder	(20-50%	yield),	where	the	theoretical	
yield	 was	 calculated	 as	 (mass	 of	 the	 Boc-protected	 polymer	
and	 monomer	 mixture	 used	 in	 the	 deprotection	 reaction,	
g)*(monomer	 conversion)*(average	 molecular	 weight	 per	

repeat	 unit	 deprotected	 polymer	 with	 counterions,	
g/mol)/(average	 molecular	 weight	 per	 repeat	 unit	 Boc-
protected	 polymer,	 g/mol).	 1H	NMR	 (300	MHz,	 D2O,	 δ):	 5.35	
(br,	 2H	 from	 LK5	 and	 2H	 from	 SB),	 3.98-4.47	 (br	m,	 5H	 from	
LK5),	3.29-3.86	(br	m,	6H	from	SB),	3.14	(br,	6H	from	SB),	2.67-
3.03	(br,	10H	from	LK5	and	2H	from	SB),	2.09-2.49	(br,	1H	from	
LK5	and	3H	from	SB),	1.05-2.09	(br	m,	40	H	from	LK5	and	10H	
from	 SB).	 Molecular	 weights	 estimated	 relative	 to	 PMMA	
standards	 by	 SEC	 eluting	 in	 TFE	 with	 0.02	 M	 sodium	
trifluoroacetate	 relative	 and	 compositions	 determined	 by	 1H	
NMR	 spectroscopy	 are	 provided	 in	 Table	 1,	 and	 the	
monomer:catalyst	 feed	 ratios	 for	 all	 copolymerizations	 are	
provided	in	Table	S1.	Percent	SB	incorporation	was	calculated	
by	1H	NMR	spectroscopy,	comparing	the	relative	intensities	of	
the	SB	quarternary	ammonium	resonances	at	3.1	ppm	to	 the	
lysine	 δ	 and	 SB	methylene	 protons	 adjacent	 to	 the	 sulfonate	
between	2.8-3.0	ppm.	
Poly(K5-COE),	 LK5:	 Monomer	 solution:	 LK5-COE	 (0.20	 g,	 0.15	
mmol)	in	TFE	(0.2	mL);	catalyst	(0.003	g,	0.003	mmol,	0.05	mL).	
Deprotection	solution:	precipitate	(0.1	g)	in	MeOH	(anhydrous,	
~5	mL)	 and	 4	M	HCl	 in	 dioxane	 (~2	mL).	 Yield:	 60%	 (29	mg).	
1H	NMR	(300	MHz,	D2O,	δ):	5.33	(br,	2H),	3.98-4.61	(br	m,	5H),	

Table	1.	Molecular	weight	and	composition	of	the	linear	and	comb	polymers	used	in	this	study.	

Linear	polymers	 Comb	polymers	

Polymers	 DPn
a Mn

a

(g/mol)	
Polymersb

Mn,	theo
c	

(g/mol)	
Mn

d	
(g/mol)	

Ðd	

(D,L)K100	 90-110 18800-23000	 LK5	 31000	 33400	 1.30	

LK100	 90-110 18800-23000	 LK5SB-26	 38600	 42900	 1.35	

(D,L)E100	 90-110 13600-16600	 LK5SB-44	 50500	 44500	 1.45	

LE100	 90-110 13600-16600	 LK5SB-65	 68500	 43900	 1.52	

LK5SB-88	 126000	 125700	 1.77	

LE5	 54500	 35200e

aNumber-average	degree	of	polymerization	(DPn)	and	Mn	determined	using	NMR	spectroscopy,	as	provided	by	the	manufacturer.	bCopolymers	of	LK5-COE	and	SB-COE	
are	 named	 LK5SB-X,	 where	 X	 indicates	 mol%	 SB	 units	 compared	 to	 the	 total	 polymer	 composition	 (LK5	 +	 SB	 units),	 as	 determined	 by	 1H	 NMR	 spectroscopy.
cMn,theo	=	([monomer]:[initiator])*conversion*(molecular	 weight	 per	 repeat	 unit),	 assuming	 100%	 conversion	 for	 LKSB-88.	 d	 Estimated	 relative	 to	 linear	 PMMA	
standards	 by	 SEC	 eluting	 in	 TFE.	 eMw	 determined	 by	 SEC-MALS	 eluting	 in	 aqueous	 solution	 containing	 5%	 ammonium	 phosphate	 and	 3%	 acetonitrile	 (dn/dc	 of	
LE5	=	0.1058).	



2.61-3.16	(br	m,	10H),	2.31	(br,	1H),	0.56-2.17	(br	m,	40H).	SEC	
(0.02	M	NaTFAc	TFE,	PMMA	standards):	Mn	=	33400	g/mol,	Ð	=	
1.30.		
Poly(E5-COE),	 LE5.	 Monomer	 solution:	 LE5-COE	 (0.2	 g,	 0.185	
mmol)	 in	TFE	 (0.26	mL)	and	DCM	 (0.99	mL);	 catalyst	 solution	
(0.002	 g,	 0.003	 mmol,	 0.05	 mL).	 Mass	 recovery	 =	 93%.	
Deprotection:	 precipitate	 (0.19	 g)	 was	 dissolved	 in	 a	
TFA/H2O/TIPS	solution	(95/2.5/2.5	%	v/v,	~8	mL).	Product	was	
dissolved	 in	NaCl	solution	(2	M,	~2	mL),	dialyzed	against	NaCl	
(2M,	 1	 L)	 then	 water,	 and	 re-lyophilized	 to	 afford	 a	 white	
powder	in	58%	yield	(81	mg).	1H	NMR	(500	MHz,	D2O,	δ):	5.41	
(br,	 2H),	 4.34	 (br,	 5H),	 0.93-2.78	 (br	 m,	 31H).	 SEC-MALS	
(aqueous	 solution	 containing	 5%	 ammonium	 phosphate	 and	
3%	acetonitrile):	dn/dc	=	0.1058,	Mw	=	47700	g/mol.	

2.5.	Preparation	of	Stock	Solutions	

Linear	 polymer	 stock	 solutions	were	 prepared	 at	 10	mM	and	
comb	 polymer	 stock	 solutions	 were	 prepared	 at	 1	 mM	
concentrations	 in	 Millipore	 water,	 and	 adjusted	 to	 pH	
7.00±0.05	using	 1	M	hydrochloric	 acid(aq)	 and/or	 1	M	 sodium	
hydroxide(aq)	and	a	Mettler	Toledo	Inlab	pH	probe	attached	to	
a	 Fisher	 Scientific	 Accuet	 pH	 meter.	 Sodium	 chloride	 stock	
solutions	were	prepared	similarly	at	2	M(aq).		

2.6.	Preparation	of	Complex	Coacervates	

Samples	 were	 prepared	 either	 by	 hand	 or	 using	 a	 Beckman	
Coulter	 Biomek	 NXp	 pipetting	 robot	 equipped	 with	 a	 Span-8	
pod,	 an	 orbital	 shaker,	 and	 a	 gripper.	 Complexation	 was	
performed	 using	 stoichiometric	 quantities	 of	 oppositely	
charged	 polypeptides	 at	 a	 total	 polymer	 concentration	 of	 1	
mM	at	pH	7.0,	where	it	 is	appropriate	to	assume	all	polymers	
are	 fully	 charged.	Milli-Q	water	 and	NaCl,	 if	 applicable,	were	
mixed	in	a	microcentrifuge	tube	(1.5	mL,	Eppendorf)	by	hand,	
or	 in	a	96-well	plate	by	 the	Biomek	pipetting	 robot,	 followed	
by	 addition	 of	 the	 polyanion	 and	 vigorous	 vortexing.	 The	
polycation	was	then	added	to	reach	a	final	volume	of	120	µL,	if	
prepared	 by	 hand,	 or	 150	 µL,	 if	 prepared	 by	 the	 Biomek	
pipetting	robot.	The	order	of	addition	did	not	have	a	significant	
effect	on	complex	formation	(Figure	S6).		The	final	mixture	was	
vortexed	 vigorously	 and	 distributed	 into	 a	 384-well	 plate	 as	
three	 32-µL	 aliquots.	 All	 samples	 were	 prepared	 in	 triplicate	
except	for	the	comb-comb	systems	where	material	limitations	
resulted	in	a	single	trial.	

2.7.	Turbidimetry	and	Optical	Microscopy	

Turbidity	 experiments	 were	 performed	 on	 each	 aliquot	 in	
triplicate	 using	 a	 Biotek,	 Inc.	 Synergy	 H1	 UV	
spectrophotometer.	 A	 wavelength	 of	 562	 nm	 was	 used	 to	
measure	turbidity,	as	the	polymers	do	not	absorb	light	at	this	
wavelength.	Measurements	were	performed	 in	 triplicate,	and	
the	 data	 were	 plotted	 as	 the	 average	 of	 triplicate	 samples,	
with	 error	 bars	 indicating	 the	 standard	 deviation.	 Critical	 salt	
concentrations	 were	 estimated	 from	 turbidity	 readings	 and	
confirmed	by	visual	inspection	using	a	Fisher	Scientific	Evos	XL	
Core	optical	microscope.		

3. Simulation	Methods
Comb	 polymers	 were	 simulated	 using	 a	 restricted	 primitive	
model	 (RPM)	 representation,66	 where	 charged	 residues	 were	
represented	 as	 hard	 spheres	 of	 radius	 𝑎	 that	 interact	 via	
Coulomb	 potentials	 in	 a	 continuum	 solvent	 with	 relative	
dielectric	 constant	 𝜖! = 78.5.	 Polyelectrolytes	 and	 charged	
comb	 branches	 were	 treated	 as	 connected	 spheres	 of	 unit	
charge.	 This	model	 cannot	 resolve	 atomistic	 detail,	 therefore	
some	 effects	 (i.e.,	 hydrophobic	 interactions,	 Hofmeister	
effects)	 were	 neglected.67	 Nevertheless,	 this	 model	 captures	
correlated	electrostatics	crucial	to	modelling	coacervation.68-70	
3.1.	Monte	Carlo	(MC)	Simulations	of	Linear	and	Comb	Polymers	

MC	 simulations	 were	 performed	 on	 combinations	 of	 linear	
and/or	 comb	 polyelectrolytes.	 Linear	 species	 consist	 of	𝑁×𝑛!	
charged	monomers,	where	𝑁	 is	the	degree	of	polymerization,	
and	 𝑛!	 is	 the	 number	 of	 polycations	 (𝑖 = 𝑃+)	 or	 polyanions	
(𝑖 = 𝑃−).	 Comb	 species	 consist	 of	 3×𝑁!×𝑛!	 backbone	
monomers,	 where	 𝑁!	 is	 the	 degree	 of	 polymerization.	 The	
factor	of	3	arises	from	the	three	polymer	backbone	beads	per	
monomer	 unit,	 as	 shown	 in	 the	 schematic	 in	 Figure	 4.	 Every	
three	backbone	beads,	there	is	a	branch	of	length	𝑛!	positively	
charged	 beads,	 leading	 to	 𝑛!×𝑁!×𝑛!	 charged	 beads	 in	 the	
system.	In	addition	to	the	polymer	beads,	there	are	𝑛!	cation	
and	 𝑛!	 anion	 beads	 accounting	 for	 both	 counterions	 and	
added	 salt.	 Each	 charged	 polyelectrolyte	 and	 salt	 bead	 has	 a	
radius	𝑎,	while	uncharged	backbone	beads	 are	not	 simulated	
with	excluded	volume.	The	latter	model	attribute	is	chosen	as	
a	fit	parameter	to	match	simulation	and	experimental	results,	
and	 reflects	 (1)	 the	 lack	 a	 strongly	 bound	 hydration	 shell	
around	 the	 uncharged	 backbone,	 in	 contrast	 with	 the	
hydration	 shell	 around	 the	 charged	 species,	 and	 (2)	 a	 slight	
‘effective’	hydrophobicity.		

This	model	is	simulated	in	an	NVT	ensemble,	and	all	species	
are	at	positions	𝒓!!,	where	 𝑖	 is	 the	 index	 identifying	a	 specific	
ion	or	monomer	and	𝛼	specifies	the	type	of	bead	(P+,P–,+,–,	or	
0	 for	 polycation,	 polyanion,	 cation,	 anion,	 and	 backbone	
beads,	 respectively).	 All	 particles	 contribute	 to	 the	 system	
energy	𝑈	given	by:	

𝑈 = 𝑈!" + 𝑈! + 𝑈! + 𝑈! 

𝑈!"	 is	 the	 hard	 sphere	 contribution	 that	 prevents	 bead	
overlap:	

𝑈!" = 𝑢!"(𝑟!"
!")

!,!!,!

This	summates	the	pairwise	contributions	to	the	potential	𝑢!"	
that	 is	 a	 function	 of	 the	 distance	 𝑟!"

!" = |𝒓!! − 𝒓!
!|	 between

beads	𝑖	and	𝑗	on	species	𝛼	and	𝛽:	

𝑢!" 𝑟!"
!" =

∞  𝑟!"
!" < 𝜎!"

0   𝑟!"
!"𝜎!"

Here,	𝜎!"	 is	 the	minimum	 possible	 distance	 between	 𝑖	 and	 𝑗,	
which	 is	 only	 nonzero	 when	 both	 species	 are	 charged	 (𝜎!" =
2𝑎).	𝑈!	is	the	Coulomb	potential:		



Figure	 4.	 Schematic	 demonstrating	 the	 molecular	 model	 used	 for	 linear	 and	 comb	
polymers	 in	MC	simulations.	Linear	chains	(polyanion	shown)	are	connected	chains	of	
negative	 charges	 with	 diameter	 𝜎.	 The	 chains	 are	 semiflexible,	 due	 to	 a	 bending	
potential	 that	 imposes	 an	 energetic	 penalty	 on	 the	 bond	 angle	 𝜃.	 There	 are	
electrostatic	 interactions	 between	 all	 charged	 species,	 including	 polyelectrolytes	 and	
salt	 ions.	 Comb	 polymers	 have	 branches	 that	 consist	 of	 five	 charges	 to	 represent	
pentalysine	 branches.	 Backbone	 chain	 beads	 are	 uncharged,	 and	 do	 not	 have	 any	
excluded	volume.	

𝑈! =
𝑞!𝑞!

4𝜋𝜖!𝜖!𝑟!"
!"

!,!!,!

𝑞!	 is	 the	 per-bead	 charge	 of	 species	𝛼	 and	𝜖!	 is	 the	 vacuum	
permittivity.	We	 use	 standard	 Ewald	 summation	 to	 calculate	
electrostatic	interactions	in	the	simulation.71	𝑈!	is	the	bonding	
potential:	

𝑈! = 𝑢!(𝑟!,!!!
!,! )

!∗!!!!,!!,!

This	is	only	included	for	polymeric	species,	and	the	asterisk	on	
the	 summation	 𝑖∗	 denotes	 that	 we	 only	 consider	 connected	
beads	(as	shown	in	Figure	4).	The	pair	potential	is	given	by:		

𝑢! 𝑟!,!!!
!,! = 0  2.7𝑎 ≤ 𝑟!,!!!

!,! < 2.9𝑎
∞   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

Finally,	we	include	an	angle	potential	𝑈!:	

𝑈! = 𝑢!(𝒓!!!! , 𝒓!! , 𝒓!!!! )
!∗

 
!!!!,!!,!

Once	 again,	 the	 asterisk	 indicates	 that	 the	 sum	 is	 only	 over	
bonded	species.	The	pair	potential	𝑢!	is:	

𝑢! 𝒓!!!! , 𝒓!! , 𝒓!!!! =
𝜅!
2
𝜃!!

!

	

𝜅!	is	the	bending	constant	and	𝜃!	is	the	angle	formed	by	bonds	
on	 either	 side	 of	 bead	 index	 𝑖.	 We	 parameterize	 our	 model	
with	 values	 𝑎 = 0.212 nm	 and	 𝜅! = 3.3𝑘!𝑇.	 Simulations	
include	4	chains	of	each	species,	each	with	100	charged	beads	
(𝑁 = 120, 𝑁! = 𝑁/𝑛!),	and	are	run	for	1.5×10!	cycles.	
3.2.	Monte	Carlo-Informed	Field	Theory	

Excess	chemical	potentials	𝜇!!"#	for	all	species	𝛼	are	calculated	
using	 standard	 Widom	 insertion	 methods,71	 modified	 to	
account	 for	 the	 charged	 and	 polymeric	 species.	
Electroneutrality	 is	 maintained	 by	 inserting	 positive	 and	
negative	 species	 jointly;	 for	 the	 polyelectrolyte	 species,	 this	
involves	extending	branches	for	combs	or	adding	monomers	to	
the	 end	 of	 a	 chain.	 This	 is	 a	 modified	 version	 of	 a	 method	
developed	 by	 Kumar,	 et	 al.72	 To	 incorporate	 the	
thermodynamic	contributions	of	the	various	charges	along	the	
branches,	we	 include	 a	 few	partial	 branches	 that	 are	 ‘grown’	
via	Widom	insertion.		

The	entire	set	of	excess	chemical	potentials	was	tabulated	
at	 a	 number	 of	 values	 of	 𝜙!	 and	 𝜙!,	 and	 thermodynamic	
integration	 is	used	to	calculate	 the	excess	 free	energy	 from	a	
reference	state	𝜙!!	and	𝜙!:

73

𝑓!"# 𝜙!,𝜙! = 𝜇!"#! 𝜙!! ,𝜙!! 𝑑𝜙!′
!!,!!!

!!!,!!!

+ 𝜇!"#! 𝜙!,𝜙!′ 𝑑𝜙!′
!!,!!

!!,!!!

This	 thus	 provides	 a	 simulation-informed	 excess	 free	 energy	
that	 can	 be	 incorporated	 into	 a	 Flory-Huggins-like	 expression	
for	the	free	energy:	

ℱ𝑎!

𝑉𝑘!𝑇
=
𝜙!
𝑁!

ln
𝜙!
2
+ 𝜙! ln

𝜙!
2
+ 𝜙! ln𝜙! + 𝑓!"# 𝜙!,𝜙!

This	free	energy	expression	is	used	to	numerically	calculate	the	
binodal.	 It	has	been	shown	that	this	matches	computationally	
demanding	techniques	such	as	Gibbs	Ensemble	Monte	Carlo.73	

4. Results
We	sought	to	understand	the	effect	of	branching	on	complex	
coacervation.	 While	 it	 is	 straightforward	 to	 imagine	 how	
oppositely	charged	 linear	polymers	 interact	 to	 form	a	charge-
neutral	coacervate	complex,	it	is	unclear	the	extent	to	which	a	
mismatch	 in	 polymer	 architecture,	 due	 to	 branching,	 might	
alter	 this	 interaction.	 Here,	 we	 utilized	 oligopeptide-grafted	
poly(cyclooctene)s	 as	 a	 model	 system.	 We	 synthesized	
penta(L-lysine)	 (LK5)	 and	 penta(L-glutamate)	 (LE5)	 comb	
polymers	 by	 solid	 phase	 peptide	 synthesis	 and	 ring-opening	
metathesis	 polymerization	 (ROMP),	 using	 similar	 methods	 as	
those	 described	 in	 previous	 reports64,65	 (Figure	 2).	 We	 then	
compared	 the	 self-assembly	 and	 stability	 of	 complex	
coacervates	 resulting	 from	 complexation	 between	 oppositely	
charged	linear	polymers,	a	linear	and	a	comb	polymer,	and	two	
comb	 polymers	 using	 turbidity	 measurements,	 optical	
microscopy,	 and	 Monte	 Carlo	 simulations.	 Additionally,	 we	



investigated	 the	 effect	 of	 incorporating	 pendant	 sulfobetaine	
(SB)	moieties	along	the	length	of	the	polymer	(Figure	3),	while	
maintaining	a	constant	number	of	charged	groups.		

4.1.	Effect	of	Polymer	Architecture	on	the	Stoichiometry	of	
Complex	Coacervation	

Turbidimetry	 was	 used	 to	 examine	 the	 effect	 of	 polymer	
architecture	 (i.e.,	 linear	 vs.	 comb)	 on	 the	 formation	 and	
stability	 of	 complex	 coacervates.	 All	 experiments	 were	
performed	at	pH	7.0.	Under	these	conditions,	 it	 is	 reasonable	
to	 assume	 that	 cationic	 poly(lysine)	 and	 anionic	
poly(glutamate)	 are	 both	 fully	 charged.37,41	 For	 linear	
polymers,	 a	 maximum	 in	 the	 turbidity	 signal	 would	 be	
expected	to	occur	at	net	neutral	conditions,	with	the	number	
of	positive	charges	equalling	the	number	of	negative	charges.37	
However,	 it	 was	 unclear	 whether	 steric	 considerations	
associated	 with	 the	 comb	 architecture	 might	 frustrate	 this	
interaction.		

Figure	 5a	 compares	 the	 turbidimetry	 results	 for	 linear	
poly(L-lysine)	 and	 a	 pentalysine	 comb	 polymer	 (LK5)	 in	
complexes	with	linear	poly(D,L-glutamate)	as	a	function	of	the	
mole	 fraction	 of	 the	 cationic	 monomer.	 Figure	 5b	 plots	 the	
same	 data	 on	 a	 charge	 basis.	 Linear	 polymers	 contain	 one	
charge	 per	 monomer	 unit,	 while	 the	 pentalysine	 comb	
polymers	contain	four	charges	per	monomer	unit	from	the	five	
lysines	 and	 one	 carboxylate	 (Figure	 2a).	 As	 expected	 for	 the	
system	 of	 linear	 polymers,	 we	 observed	 a	 maximum	 in	 the	
turbidity	 signal	 at	 approximately	 net-neutral	 conditions,	 or	 a	
cationic	 monomer	 mole	 fraction	 of	 ~0.5	 (Figure	 5a,b).	
However,	 for	 the	 comb-linear	 system	we	 observed	 a	 peak	 in	
the	turbidity	data	at	a	cationic	mole	fraction	of	~0.2,	or	a	ratio	
of	 one	 pentalysine	 monomer	 for	 every	 four	 glutamate	
monomers	 (Figure	 5a).	 While	 not	 as	 directly	 intuitive,	 this	
result	 correlates	 with	 the	 +4	 net	 charge	 of	 a	 pentalysine	
branch.	Replotting	of	these	data	on	a	charge	basis	(Figure	5b)	
shows	 alignment	 of	 the	 turbidity	 signals	 between	 the	 linear	
and	 comb	 experiments,	 and	 demonstrates	 that	 the	
cyclooctene	 comb	 architecture	 does	 not	 sterically	 frustrate	
electrostatic	 interactions	 with	 linear	 poly(D,L-glutamate).	 All	
subsequent	 experiments	 were	 performed	 using	 the	 charge-
neutral	stoichiometries	shown	in	Figures	5a,b.	

4.2.	Effect	of	Polymer	Architecture	on	Coacervate	Phase	Behaviour	

Complex	coacervate	phase	behaviour	is	typically	described	as	a	
function	 of	 polymer	 and	 salt	 concentration	 (Figure	
5d).2,4,12,68,70,74-76	 Binodal	 curves	 can	 be	 specified	 for	 a	 given	
stoichiometric	 composition,	 pH,	 and	 temperature.	 Complex	
coacervation	 is	 observed	 for	 samples	 prepared	 at	 a	
concentration	falling	within	the	two-phase	region	beneath	the	
binodal	 curve,	 while	 no	 phase	 separation	 is	 observed	 at	
concentrations	 above	 the	 binodal.	 Preparation	 of	 a	 sample	
within	 the	 two-phase	 region	will	 result	 in	 the	 formation	 of	 a	
polymer-rich	 coacervate	 phase	 and	 a	 polymer-poor	
supernatant	 phase,	 the	 equilibrium	 concentrations	 of	 which	
are	defined	by	a	tie-line	(Figure	5d).		

Turbidity	 experiments	 identify	 the	 location	 of	 the	 binodal	
curve	 by	 varying	 salt	 concentration	 for	 a	 given	 polymer	
concentration.	 Typical	 salt	 curves,	 which	 plot	 turbidity	 as	 a	
function	 of	 salt	 concentration,	 show	 a	 sharp	 increase	 in	
turbidity	 with	 the	 addition	 of	 small	 amounts	 of	 salt	 for	
coacervate-forming	 systems.1,37,41	 This	 signal	 decreases	 with	
further	increases	in	the	total	salt	concentration	until	a	‘critical	
salt	concentration’	is	reached,	above	which	phase	separation	is	
no	 longer	observed.	This	critical	salt	concentration	provides	a	
means	 for	 comparing	 the	 stability	 of	 different	 coacervate	
samples,	 and	 scales	 with	 the	 size	 of	 the	 two-phase	 region.	
Figure	5c	 shows	 the	 salt	 curves	 for	 linear	poly(L-lysine)	and	a	
pentalysine	 comb	 polymer	 in	 complex	 with	 linear	 poly(D,L-
glutamate),	 as	well	 as	 the	pentalysine	 comb	polymer	 (LK5)	 in	
complex	with	the	pentaglutamate	comb	polymers	(LE5).		

We	observed	a	significantly	lower	critical	salt	concentration	
for	 the	 comb-linear	 coacervates	 (350	 mM	 NaCl)	 than	 the	
linear-linear	 system	 (600	mM	NaCl).	However,	 the	magnitude	
of	 the	 turbidity	 signal	 for	 the	 comb-linear	 system	 was	
significantly	 higher	 than	 for	 the	 all-linear	 version.	 While	 the	
higher	 turbidity	 signal	 for	 the	 linear-comb	 system	 would	 be	
anticipated	 due	 to	 the	 higher	 molecular	 weight	 of	 the	
pentalysine	 comb	 polymer	 LK5	 (~30	 kDa)	 compared	 to	 the	
linear	 polylysine	 (~20	 kDa,	 Table	 1),	 the	 lower	 critical	 salt	
concentration	of	the	linear-comb	system	was	unexpected.	The	
larger	number	of	lysine	groups	per	chain	in	the	comb	polymer	
(~150)	 relative	 to	 the	 linear	 polymers	 (90-110)	 would	 be	
expected	to	result	in	a	higher	critical	salt	concentration,	based	
on	 previous	 experimental	 results37	 and	 mean-field	 theories	
such	as	Voorn-Overbeek.4,12,74,76,77		

To	address	the	difficulty	of	predicting	the	phase	behaviour	
of	 non-linear	 molecular	 architectures,	 we	 performed	
molecular	 simulations	 of	 linear	 and	 comb	 polycations	 in	
complexation	 with	 linear	 polyanions,	 and	 used	Monte	 Carlo-
informed	Flory	Huggins	theory	to	construct	the	binodal	curves	
(Figure	 5d).	 These	 simulations	 are	 capable	 of	 capturing	 the	
effect	 of	 chain	 architecture	 on	 the	 phase	 diagrams	 of	
coacervation,	due	 to	 the	 incorporation	of	 combs	directly	 into	
the	molecular	model	(Section	3.1	and	Figure	4).	Replacing	one	
of	 these	 linear	 polyelectrolytes	 with	 a	 comb	 polyelectrolyte	
results	 in	a	significant	change	 in	the	two-phase	region.	This	 is	
dependent	on	the	length	of	the	branches,	with	a	few	values	of	
𝑛!	 shown.	 Short	 branches	 (𝑛! = 3)	 only	 undergo	 phase	
separation	up	to	~300	mM	NaCl,	while	the	phase	behaviour	of	
longer	 branches	 (𝑛! = 8)	 approaches	 that	 of	 linear-linear	
coacervates.	 These	 results	 are	 in	 agreement	 with	 previous	
experimental	 and	 simulation	 results	 that	 focused	 on	 the	
binding	 of	 DNA	with	 the	 same	 polylysine	 comb	 polymers	 for	
applications	 in	 gene	delivery,	with	 the	 longest	 comb	polymer	
approaching	those	for	a	linear	polylysine.83	Extrapolation	from	
these	 data	 suggests	 near-quantitative	 agreement	 with	 the	
experimentally	observed	critical	salt	concentration	in	Figure	5c	
for	combs	of	(𝑛! = 4),	in	the	range	of	300	mM	to	500	mM.		

We	note	 that	 the	Monte	Carlo	 simulations	 include	charge	
without	 resolving	 atomistic	 detail,	 and	 therefore	 the	 close	
match	between	phase	diagrams	determined	from	experiments	
and	simulation	suggests	that	the	smaller	binodal	regions	of		



Figure	5.	Plot	of	turbidity	as	a	function	of	(a)	mole	fraction	of	the	cationic	monomer	(i.e.,	a	single	lysine	for	linear	polymers,	and	a	pentalysine	branch	for	comb	polymers)	and	(b)	
mole	 fraction	 of	 cationic	 charges	 (based	 on	 the	 total	 number	 of	 charged	 groups)	 in	 the	 absence	 of	 added	 salt.	 Data	 are	 shown	 comparing	 coacervation	 between	 two	 linear	
homopolypeptides,	poly(L-lysine)	(LK100)	and	poly(D,L-glutamate)	((D,L)E100,	black	squares),	and	the	pentalysine	comb	polymer	LK5	with	a	linear	poly(D,L-glutamate)	((D,L)E100,	
red	circles).	(c)	Plot	of	turbidity	as	a	function	of	salt	concentration	comparing	complex	formation	between	the	two	linear	polymers	(black	squares),	the	LK5	comb	polymer	and	a	
linear	 poly(D,L-glutamate)	 ((D,L)E100,	 red	 circles),	 and	 two	 comb	 polymers	 (LK5	 and	 LE5).	 All	 samples	 were	 prepared	 at	 1	mM	 total	 monomer	 concentration	 and	 pH	 =	 7.0.	
Complexes	were	prepared	by	adding	the	polycation	to	a	solution	containing	a	mixture	of	the	polyanion	and	the	desired	quantity	of	salt.	(d)	Simulated	binodal	curves	as	a	function	
of	 polymer	 and	 salt	 concentration	 for	 charge	neutral	 complexes	of	 the	 linear-linear	 (black	 squares)	 and	 comb-linear	 (circles)	 systems	 for	 different	 branch	 lengths	𝑛! = 3,5,8.	
Complex	coacervation	occurs	 for	samples	prepared	at	conditions	beneath	the	binodal	phase	boundary.	A	sample	prepared	at	a	concentration	within	the	two-phase	region	will	
phase	separate	along	(dashed)	tie-lines	to	form	a	polymer-rich	coacervate	phase	(closed	symbols)	and	a	polymer-poor	supernatant	phase	(open	symbols).		

the	 comb	polymer-containing	 coacervate	 systems	 result	 from	
changes	 in	the	thermodynamic	driving	 force	 for	coacervation,	
rather	than	from	differences	in	polymer	chemistry,	such	as	the	
hydrophobicity	of	the	backbone.			

Coacervation	 is	 known	 to	 be	 entropically	 driven39,78,79	 as	
described	 by	 counterion	 condensation	 and	 release.80	 In	
counterion	condensation,	high	charge-density	polyelectrolytes	
recruit	 oppositely	 charged	 salt	 ions	 from	 solution	 to	 satisfy	
required	 charge	 neutrality	 and	 lower	 their	 effective	 charge	
density.81,82	During	coacervation,	oppositely	charged	polymers	
can	 replace	 these	 condensed	 counterions,	which	 regain	 their	
translational	entropy.	 In	 linear	polymers,	 the	driving	 force	 for	
counterion	 condensation	 is	 strong	 because	 all	 charges	 along	
the	 chain	 feel	 the	 energetic	 penalty	 of	 the	 un-neutralized	
charges	 on	 the	 neighbouring	 monomer	 units.	 However,	 in	
combs	where	the	linear	sequence	of	charged	groups	is	shorter,	
many	of	the	charged	groups	have	only	one	charged	neighbour	
because	they	reside	at	the	beginning	or	end	of	the	branch.	As	

such,	 the	 comb	 polymers	 are	 postulated	 to	 condense	 fewer	
counterions,	 leading	 to	 a	 weaker	 driving	 force	 for	
coacervation.		

We	 also	 investigated	 complexation	 between	 two	 comb	
polymers,	poly(penta-L-lysine)	LK5	and	poly(penta-L-glutamate)	
LE5.	 Analogous	 to	 the	 charge	 state	 of	 the	 pentalysine	 comb	
polymer	(i.e.,	+4	net	charge	per	branch),	the	LE5	comb	consists	
of	 five	 anionic	 glutamates	 and	 a	 cationic	 C-terminal	 amide.	
Surprisingly,	no	coacervation	was	observed	in	simulations,	and	
only	 a	 very	 weak	 turbidity	 signal	 was	 observed	 at	 low	 salt	
concentrations	 (Figure	 5c),	 which	 optical	 microscopy	
confirmed	 to	 be	 solid	 precipitation	 (Figure	 6).	 While	
electrostatic	 complexes	 of	 oppositely	 charged	 homochiral	
peptides	have	been	 shown	 to	 result	 in	 the	 formation	of	 solid	
precipitates	 due	 to	 the	 formation	 of	 interpeptide	 hydrogen	
bonding,41	 such	effects	were	predicted	 to	 require	a	minimum	
peptide	chain	length	of	~8	amino	acids,40,42	and	were	thus	not	
anticipated	for	this	comb-comb	system.	



Figure	 6.	 Bright-field	 optical	 micrographs	 showing	 polyelectrolyte	 complexes	 resulting	 from	 stoichiometric	 electrostatic	 complexation	 of	 linear	 and	 comb	 polypeptides.	
Precipitation	was	observed	for	complexes	of	homochiral,	linear	poly(L-lysine)	(LK100)	with	poly(L-glutamate)	(LE100)	and	for	comb-comb	complexes	of	homochiral	penta(L-lysine)	
(LK5)	 and	 penta(L-glutamate)	 (LE5)	 polymers.	 In	 contrast,	 liquid	 coacervates	 formed	 from	 the	 complexation	 of	 homochiral,	 linear	 poly(L-lysine)	 (LK100)	 with	 racemic,	 linear	
poly(D,L-glutamate)	 ((D,L)E100),	and	 the	complexation	between	homochiral,	penta(L-lysine)	 (LK5)	with	 linear	poly(L-glutamate)	 (LE100)	and	poly(D,L-glutamate)	 ((D,L)E100).	All	
samples	were	prepared	at	 3-6	mM	 total	monomer	 concentration	and	pH	=	7.0.	 Complexes	were	prepared	by	 adding	 the	polycation	 to	 a	 solution	 containing	 a	mixture	of	 the	
polyanion	and	the	desired	quantity	of	salt.	

4.3.	Effect	of	Peptide	Chirality	and	Comb	Architecture	on	Complex	
Coacervation	

The	 ability	 to	 form	 liquid	 complex	 coacervates	 using	 simple	
homopolypeptides	 depends	 critically	 on	 chirality-induced	
disruption	of	backbone	hydrogen	bonds.41	Molecular	dynamics	
simulations	 and	 experiments	 have	 indicated	 that	 sequences	
containing	 ~8	 or	 fewer	 homochiral	 amino	 acids	 prevent	 the	
formation	of	stable	runs	of	hydrogen	bonds	that	would	lead	to	
a	 β-sheet	 structure	 and	 subsequent	 precipitation.40,42	
Consequently,	 we	 hypothesized	 that	 a	 comb	 polymer	 with	
branches	of	only	5	homochiral	amino	acids	would	be	resistant	
to	 β-sheet	 formation	 and	 precipitation.	 Figure	 6	 compares	
optical	micrographs	of	polyelectrolyte	complexes	as	a	function	
of	 chain	 architecture	 and	 peptide	 chirality.	 Consistent	 with	
previous	 reports,41	 we	 observed	 the	 formation	 of	 solid	
precipitates	 for	 complexes	 formed	 from	 linear	 poly(L-lysine)	
and	poly(L-glutamate).	Similarly,	we	observed	the	formation	of	
liquid	complex	coacervates	from	homochiral	poly(L-lysine)	and	
racemic	 poly(D,L-glutamate).	 The	 formation	 of	 liquid	
coacervates	 for	 comb-linear	 architectures,	 however,	 proved	
insensitive	to	the	chirality	of	the	linear	polypeptide,	as	seen	for	
complexation	 of	 a	 LK5	 comb	 polymer	 with	 both	 homochiral	

and	 racemic	 linear	 poly(glutamates).	 Liquid	 coacervates	
resulting	 from	 these	 comb-linear	polymers	was	expected	due	
to	 the	 short	pentalysine	branches	on	 the	 comb	polymers.40,42	
This	 represents	 a	 potentially	 powerful	 strategy	 for	 designing	
tailored,	 peptide-based	 coacervate	 materials	 for	 future	
applications.	

We	 also	 investigated	 polyelectrolyte	 complexation	
between	 the	 cationic	 LK5	 and	 anionic	 LE5	 comb	 polymers.	
Based	 on	 our	 initial	 hypothesis	 and	 the	 results	 of	 our	 comb-
linear	 experiments,	 we	 anticipated	 the	 formation	 of	 liquid	
coacervates	for	this	comb-comb	system,	but	instead	observed	
only	 precipitation	 (Figure	 6).	 We	 explain	 this	 discrepancy	
between	 hypothesis	 and	 experiment	 in	 the	 context	 of	 MC	
simulation	 results,	 which	 showed	 no	 evidence	 of	 phase	
separation,	determined	via	direct	comparison	of	the	minimum	
free	energy	of	a	phase-separated	system	to	the	free	energy	of	
a	 homogeneous	 solution	 of	 oppositely	 charged	
polyelectrolytes.	 For	 all	 polymer	 and	 salt	 concentrations,	 the	
homogeneous	solution	for	comb-comb	systems	had	the	lowest	
free	 energy,	 thus	 eliminating	 the	 driving	 force	 for	
coacervation.	

While	 coacervation	 has	 been	 observed	 previously	 for	
sequence-controlled	polypeptides	containing	 repeating	blocks	



of	charged	amino	acids,50	the	linear	connectivity	of	such	short	
charged	 blocks	 along	 the	 chain	 was	 sufficient	 to	 facilitate	
coacervation.	 In	 contrast,	 the	 comb	 architecture	 appears	 to	
disrupt	the	connectivity	and	cooperativity	of	this	self-assembly	
process,	while	 facilitating	chain	alignment	 to	 stabilize	β-sheet	
formation.	At	first	glance,	the	disparate	behaviour	of	enhanced	
hydrogen	 bonding	 and	 decreased	 electrostatics	 are	
counterintuitive.	 However,	 since	 hydrogen	 bonding	 can	 be	
enhanced	 by	 chain	 alignment	 and	 the	 number	 of	 condensed	
counterions,	 the	entropic	driving	 force	 for	complexation	 is	an	
innate	property	of	a	given	polymer	geometry.	

4.4.	Effect	of	the	Incorporation	of	Zwitterionic	Moieties	on	
Complex	Coacervation	

The	 comb	 polymer	 platform	 enabled	 an	 additional	
investigation	 of	 the	 effect	 of	 incorporating	 hydrophilic	
zwitterionic	moieties	(i.e.,	net-neutral	groups	with	positive	and	
negative	charges	on	the	same	monomer	unit)	without	altering	

Figure	 7.	 (a)	 Plot	 of	 turbidity	 as	 a	 function	 of	 the	 mole	 fraction	 of	 cationic	 charges	
present	 (based	on	the	 total	number	of	charged	groups)	 in	 the	absence	of	added	salt,	
comparing	 coacervation	 between	 two	 linear	 homopolypeptides,	 poly(L-lysine)	 with	
poly(D,L-glutamate)	 (LK100	 and	 (D,L)E100,	 black	 squares)	 and	 comb-linear	 complexes	
formed	 from	 (D,L)E100	 and	 pentalysine	 comb	 polymers	 with	 increasing	 sulfobetaine	
content	 (LK5SB-X,	X	=	mol%	SB).	All	 samples	were	prepared	at	1	mM	total	monomer	
concentration	 and	 pH	 =	 7.0.	 Complexes	 were	 prepared	 by	 adding	 the	 specified	
polycation	 to	 a	 solution	 containing	 a	mixture	 of	 linear	 poly(D,L-glutamate)	 (D,L)E100	
and	the	desired	quantity	of	salt.	 (b)	Plot	of	critical	salt	concentration	as	a	 function	of	
polymer	architecture	and	sulfobetaine	content.	

the	overall	charge	of	the	polymer	or	the	local	charge	density	of	
a	 single	 pendant	 pentalysine	 comb	 (Figure	 1b).	 We	 tested	
whether	 charge-dipole	 interactions	 between	 the	
polyelectrolytes	 and	 the	 zwitterionic	 groups	 would	 affect	
charge-driven	 complexation.	 We	 chose	 sulfobetaine	
zwitterions	 for	 their	 ease	 of	 incorporation	 into	 the	 comb	
polymers.64	 The	 sulfobetaine	 monomers	 were	 incorporated	
from	 0	 to	 88	 mol%	 into	 the	 polymers	 by	 ring-opening	
metathesis	 copolymerization	of	LK5-COE	and	 SB-COE,	holding	
the	 [LK5-COE]:[initiator]	 ratio	 constant	 at	 50	 and	 varying	 the	
SB-COE	 feed	 to	 maintain	 the	 number	 of	 lysines	 per	 polymer	
chain	(Figure	3).	

Turbidimetry	 measurements	 shown	 in	 Figure	 7a	 suggest	
that	 inclusion	 of	 zwitterions,	 even	 up	 to	 88	 mol%,	 did	 not	
significantly	 impact	 the	 charge	 stoichiometry	 of	 complex	
coacervation	 between	 a	 linear	 poly(glutamate)	 and	 the	
pentalysine-sulfobetaine	 comb	 polymers,	 LK5SB-X,	where	 X	 =	
mol%	SB	compared	to	the	total	polymer	composition	(LK5	+	SB	
units).	 However,	 across	 the	 samples	 studied,	 the	 number	 of	
lysines	 was	 maintained	 at	 a	 relatively	 constant	 level.	 Thus,	
even	for	polymers	with	the	highest	sulfobetaine	loading	(88%),	
the	mass	ratio	of	sulfobetaine	to	pentalysine	units	was	nearly	
2:1.	It	is	possible	for	dipole	effects	to	become	significant	if	the	
polyelectrolyte	content	of	the	polymer	was	decreased,	though	
such	investigations	are	beyond	the	scope	of	this	paper.	

We	 also	 considered	 the	 impact	 of	 zwitterion	 content	 on	
coacervate	 phase	 behaviour.	 Using	 the	 critical	 salt	
concentration	 as	 a	 measure	 of	 stability,	 we	 observed	 that	
incorporation	 of	 26%	 sulfobetaine	 did	 not	 significantly	 affect	
the	phase	behaviour	(i.e.,	critical	salt	concentration	of	350	mM	
NaCl,	 Figure	 7b).	 In	 fact,	 increasing	 the	 zwitterion	 content	 to	
88%	 sulfobetaine,	 while	 maintaining	 similar	 numbers	 of	
lysines,	 resulted	 in	 only	 a	 ~42%	 decrease	 in	 the	 critical	 salt	
concentration	 to	 200	 mM	 NaCl.	 These	 results	 highlight	 the	
potential	 for	 formulating	complex	coacervates	with	enhanced	
biocompatibility	and	antifouling	character	due	to	the	presence	
of	zwitterions,	while	minimizing	the	fraction	of	charged	groups	
required	 to	 achieve	 coacervate	 stability.	 Further	 examination	
of	the	effect	of	zwitterion	chemistry	and	analogous	strategies	
for	 incorporating	hydrophilic	groups	on	both	 linear	and	comb	
polymers	 will	 better	 elucidate	 specific	 design	 rules	 that	
balance	 the	 roles	 of	 charge-driven	 assembly	 with	 polymer	
architecture	and	composition.	

5. Conclusions
In	summary,	we	report	the	impact	of	polymer	architecture	on	
complex	 coacervation.	 By	 rearranging	 long,	 linear	 charge	
segments	 into	 comb-like	 polymer	 structures,	 both	
experimental	 and	 simulation	 results	 demonstrated	 a	
significant	 decrease	 in	 the	 overall	 stability	 of	 the	 coacervate	
materials	 formed	 from	 a	 comb	 polycation	 with	 a	 linear	
polyanion	 relative	 to	 those	 formed	 from	 equivalent	 linear	
polymers.	Interestingly,	no	coacervate	formation	was	observed	
from	 mixtures	 of	 comb	 polycations	 and	 comb	 polyanions.	
More	 specifically,	 for	 the	 peptide-based	 materials	 utilized,	
polymer	 architecture	 modulated	 the	 formation	 of	 hydrogen	



bond-driven	 β-sheet	 structures	 that	 would	 be	 expected	 for	
homochiral	 linear	polypeptides.40-42	 Subsequent	 incorporation	
of	zwitterionic	sulfobetaine	pendant	groups,	while	maintaining	
constant	 cation/anion	 stoichiometry,	 suggested	 the	 potential	
for	 the	 inclusion	 of	 comonomers,	 even	 at	 high	 loadings,	
without	preventing	coacervation.		

This	study	provides	insights	into	the	ways	in	which	polymer	
architecture	 and	 chemistry	 modulate	 self-assembly	 and	
complex	 coacervation.	 While	 we	 focused	 on	 the	 effects	 of	
branching	 and	 comb-type	 architectures,	 the	 use	 of	 a	 well-
defined	model	 system	 allowed	 for	 easy	 interpretation	 of	 the	
results	 and	 the	 potential	 for	 extension	 to	 additional	
architectures	and	chemistries.	For	example,	polypeptide-based	
comb	 polymers	 have	 been	 demonstrated	 previously	 in	 the	
context	 of	 gene	 therapy	 to	 facilitate	 the	 successful	
complexation	 and	 enhanced	 release	 of	 genetic	 cargo.48,83	
However,	many	open	questions	remain,	including	the	effect	of	
branching	 density,	 minimum	 charge	 content	 requirements,	
and	 the	 impact	 of	 specific	 chemistries.	 Ultimately,	 the	
extensive	 tunability	 of	 coacervate-based	 materials	 should	
allow	 for	 tailoring	 of	 material	 properties	 in	 drug	 delivery,	
remediation,	 and	 catalysis,	 and	 will	 provide	 insight	 into	 the	
behaviour	of	analogous	biological	systems.		
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