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ABSTRACT	

Cationic	amphiphilic	polymers	have	been	a	platform	to	create	new	antimicrobial	

materials	which	act	by	disrupting	bacterial	cell	membranes.	While	activity	

characterization	and	chemical	optimization	have	been	done	in	numerous	studies,	

there	remains	a	gap	in	our	knowledge	on	the	antimicrobial	mechanisms	of	the	

polymers,	which	is	needed	to	connect	their	chemical	structures	and	biological	

activities.	To	that	end,	we	used	a	single	giant	unilamellar	vesicle	(GUV)	method	to	

identify	the	membrane-disrupting	mechanism	of	methacrylate	random	copolymers.	

The	copolymers	consist	of	random	sequences	of	aminoethyl	methacrylate	and	

methyl	(MMA)	or	butyl	(BMA)	methacrylate,	with	low	molecular	weights	of	1600	–	

2100	g·mol-1.	GUVs	consisting	of	8:2	mixture	of	1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine	(POPE)	and	1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-

rac-glycerol),	sodium	salt	(POPG)	and	those	with	only	1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine	(POPC)	were	prepared	to	mimic	the	bacterial	(E.	coli)	or	

mammalian	membranes,	respectively.	The	disruption	of	bacteria	and	mammalian	
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cell	membrane-mimic	lipid	bilayers	in	GUVs	reflected	the	antimicrobial	and	

hemolytic	activities	of	the	copolymers,	suggesting	that	the	copolymers	act	by	

disrupting	cell	membranes.	The	copolymer	with	BMA	formed	pores	in	the	lipid	

bilayer,	while	those	with	MMA	caused	GUVs	to	burst.	Therefore,	we	propose	that	the	

mechanism	is	inherent	to	the	chemical	identity	or	properties	of	hydrophobic	groups.	

The	copolymer	with	MMA	showed	characteristic	sigmoid	curves	of	the	time	course	

of	GUV	burst.	We	propose	a	new	kinetic	model	with	a	positive	feedback	loop	in	the	

insertion	of	the	polymer	chains	in	the	lipid	bilayer.	The	novel	finding	of	alkyl-

dependent	membrane-disrupting	mechanisms	will	provide	a	new	insight	into	the	

role	of	hydrophobic	groups	in	the	optimization	strategy	for	antimicrobial	activity	

and	selectivity.		
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1.INTRODUCTION	

	

Membrane-active	cationic	amphiphilic	polymers	have	been	promising	platforms	

to	develop	a	new	class	of	antimicrobials	which	are	effective	in	treating	antibiotic-

resistant	bacterial	infections.	The	design	of	antimicrobial	polymers	has	been	based	

on	mimicry	of	the	chemical	and	biophysical	traits	of	host-defense	antimicrobial	

peptides	(AMPs)	which	are	a	component	of	the	innate	immune	system	in	the	body.	1-

5	AMPs	are	known	to	have	cationic	amphiphilic	properties	that	act	by	disrupting	

bacterial	cell	membranes	or	target	intracellular	components.6-9	Therefore,	

antimicrobial	polymers	are	designed	to	have	cationic	and	hydrophobic	groups,	

providing	a	cationic	amphiphilicity.	The	cationic	groups	of	the	polymers	facilitate	

preferential	binding	to	bacterial	cell	membranes	which	are	highly	negatively	

charged	as	compared	to	the	mammalian	cell	membranes	by	electrostatic	

interactions.	The	hydrophobic	groups	are	then	inserted	into	the	hydrophobic	core	of	

bacterial	cell	membranes,	leading	to	membrane	disruption	and	ultimately	cell	death.	

Therefore,	the	antimicrobial	activity	increases	as	the	hydrophobicity	of	the	

polymers	increases.	However,	high	hydrophobicity	of	polymers	also	causes	non-

specific	binding	to	mammalian	cell	membranes,	resulting	in	toxicity	to	human	cells.		

Therefore,	the	basic	principle	of	chemical	optimization	of	antimicrobial	copolymers	

is	to	find	the	right	balance	in	monomer	compositions	between	the	cationic	and	

hydrophobic	groups	of	copolymers	in	order	to	maximize	the	antimicrobial	activity	

and	minimize	the	toxicity	to	human	cells.	Traditionally,	random-sequenced	liner	

copolymers	were	initially	explored	by	employing	a	variety	of	molecular	frameworks	
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including	polymethacrylates10,	polyacrylates,11	polyacrylamides,12	polyoxetanes,13	

polyurethanes,14	nylon-3	polymers,15,	16	and	polynorbornenes.17	 Recently,	the	

polymer	platforms	have	been	extended	to	other	polymer	shapes/architectures	and	

macromolecules	by	the	virtue	of	polymer	chemistry,	which	were	aimed	to	mimic	the	

amphiphilic	patterns	and	structures	of	natural	peptides	and	proteins	as	well	as	their	

functionalities.	These	approaches	include	sequence	defined	block	copolymers,18,	19	

branched	polymers,20	polymer	micelles,	21	single	chain	nanoparticles,22	and	

macroscopic	gels.	23-25	Through	the	structural	optimization	of	these	synthetic	

polymers,	several	examples	of	non-toxic,	potent	antimicrobial	polymers	have	been	

successfully	developed.12,	13,	15		Therefore,	the	design	rule	of	the	balance	between	

cationic	and	hydrophobic	groups	has	been	further	extended	from	the	monomer	

compositions	to	structural	patterns	or	three-dimensional	conformations	to	achieve	

the	desired	biological	activities.	However,	while	these	polymers	showed	promising	

antimicrobial	activity	and	biocompatibility,	the	chemical	optimization	for	potent	

activity	is	still	based	on	trial-and-error,	and	it	is	difficult	to	predict	their	activities	

from	the	monomer	composition	and	chemical	structure	of	the	polymers.	In	order	to	

rationally	design	new	antimicrobial	polymers	for	targeted	activities,	we	need	to	

learn	their	molecular	mechanism	for	a	deeper	understanding	of	the	structure-

activity	relationship.	

	

The	studies	on	AMPs	–	a	parent	model	of	AMP-mimetic	polymers,	proposed	

several	molecular	mechanisms	to	describe	their	behavior	to	disrupt	bacterial	cell	

membranes.	One	mechanism	is	the	pore-forming	toroidal	model	in	which	AMPs	
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assembled	to	form	membrane	pores.7,	26	Another	mechanism	is	the	carpet	

mechanism27	in	which	AMPs	accumulate	on	the	cell	membranes,	causing	membrane	

solubilization.	These	molecular	mechanisms	of	AMPs	have	been	realized	by	the	

single	vesicle	giant	unilamellar	vesicle	(GUV)	method.	28	The	size	of	GUVs	ranges	

from	a	few	to	50	µm,	and	thus,	a	single	vesicle	can	be	observed	using	optical	

microscopy,	allowing	in	situ	examination	of	spatial	and	time-dependent	

morphological	changes	of	membranes.	This	contrasts	with	the	conventional	method	

using	large	unilamellar	vesicle	(LUVs)	with	100-500	nm,	which	provides	collective	

results	because	the	solution	containing	a	large	number	of	LUVs	is	used	for	

experiments.	Taking	the	advantage	of	GUVs,	the	previous	studies	in	literature	

identified	the	mechanisms	of	AMPs.	For	example,	citropin29,	aurein29	and	gomesin30	

have	been	reported	to	act	by	the	carpet	mechanism.		On	the	other	hand,	membrane	

lytic	melittin31-33	and	some	antimicrobial	peptides	including	magainin-234-37,	LL-3738	

and	maculatin29	have	been	also	reported	to	act	by	forming	pores.	Yamazaki	and	co-

workers	previously	reported	their	pioneer	work	using	the	single	GUV	method	to	

study	the	kinetic	model	of	pore	formation	by	magainin-2.34-37	They	demonstrated	

that	the	pore	formation	of	magainin-2	can	be	described	by	the	two-stage	transition	

model	from	the	bound	state	to	the	pore-forming	state,36	and	they	also	proposed	the	

tension-induced	mechanism	for	pore	formation.35	Huang	and	co-workers	also	

studied	the	action	of	several	membrane-active	peptides	including	AMPs	on	GUVs.32,	

33,	38	They	observed	the	morphological	change	of	GUVs	caused	by	AMPs	in	

combination	with	a	micropipette	aspiration	technique	32,	33.	This	technique	was	able	

to	quantify	the	expansion	of	membrane	area	as	well	as	the	volume	change	of	the	
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GUVs	due	to	the	binding	of	melittin.	GUVs	have	been	used	for	several	studies	of	

synthetic	amphiphilic	polymers.39	However,	while	the	mechanistic	studies	are	

limited,	studies	by	the	single	GUV	method	would	provide	new	insight	into	the	

polymer’s	interactions	with	lipid	bilayers.		

	

The	overarching	goal	of	this	study	is	to	elucidate	the	membrane-disruption	

mechanism	of	antimicrobial	polymers	using	the	single	GUV	method.	To	that	end,	we	

selected	methacrylate	random	linear	copolymers	with	binary	compositions	of	

cationic	and	hydrophobic	monomers,	as	their	activities	and	optimization	have	been	

extensively	studied,	but	the	membrane-disrupting	mechanism	is	not	known.	To	the	

best	of	our	knowledge,	this	is	the	first	report	on	the	mechanistic	studies	of	

antimicrobial	polymers	using	GUVs.	Therefore,	the	primary	focus	of	the	current	

report	is	to	provide	the	biophysical	basis	of	membrane-disruptive	mechanisms,	

which	can	be	used	to	guide	the	molecular	design	of	antimicrobial	polymers,	rather	

than	the	biological	or	physiological	relevance	of	the	polymer’s	activities.		

Accordingly,	we	synthesized	a	set	of	random	copolymers	with	different	alkyl	lengths	

(either	methyl	or	butyl)	in	the	side	chains	and	varied	composition	of	methyl	side	

chains	in	order	to	investigate	the	relationship	between	the	chemical	structure,	

activity,	and	mechanism.	Next,	we	determined	the	antimicrobial	activity	against	

Gram-negative	Escherichia	coli	(E.	coli)	as	a	model	bacterium	and	hemolytic	toxicity	

against	sheep	erythrocytes.	Using	these	results	as	a	guide,	we	have	investigated	the	

lytic	activity	of	these	copolymers	against	GUVs	composed	of	8:2	mixture	of	1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine	(POPE)	and	1-palmitoyl-2-
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oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol),	sodium	salt	(POPG)	or	those	with	1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine	(POPC),	which	mimic	the	bacterial	

(E.	coli)	or	mammalian	cell	membranes,	respectively.		Based	on	analysis	of	the	

reaction	kinetics,	we	propose	a	new	mechanistic	model	for	GUV	burst,	which	

implements	a	positive	feedback	loop	in	the	insertion	of	the	copolymer	chains	in	the	

lipid	bilayer.		

	

2.	EXPERIMENTAL	METHODS	

2.1.	Materials.	1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine	(POPC),	1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine	(POPE)	and	1-palmitoyl-2-

oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol),	sodium	salt	(POPG)	were	purchased	

from	NOF	Co.	(Tokyo,	Japan).	Melittin	from	honey	bee	venom	and	Rhodamine	B	

isothiocyanate-dextran	(RITC-dextran,	average	MW:	70	kDa)	were	purchased	from	

Sigma-Aldrich	Co.	(MO,	USA).	Magainin	2	was	purchased	from	AnaSpec	(San	Jose,	

CA,	USA).	Sheep	whole	blood	was	obtained	from	Japan	Lamb,	Ltd.	(Hiroshima,	

Japan).	All	other	chemicals	were	obtained	from	Wako	Pure	Chemical	Industries,	Ltd.	

(Osaka,	Japan)	and	used	without	further	purification.	

	

2.2.	Polymer	synthesis	and	characterization.	The	copolymers	were	synthesized	

and	characterized	according	to	our	previous	reports.10	The	molecular	weight	or	the	

degree	of	polymerization	of	the	polymers	have	been	controlled	by	the	addition	of	

the	chain	transfer	agent,	methyl	3-mercaptopropionate	(MMP).	The	degree	of	

polymerization	(DP)	and	the	mole	fraction	of	monomers	of	the	copolymers	were	
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calculated	from	the	integrated	areas	in	the	NMR	spectra.	The	number	average	

molecular	weights	of	the	copolymers	were	calculated	using	DP,	mole	fraction	of	

monomers,	and	the	molecular	weights	of	monomers	and	chain	transfer	agent.	The	

experimental	details	for	the	polymer	synthesis	and	characterization	are	provided	in	

Supporting	Information.	

	

2.3.	Antimicrobial	assay.	The	antimicrobial	activity	of	the	copolymers	was	

evaluated	by	the	minimum	inhibitory	concentration	(MIC)	in	which	the	polymers	

inhibit	the	bacterial	growth	completely.	The	MIC	values	of	polymers	were	

determined	by	a	turbidity-based	microdilution	assay.40	The	overnight	culture	of	E.	

coli	ATCC	25922	in	Muller-Hinton	(MH)	broth	at	pH	7.4	was	diluted	to	OD	of	0.1	and	

grown	again	to	the	mid-logarithmic	phase	(OD600	=	0.5-0.6).	The	bacterial	culture	

was	then	diluted	to	give	a	stock	suspension	of	OD600	=	0.001,	which	corresponds	to	

~	2×105	cfu/mL.	This	bacterial	stock	suspension	(90	µL)	was	then	mixed	with	a	

polymer	solution	(10	µL)	containing	polymer	in	two-fold	serial	dilutions	in	a	sterile	

polypropylene	96-well	plate	(Corning	#3359),	which	is	not	treated	for	tissue	

culture.	The	highest	polymer	concentration	tested	was	1,000	µg/mL.	The	plates	

were	incubated	at	37	oC	for	18	hours	without	shaking.	The	OD600	of	each	well	was	

then	read	by	a	microplate	reader,	and	an	increase	in	turbidity	from	the	MH	broth	

control	was	considered	as	E.	coli	growth.	The	MIC	values	were	determined	below	

the	solubility	limits	of	polymers	at	which	the	polymers	precipitate	in	MH	broth.	The	

MIC	values	of	lytic	peptide	melittin	and	naturally	occurring	AMP	magainin-2	were	
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also	measured	for	comparison.	The	experiments	were	repeated	in	three	times	from	

bacterial	growth.		

	

2.4.	Hemolysis	assay.	Hemolytic	activity	of	the	polymers	was	evaluated	as	the	

polymer	concentration	that	induce	the	leakage	of	50%	hemoglobin	from	red	blood	

cells	(RBCs)	(HC50).	Sheep	whole	blood	(1	mL)	were	dispersed	into	phosphate	

buffered	saline	(9	mL)	(PBS,	10	mM	phosphate,	150	mM	NaCl,	pH=7.4)	and	then	

centrifuged	at	1000	rpm	for	5	min.	The	supernatant	was	removed	using	a	pipette.	

The	RBCs	were	then	washed	with	PBS	by	repeating	the	same	procedure	two	

additional	times.	The	obtained	RBC	stock	suspension	(10%	v/v	RBC)	was	diluted	

three-fold	in	PBS	to	give	the	assay	stock.	The	assay	stock	(90	µL)	was	then	mixed	

with	the	polymer	solutions	(10	µL)	prepared	in	the	antimicrobial	assay.	The	final	

concentration	of	RBCs	on	a	96-well	microplate	is	3%	v/v.	PBS	solution	(10	µL)	or	

1%	v/v	Triton	X-100	(10	µL)	was	added	instead	of	polymer	solutions	as	negative	

and	positive	hemolysis	controls,	respectively.	The	plate	was	placed	in	an	orbital	

shaker	at	37	oC	and	250	rpm	for	60	min.	The	plate	was	then	centrifuged	at	1,000	

rpm	for	10	min.	The	supernatant	(10	µL)	was	diluted	into	PBS	(90	µL)	and	the	

absorbance	at	405	nm	was	measured	using	a	microplate	reader.	The	fraction	of	

hemolysis	was	calculated	as	the	absorbance	reading	divided	by	the	average	of	

readings	from	the	positive	control	wells.	Hemolysis	was	plotted	as	a	function	of	

polymer	concentration,	and	the	experimental	data	was	fitted	to	a	function	of	the	

form	H	=	1/{1+(HC50/[P])n}	,	where	H	is	the	fraction	of	hemolysis	measured	and	[P]	

is	the	total	concentration	of	polymer.	The	fitting	parameters,	n	and	HC50	are	the	Hill	
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coefficient	and	the	polymer	concentration	causing	50%	of	hemolysis,	respectively.	

These	parameters	of	melittin	and	magainin-2	were	also	estimated	for	comparison.	

The	experiments	were	repeated	for	three	times.	

	

2.5.	GUV	preparation	and	microscopic	observation.	GUVs	were	prepared	by	

the	gentle	hydration	method.41	For	the	preparation	of	GUVs,	POPE	/	POPG	mixture	

(8:2)	or	POPC	lipids	were	used	to	mimic	a	E.	coli	and	mammalian	membranes,	

respectively.	Chloroform	solutions	of	lipids	were	placed	in	a	round-bottom	test	tube,	

and	the	solvent	was	evaporated	in	vacuo	for	3	hours	to	form	a	thin	lipid	film.	The	

obtained	lipid	film	was	gently	hydrated	with	sucrose	solution	(200	mM)	at	room	

temperature	for	overnight.	The	resulting	vesicular	dispersion	(6	µL)	was	added	to	

glucose	solution	(200	mM,	143	µL)	to	give	a	contrast	in	between	inner	and	outer	

phases	of	the	GUV.	Osmolarities	of	the	sucrose	and	glucose	solutions	were	adjusted	

to	the	same	value	to	eliminate	osmotic	pressure	imbalance	in	between	outside	and	

inside	the	vesicles.	A	series	of	microscopic	images	was	acquired	using	an	Olympus	

IX71	inverted	optical	microscope	(Tokyo,	Japan)	equipped	with	x100	objective	lens	

using	a	phase	contrast	and	epifluorescence	modes.	Microscopic	images	were	

recorded	using	a	Hamamatsu	ORCA-Flash	2.8	CMOS	camera	(Hamamatsu,	Japan).	

For	the	microscopic	observation,	we	have	used	a	hand-made	chamber	with	

dimension	of	18	mm	x	5	mm	x	120	µm	(Fig.	S1	in	Supporting	Information).	To	the	15	

µL	of	the	GUVs	suspension	in	a	glucose	solution	placed	in	the	camber,	1	µL	of	the	

polymer	stock	was	injected	using	a	Narishige	IM-9B	micropipette	(Tokyo,	Japan).	

The	injection	of	the	polymer	stock	was	completed	within	1	second.	The	pressure	of	
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the	injection	was	not	controlled	precisely	as	the	micropipette	was	manually	

operated.	The	injection	pipette	was	placed	approximately	100	µm	away	from	the	

target	vesicle	to	minimize	the	time	needed	for	the	polymer	to	reach	the	GUV	as	well	

as	the	interference	of	the	hydrodynamic	disturbance	due	to	the	flow	of	solution.	The	

time	required	for	the	injected	solution	to	reach	the	GUV	of	interest	that	is	estimated	

using	fluorescent	FITC-dextran	(4kDa)	is	about	0.4	second	(Fig.	S2).	Obtained	

images	were	analyzed	using	an	ImageJ	software.	To	quantify	the	release	of	the	

entrapped	sucrose	from	GUVs,	we	have	calculated	the	relative	gray	value	as	follows.	

The	brightness	of	GUV	inside	and	the	outer	aqueous	phase	in	the	phase	contrast	

image	were	estimated	by	averaging	the	brightness	of	the	circular	regions	of	interest	

consisting	of	approximately	30,000	pixels	each.		Relative	gray	value	was	calculated	

by	(Iout	-	Iin,t)	/	(Iout	-	Iin,0)	where	Iout,	Iin,0,	and	Iin,t	are	the	values	of		brightness	

corresponding	to	outside	of	the	GUV,	the	inside	of	the	GUV	before	the	addition	of	

polymer,	and	time	t	after	the	addition	of	polymers,	respectively.	To	obtain	a	

calibration	curve,	a	series	of	GUV	samples	containing	different	fractions	of	sucrose	

diluted	with	glucose	solution	were	prepared,	and	the	relative	gray	values	were	

measured	under	a	microscope	as	described	above.	The	calibration	curve	indicated	

that	the	relative	gray	values	is	proportional	to	the	sucrose	fraction	in	the	GUVs	(Fig.	

S3)	

	

3.	RESULTS		

3.1.	Design	and	synthesis	of	cationic	amphiphilic	methacrylate	copolymers.	

Using	previously	published	methods,	we	synthesized	a	set	of	methacrylate	
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copolymers	containing	primary	ammonium	groups	and	hydrophobic	groups	in	the	

side	chains.	These	copolymers	have	either	methyl	(PM34	and	PM57)	or	butyl	(PB36)	

as	hydrophobic	side	chains	(Fig.	1)	10,	and	two	different	compositions	(34	and	57	

mol.%)	of	methyl	side	chains	(methyl	methacrylate).	Compositional	variation	was	

designed	to	investigate	the	effect	of	the	hydrophobic	monomer	composition	and	the	

side	chain	hydrophobicity	on	the	antimicrobial	activity	and	selectivity	as	well	as	the	

membrane-disruption	mechanism	of	the	copolymers.	The	copolymers	were	

synthesized	in	the	presence	of	chain	transfer	agent	methyl	3-mercaptopropionate	

(MMP)	to	give	relatively	low	molecular	weights	of	1,500	–	2,100	g·mol-1,	which	are	

similar	to	those	of	AMPs.	In	general,	the	thiol	group	of	MMP	terminates	the	

propagation	of	radial	polymerization,	but	the	chain	termination	generates	a	new	

thiyl	radical,	which	initiate	new	polymerization.42		Therefore,	the	molecular	wight	of	

polymers	depends	on	the	mole	ratio	of	the	monomer	to	MMP.	This	chain	transfer	

process	is	repeated	until	all	the	monomers	are	consumed,	resulting	in	high	yield	of	

polymers	with	target	molecular	weights.	The	degree	of	polymerization	(DP)	in	Table	

1	represents	the	average	number	of	monomer	units	in	a	polymer	chain,	and	these	

polymers	have	DP	of	12-15.	It	should	be	noted	that	our polymers are supposed to be 

called oligomers because of small molecular size in the polymer science field. However, 

peptide assemblies with defined structures are generally called as ‘oligomers’ in the field 

of peptide science. While our study mimic peptides, our polymers do not have any 

defined sequence nor structures.  Thus, in this study, we denote our materials as 

‘polymers’ to avoid confusion. 	
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Figure	1.	Synthesis	of	cationic	amphiphilic	methacrylate	random	copolymers		

	

Table	1.	Characterization	of	methacrylate	copolymers,	and	antimicrobial	and	

hemolytic	activities.		

Polyme
r	 DPa	 Rb	 fHBc	 NHBd	Net	charge	

Mn	
(NMR)e	
(g·mol-1)	

MIC		
E.	coli	
(µg·mL-

1)	

Hemolysis	
at	MIC	(%)	

HC50		
(µg·mL-1)	

P0	 12	 -	 0	 0	 +12	 1700	
(3000)	 >1000	 -	 >1000	

(16	±2.2	%)f	
PM34	 12	 Methyl	 0.34	 4.1	 +7.9	 1600	

(2500)	 250	 6.7±2.2	 >1000	
(24±1.6	%)f	

PM57	
15	 Methyl	 0.57	 8.6	 +6.4	 1800	

(2500)	 3.9	 4.8±0.3	
>1000	

(48%±16	%
)f	

PB36	 15	 Butyl	 0.36	 5.4	 +9.6	 2100	
(3200)	 7.8	 106±0.1	 1.0	

a)	Degree	of	polymerization,	determined	by	1H	NMR	analysis.		
b)	The	hydrophobic	side	chain	of	polymers	
c)	The	mole	fraction	of	hydrophobic	side	chains	
d)	The	average	fraction	of	monomer	units	with	hydrophobic	side	chains	(methyl	
methacrylate	or	butyl	methacrylate)	in	a	polymer	chain	relative	to	the	total	number	
of	monomers	in	a	polymer	chain.	
e)	Mn	was	calculated	using	the	molecular	weights	of	monomers,	MMP,	and	DP.	The	
Mn	value	is	based	on	the	chemical	structure	without	TFA.	The	Mn	of	polymers	with	
TFA	were	given	in	the	parenthesis.		
f)	When	the	HC50	value	was	greater	than	1000	µg·mL-1,	the	hemolysis	%	at	1000	
µg·mL-1	is	given	in	the	parenthesis.		
	

O
R

OO O

NHBoc

O S
H

O

OOOO
n

1-f f
+

1) AIBN, MMP
   in MeCN at 65 oC
   overnight

2) TFA
     r.t., 1 hr.

R

NH3
+CF3COO-

R = CH3 : PMx
       (CH2)3CH3: PBx
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Figure	2.	Concentration	dependence	of	the	hemolysis	induced	by	P0	(cross),	PM34	

(filled	circle),	PM57	(open	circle),	and	PB36	(filled	triangle).	The	data	points	and	error	

bars	represent	the	average	and	standard	deviation	of	three	experiments.		

	

3.2.	Antimicrobial	and	hemolytic	activities.	To	assess	the	antimicrobial	activity	

of	the	copolymers,	the	minimum	inhibitory	concentration	(MIC)	of	the	copolymers	

was	measured	against	E.	coli.	The	cationic	homopolymer	P0	did	not	show	any	

antimicrobial	activity	against	E.	coli	(MIC	>1000	µg·mL-1).	The	copolymers	PM34	and	

PM57	showed	antimicrobial	activity	with	MIC	values	of	250	µg·mL-1	and	2.0	µg·mL-1,	

respectively.	(Table	1)	For	comparison,	naturally	occurring	AMP,	Magainin	2	

showed	the	MIC	value	of	125	µg·mL-1	under	the	same	assay	conditions.	These	

results	indicate	that	the	antimicrobial	activities	of	copolymers	were	increased	as	the	

fraction	of	methyl	side	chains	in	a	polymer	chain	was	increased,	which	is	in	good	

agreement	with	the	previous	report.43	The	copolymer	PB36	showed	higher	activity	
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(MIC	=	7.8	µg·mL-1)	than	the	counterpart	polymer	with	methyl	side	chains	PM34	

(MIC	=	250	µg·mL-1).	This	also	supports	the	notion	that	the	hydrophobicity	of	

polymers	drives	the	antimicrobial	activity	against	E.	coli.		

On	the	other	hand,	the	toxicity	of	copolymers	to	mammalian	cells	was	evaluated	as	

lytic	(hemolytic)	activity	against	sheep	erythrocytes,	which	was	evaluated	by	the	

amount	of	leaked	hemoglobin	(hemolysis	%)	relative	to	Triton	X-100	as	100%.	In	

general,	the	hemolysis	%	increased	as	the	polymer	concentration	increased,	and	the	

hemolytic	activity	depends	on	the	type	of	polymer.	While	the	polymer	concentration	

for	50%	hemolysis	(HC50)	has	been	used	as	a	measure	of	hemolytic	activity,	P0	and	

the	copolymers	with	methyl	side	chains	PM34	and	PM57	showed	<	50%	hemolysis	up	

to	1000	µg·mL-1.		However,	at	the	polymer	concentration	of	1000	µg·mL-1,	P0,	PM34	

and	PM57	caused	16%,	24%	and	48%	of	hemolysis,	respectively	(Table	1),	indicating	

that	the	hemolytic	activity	was	increased	as	the	fraction	of	hydrophobic	units	in	the	

copolymers	was	increased.	Considering	the	use	of	the	polymers	as	an	antibiotic,	it	is	

important	to	know	the	safety	of	the	polymers.	PM34	and	PM57	polymers	induced	

very	weak	hemolysis	at	their	MIC	values	(6.7	%	and	4.8	%	for	PM34	and	PM57,	

respectively).	In	contrast,	PB36	showed	significant	hemolytic	activity,	and	the	HC50	

was	1.0	µg·mL-1,	which	is	comparable	to	that	of	bee	venom	toxin	melittin	(MIC	=	1.4	

µg·mL-1).	Comparing	the	activities	of	PM34	and	PB36,	the	increase	in	the	alkyl	length	

from	methyl	to	butyl	side	chains	significantly	increased	the	antimicrobial	and	

hemolytic	activities	of	copolymers.	These	results	are	consistent	with	the	previous	

finding	that	the	hydrophobicity	of	copolymers	increases	both	the	antimicrobial	and	

hemolytic	activities.43		
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3.3.	Disruption	of	bacterial	membrane	mimic-lipid	bilayer.	Here,	we	studied	the	

lipid	bilayer	disruption	mechanism	of	the	copolymers	using	GUVs.	In	general,	the	E.	

coli	cell	membrane	is	rich	in	anionic	phosphatidylglycerol	(PG)	and	zwitterionic	

phosphatidylethanolamine	(PE)	lipids.44	To	mimic	the	lipid	content	and	composition	

of	E.	coli	cell	membrane,	GUVs	were	prepared	using	an	8:2	(molar	ratio)	mixture	of	

POPE	and	POPG	(Fig.	3).	It	should	be	noted	that	it	would	be	ideal	to	use	a	

physiologically	relevant	buffer	and	salt	as	well	as	ionic	strength	to	investigate	the	

biological	relevance	of	the	polymer	mechanisms	because	these	factors	are	likely	to	

affect	the	polymers’	action	on	the	lipid	bilayers.	However,	in	general,	GUVs	were	

hardly	produced	with	good	reproducibility	in	ionic	solutions	due	to	the	difficulty	in	

the	spontaneous	hydration	and	detachment	of	the	lipid	film	formed	on	the	glass	

substrate,	especially	when	zwitterionic	POPC	lipid	is	used.45	POPC	GUVs	in	ionic	

solutions	including	buffer	have	been	prepared	previously	using	polymer-assisted	

formation	of	GUVs46	and	the	double	emulsion	method47,	which	could	be	used	for	this	

study.	However,	these	GUV	samples	would	contain	residual	oil	or	polymers,	and	we	

were	concerned	that	they	may	affect	the	polymer	activities.	In	addition,	the	GUVs	

prepared	in	low	salt	concentrations	cannot	be	diluted	by	a	buffer	solution	such	as	

PBS	because	the	higher	osmolarity	of	PBS	would	cause	GUV	breakage.	To	study	the	

permeabilization	of	the	lipid	bilayer	induced	by	the	copolymers,	membrane-

impermeable	sucrose	was	entrapped	in	the	inside	of	GUVs	as	a	leakage	marker,	

while	the	outer	buffer	solution	contains	glucose.30	Due	to	the	difference	in	the	

refractive	indexes	between	sucrose	and	glucose	solutions,	the	inside	of	a	vesicle	
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(sucrose)	shows	darker	contrast	than	the	outside	(glucose)	with	a	halo	around	the	

vesicle	in	a	phase	contrast	image.	Therefore,	decreased	darkness	(gray	value)	inside	

the	vesicle	indicates	the	leakage	of	sucrose	from	the	GUV	36.	Effectively,	the	more	the	

“grayness”	decreases	in	the	vesicle,	the	more	sucrose	has	leaked	out.	The	fraction	of	

sucrose	in	GUVs	and	the	gray	value	relative	to	the	outside	showed	a	linear	

relationship	(Fig.	S3),	suggesting	that	the	relative	gray	value	directly	represents	the	

concentration	of	sucrose	remaining	in	the	GUV,	and	the	leakage	curves	by	the	

polymers	were	not	resulted	from	a	non-linear	relationship	between	the	sucrose	

fraction	and	gray	value.	The	osmolarities	of	glucose	and	sucrose	solutions	were	

measured	and	adjusted	to	be	same	(200	mOsm)	in	order	to	avoid	the	rupture	of	

vesicles	due	to	the	imbalance	of	osmotic	pressures	across	the	lipid	bilayer.	The	

polymer	solutions	were	added	into	the	vicinity	of	a	vesicle	of	interest	using	a	

micropipette	so	that	the	local	concentration	of	polymers	exposed	to	GUVs	was	

expected	to	be	close	to	that	of	the	polymer	stock	solution.			

	

Figure 2. Chemical structure of phospholipids used in this study
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Figure	3.	Chemical	structures	of	phospholipids	used	in	this	study	

	

As	an	initial	attempt	to	probe	into	the	polymers’	behavior	against	GUVs,	the	fixed	

polymer	concentration	of	66.7	µg·mL-1	was	tested	for	all	the	polymers	(Fig.	4).	We	

have	observed	fluctuation	in	the	relative	gray	value	for	P0	and	PM34	(Fig.	4A	and	B).	

The	cause	of	fluctuation	is	not	clear.		While	it	cannot	be	ruled	out,	it	is	unlikely	that	

the	local	change	in	the	lipid	bilayer	by	the	polymers	caused	the	fluctuation	because	

the	relative	intensity	was	determined	as	the	average	values	of	the	intensities	from	

the	whole	region	of	the	GUV	inside.	One	possibility	is	that	the	fluctuation	was	caused	

by	the	movement	of	GUVs	due	to	the	convection	currents	of	surrounding	solutions,	

which	might	cause	erratic	intensities.			

While	the	data	points	fluctuated,	the	cationic	homopolymer	P0	did	not	cause	any	

change	in	the	morphology	of	bacterial	model	GUVs	membrane,	or	release	of	

entrapped	sucrose	over	16	minutes.	On	the	other	hand,	PM34-treated	GUVs	initially	

showed	weak	leakage	of	sucrose	up	to	10	%	without	any	morphological	changes,	but	

they	suddenly	burst	at	the	time	of	12	minutes,	and	the	entrapped	sucrose	was	

completely	released	into	solution.	To	study	the	time-dependent	dynamics	of	the	

membrane	disruption	caused	by	the	polymers	in	detail,	we	have	recorded	the	

images	of	GUVs	with	fine-time	resolution	(Fig.	S4)	Spherical	GUVs	instantaneously	

disappeared	within	0.2	second	without	showing	any	deformation	of	membrane	such	

as	the	formation	of	wavy	patterns,	suggesting	that	the	rapid	burst	of	GUVs	is	the	

main	mechanism	of	the	membrane	disruption	for	PM34	polymer.	Since	no	aggregates	

or	small	vesicles	were	observed	after	the	burst	of	vesicles,	the	polymer	is	likely	to	
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disrupt	membranes	by	forming	small	complexes	with	lipids	that	are	not	visible	in	

the	microscopy.	A	similar	two-step	action	was	also	observed	for	PM57	which	showed	

sucrose	leakage	up	to	10%,	followed	by	the	burst	of	GUV.	There	is	no	apparent	

difference	in	the	GUV	sizes	or	morphologies	before	the	burst.	These	results	suggest	

that	PM34	and	PM57	weakly	permeabilized	the	lipid	bilayer.	While	the	mode	of	action	

is	similar,	these	copolymers	have	distinctively	different	induction	times	to	cause	the	

burst	of	GUVs.	The	induction	times	were	measured	for	approximately	50	GUVs,	and	

the	data	showed	a	bell	shape	distribution	with	the	maximum	at	the	time	of	~	8	and	

~3	minutes	for	PM34	and	PM57,	respectively	(Fig.	5).		It	should	be	noted	that	the	

typical	lifetime	of	the	untreated	GUVs	was	significantly	longer	(~hrs)	than	the	time	

period	(minutes)	observed	here.	Therefore,	the	burst	of	GUVs	can	be	attributed	to	

the	disruption	of	lipid	bilayers	by	the	polymers,	but	not	to	spontaneous	rapture.	The	

induction	time	results	indicate	that	an	increase	in	the	mole	fraction	of	methyl	side	

chains	increased	the	rate	of	the	process	of	lipid	bilayer	rupture,	but	did	not	change	

the	mechanism,	i.e.	burst	of	GUVs.			
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Figure	4.	Disruption	of	GUV	lipid	bilayers	by	the	methacrylate	copolymers:	A)	P0,	B)	

PM34,	C)	PM57,	D)	PB36.	Representative	data	at	66.7	µg·mL-1	were	presented.		

POPE/POPG	and	POPC	corresponds	the	lipid	composition	used	for	the	preparation	

of	bacterial	(E.	coli)	and	mammalian	model	GUVs,	respectively.	The	images	

corresponding	to	the	dextran	leakage	shown	in	the	panel	D	were	acquired	by	the	

florescence	mode.	The	numbers	in	the	top	of	each	picture	indicates	the	observation	

time	of	each	GUV	after	the	injection	(in	minutes).	Bar	=	10	µm.	
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Figure	5.	Induction	time	and	accumulated	fraction	of	burst	or	permeabilization	of	

bacterial	model	GUVs.	Distributions	of	induction	time	for	GUV	burst	for	PM34	and	

PM57,	and	completion	of	sucrose	leakage	from	GUVs	for	PB36.	(White:	PB36,	Gray:	

PM57,	Black:	PM34)	The	induction	time	was	measured	for	approximately	50	GUVs.		

	

In	order	to	determine	if	the	lipid	bilayer-disruption	mechanism	is	dependent	on	

the	hydrophobic	side	chains,	we	also	examined	PB36	for	GUV	lysis.	Interestingly,	

GUVs	started	to	release	sucrose	immediately	after	an	addition	of	PB36,	which	was	

concomitant	with	a	shrinkage	of	the	vesicle	while	its	spherical	shape	maintained	

(Fig.	4D).	The	GUVs	became	completely	empty	within	~1.5	minutes	(Fig.	4D).	One	

possible	explanation	for	the	sucrose	leakage	is	due	to	the	transiently	formed	erratic	

defects	in	the	lipid	bilayers,	which	may	cause	permeation	of	relatively	large	

molecules	48,	49.	Therefore,	RITC-dextran	(MW=	70	kDa,	the	hydrodynamic	diameter	

of	12	nm,	10	µM)	and	sucrose	(MW	=	342	g･mol-1	,	the	hydrodynamic	diameter	of	

0.98	nm50,	200	mM)	were	both	entrapped	in	the	same	GUVs,	which	was	treated	by	

PB36.	The	fluorescence	intensity	of	RITC-dextran	in	the	GUV	remained	constant	after	

addition	of	PB36	(Figs.	4D	and	S5),	indicating	no	leakage	of	RITC-dextran,	while	

sucrose	leaked	out.	Interestingly,	the	PB36	induced	the	budding	of	small	vesicles	

from	mother	GUVs	when	RITC-dextran	was	entrapped	with	sucrose	(Fig.	4D),	but	

not	when	only	sucrose	was	entrapped	in	GUVs.	In	some	GUVs	tested	in	the	same	

experimental	condition,	we	have	observed	that	dextran	was	localized	and	retained	

in	the	mother	vesicle	after	the	formation	of	buds	(Fig.	S6).	Although	the	detailed	

mechanism	of	the	budding	is	the	beyond	the	scope	this	paper,	the	PB36	polymer	is	
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likely	to	cause	not	only	the	disruption	of	membrane	but	macroscopic	change	of	GUV	

shape.	

The	selective	leakage	of	sucrose	over	dextran	can	be	explained	by	the	model	that	

PB36	formed	size-limiting	pores,	which	allow	the	passage	of	only	small	sucrose	

molecule	(0.98	nm)	through	the	lipid	bilayer,	but	not	large	dextran	polymer	(12	

nm).	However,	one	may	think	that	the	dextran	molecule	could	not	diffuse	out	

through	the	pores	in	the	time	frame	(15.4	minutes)	used	in	this	study	due	to	its	high	

molecular	weight	(small	diffusion	coefficient)	and	low	initial	concentration,	even	

though	the	pore	diameter	might	be	large	enough,	according	to	the	Fick’s	law.	Based	

on	the	Fick’s	law,	the	total	area	of	the	pore	openings	formed	in	the	GUV	membrane	

is	160	nm2	for	the	sucrose	leakage	(Fig.	4D).	(See	Supporting	Information	for	the	

calculation).	Assuming	that	the	dextran	diffuses	to	the	outside	of	GUVs	through	the	

same	pores,	48%	of	the	dextran	should	be	released	at	the	time	of	15.4	minutes.	

However,	we	have	not	observed	the	decrease	of	fluorescence	intensity	inside	the	

vesicle	for	15.4	minutes	after	the	addition	of	PB36	(Fig.	S5),	indicating	that	no	

apparent	leakage	of	dextran	was	not	due	to	the	slow	diffusion.	Taken	together	with	

the	results	of	PM	copolymers,	the	increase	of	alkyl	length	from	methyl	to	butyl	

groups	changed	the	lipid	bilayer	disruption	mechanism	of	the	copolymers	from	the	

rupture	of	lipid	bilayer	(a	burst	of	GUVs)	to	the	formation	of	size-limiting	pores.		

	

3.4.	Concertation	dependence	of	lipid	bilayer	disruption	mechanisms.	In	

order	to	determine	if	these	observed	bilayer	disruption	mechanisms	are	

concentration-dependent,	and	thus	these	copolymers	may	possibly	show	both	



	 24	

mechanisms	depending	on	their	concentrations.	To	probe	into	this,	the	high	

polymer	concentration	(166.8	µg·mL-1)	was	tested.	All	the	polymers	induced	wavy	

patterns	in	the	lipid	bilayer	in	less	than	one	minute	after	the	addition	of	polymer	

solution	(Fig.	6	and	Fig.	S7),	and	eventually	the	GUVs	were	completely	disappeared.		

Sequential	images	with	fine-time	resolution	showed	that	all	the	polymers	disrupted	

GUVs	in	similar	pathway	regardless	of	the	polymer	structure	starting	with	the	

formation	of	a	wavy	surface,	followed	by	a	partial	dissolution,	and	finally	complete	

disappearance	of	GUVs	(Fig.	S7). In	addition,	the	formation	of	such	wavy	pattern	

was	not	observed	at	the	polymer	concentration	of	66.7	µg·mL-1	(Fig.	S4).	This	may	

suggest	that	the	GUV	burst	and	pore	formation	at	66.7	µg·mL-1	and	the	lysis	at	166.8	

µg·mL-1	were	driven	by	the	different	mechanisms.	As	the	actin	mode	of	GUV	lysis	

was	not	dependent	on	the	polymer	structures,	it	is	likely	that	the	mode	of	action	is	

non-specific.	At	the	lower	concentration	of	6.67	µg·mL-1,	GUVs	were	intact	without	

any	sucrose	leakage	for	PM34	and	PM57	polymers.	On	the	other	hand,	at	6.67	µg·mL-1,	

PB36	caused	complete	leakage	of	sucrose	from	GUVs,	without	any	visible	shrinkage	

of	GUVs,	suggesting	pore	formation.	We	have	observed	the	same	leakage	behavior	

for	three	GUVs	when	treated	with	PB36	at	the	same	concentration	whereas	one	GUV	

did	not	show	the	leakage	at	all.	Based	on	these	results,	we	found	that	the	

concentrations	tested	in	this	study	is	above	the	critical	concentration	of	the	polymer	

for	the	membrane	permeation	below	that	the	polymer	did	not	cause	the	leakage	

from	any	GUVs.	These	results	suggest	that	GUV	burst	by	the	PM	copolymers	is	likely	

to	be	the	intrinsic	mechanism	of	the	PM	copolymers.	Similar	to	the	PM	copolymers,	

PB36	also	induced	wavy	patterns	in	the	lipid	bilayer	at	166.8	µg·mL-1,	and	formed	
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pores	at	6.68	µg·mL-1.	These	results	indicate	that	the	pore	formation	is	also	inherent	

to	PB36.			

	

	

Figure	6.	Disruption	of	POPE/POPG	GUVs	(bacterial	membrane	mimic)	by	the	

copolymers	at	high	(166.8	μg·mL-1)	and	low	(6.67	μg·mL-1)	concentrations.	The	

numbers	in	the	top	of	each	picture	indicates	the	observation	time	of	each	GUV	after	

the	injection	(in	minutes).	Bar	=	10	µm.	

	

3.5.	Disruption	of	mammalian	cell	membrane-mimic	lipid	bilayer	in	GUVs.	

The	toxicity	of	antimicrobial	copolymers	to	human	cells	is	a	concern	for	their	

potential	use	as	therapeutics.	Here	we	investigated	the	effect	of	the	copolymers	on	

GUVs	consisting	of	human	cell	membrane-mimic	lipids.	Because	the	major	

component	of	mammalian	cell	membrane	is	zwitterionic	PC,	we	prepared	GUVs	

consisting	of	100%	POPC	(Fig.	3).	The	P0	and	PM34,	which	show	16%	and	24	%	

hemolysis	at	1,000	µg·mL-1	for	P0	and	PM34,	respectively,	did	not	cause	sucrose	
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leakage	from	the	human	cell	membrane-mimic	POPC	GUVs	at	66.7	µg·mL-1	(Fig.	4A	

and	B).	These	copolymers	also	did	not	cause	any	morphological	change	nor	

shrinkage	of	vesicles.	One	may	think	that	the	GUVs	treated	with	PM34	might	be	

disrupted	when	incubated	for	a	long	time	because	PM34	showed	some	hemolytic	

activity.	However,	the	result	for	PM34	was	consistent	when	the	experiments	were	

repeated	multiple	times	independently	up	to	60	minutes	(Fig.	S8).	PM57,	which	

showed	48	%	hemolysis	at	1000	µg·mL-1	higher	than	P0	and	PM34,	caused	a	slight	

leakage	of	sucrose	up	to	2	%,	but	the	GUVs	burst	after	certain	induction	time	in	

similar	to	bacterial	membrane	mimic	POPE/POPG	GUVs	(Fig.	4C).	PM57	did	not	

change	the	size	and	morphology	of	the	vesicles.		On	the	other	hand,	highly	hemolytic	

PB36	(100	%	hemolysis	at	1000	µg·mL-1)	caused	shrinkage	of	POPC	GUVs	

concomitant	with	10%	leakage	of	sucrose	for	the	first	2	minutes	(Fig.	4D),	and	then	

sucrose	was	released	with	a	high	rate	while	the	GUV	shape	was	maintained.	This	

result	suggests	that	PB36	also	formed	pores	in	POPC	lipid	bilayers.	Taken	together,	

the	ability	of	the	copolymers	to	disrupt	or	permeabilize	the	POPC	lipid	bilayer	

reflects	the	hemolytic	activities	of	the	copolymers.	In	addition,	for	PB36	and	PM57	

showed	the	same	mode	of	mechanisms	against	both	POPE/POPG	and	POPC	lipid	

bilayers,	indicating	the	mechanism	is	not	dependent	on	the	type	of	lipids.			

	

3.6.	Theoretical	consideration	for	the	GUV	burst/permeation	kinetics.	We	

here	attempt	to	construct	a	reaction	model	in	order	to	shed	light	on	the	molecular	

mechanism	of	lipid	bilayer	disruption	by	the	copolymers.	We	are	particularly	

interested	in	PM34	and	PM57	because	of	their	characteristic	induction	times	to	cause	
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the	bacteria-mimic	GUVs	to	burst,	which	may	provide	an	important	clue	to	

understand	the	underlying	mechanism.	For	AMPs,	several	mechanistic	models	have	

been	proposed	to	describe	AMP-induced	membrane	disruption.	The	PM	copolymers	

caused	relatively	low	leakage	of	sucrose	from	GUVs	initially	and	then	a	rupture	of	

the	lipid	bilayer,	resulting	in	a	burst	of	the	GUVs.	We	here	propose	the	following	

mechanism	to	adopt	AMP’s	“carpet	model”	in	which	accumulation	of	AMP	chains	

causes	rupture	in	a	lipid	bilayer,	while	other	models	assume	pore	formation	in	lipid	

bilayers	(toroidal	and	stave-barrel	models).	Our	previous	molecular	dynamic	

simulations	suggested	that	the	copolymer	chains	were	attracted	to	the	vicinity	of	

surface	of	lipid	bilayer	through	electrostatic	interactions	between	the	cationic	side	

chains	of	the	polymer	and	anionic	lipid	head	groups	of	POPG.51		The	polymer	chains	

diffused	through	the	vicinity	of	bilayer	surface	(Psurf),	but	they	were	not	firmly	

bound	to	specific	lipid	heads	which	might	be	generally	thought.	In	other	words,	the	

electrostatic	interactions	kept	the	polymer	chains	weakly	associated	with	the	

surface	of	lipid	bilayer.		Then	after	certain	period	of	time,	the	polymer	chains	in	the	

surface	vicinity	were	bound	and	inserted	to	the	lipid	bilayer	through	a	hydrophobic	

pocket	in	the	lipid	bilayer,	concomitant	with	the	formation	of	amphiphilic	

conformations	Pins		in	which	the	cationic	and	hydrophobic	side	chains	are	segregated	

to	the	opposite	sides	of	polymer	chain	backbone.52	This	segregated	amphiphilic	

conformation	of	Pins	is	reminiscent	of	the	cationic	amphiphilic	helices	of	AMPs	which	

act	by	disrupting	bacterial	cell	membranes.	Therefore,	presumably	Pins	would	be	

membrane-active,	and	thus	permeate	the	lipid	bilayer,	which	would	be	responsible	

for	initial	sucrose	leakage	in	the	GUV	results.	However,	when	the	accumulation	of	
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Pins	reaches	the	threshold	concentration,	it	would	compromise	the	integrity	of	lipid	

bilayer	structure,	which	cause	rupture	of	lipid	bilayer,	followed	by	a	burst	of	the	

GUV.	Thus,	the	overall	reaction	scheme	of	the	GUV	-	polymer	interaction	causing	the	

burst	of	GUVs	can	be	expressed	as:	

	

𝑃!"#$
%!"#"⎯$ 𝑃&'!

	
→Membrane	rupture, GUV	burst	-	(1)	

	

We	here	consider	that	the	burst	of	GUVs	is	the	product	of	the	whole	reaction	steps	

described	in	the	model	(Eq.	1).		To	obtain	the	reaction	kinetic	curve	to	analyze,	we	

converted	the	number	of	GUVs	with	specific	induction	times	(Fig.	5)	to	the	

accumulated	fraction	of	GUVs	that	have	burst,	Fburst	(t)	=	Nburst	(t)	/	N0,	where	Nburst	

(t)	is	the	accumulated	number	of	GUVs	that	have	burst	until	the	time	of	t,	and	N0	is	

the	total	number	of	tested	GUVs.	Accordingly,	in	similar	to	chemical	reaction	

kinetics,	the	time	course	of	Fburst	reflects	the	reaction	kinetics	for	the	formation	of	Pr	

(GUV	burst)	(Fig.	7).		Interestingly,	the	time	courses	of	Fburst	(t)	are	sigmoidal	in	

which	the	rate	of	increase	in	Fburst	(the	slope	of	curve)	increases	with	time,	but	

decreases	as	Fburst	is	close	to	the	completion	of	reaction	at	long	times.	There	have	

been	several	studies	reporting	sigmoidal	curves	for	the	concentration	dependence	

of	AMP	activities.	For	example,	maculatin	and	aurein	peptides	displayed	sigmoidal	

concentration	dependence	on	the	dye	leakage	from	vesicles	mimicking	mammalian	

and	bacterial	membranes.53		The	conformational	change	of	alamethicin	peptide	

upon	the	binding	to	membrane	also	showed	sigmoidal	concentration	dependence.54	

The	dose-response	curve	for	the	inhibition	of	bacterial	growth	by	some	cationic	α-
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helical	peptides	consisting	of	leucine	and	lysine	was	also	found	to	be	sigmoidal.55		

However,	to	best	of	our	knowledge,	there	is	no	previous	report	of	a	sigmoid	curve	

for	vesicle	rupture	kinetics	(time	course)	in	previous	AMP	studies.	In	this	study,	we	

assume	that	the	sigmoidal	time	dependence	of	GUV	burst	is	stemmed	from	

accumulation	of	the	polymer	chains	with	membrane-active	conformations,	with	

time.	Therefore,	the	sigmoidal	response	found	in	this	study	may	be	inherent	to	the	

AMP-like	activities.		This	non-linear	kinetics	prompted	us	to	consider	“an	

autocatalytic	reaction”	in	the	mechanism	of	polymer-induced	lipid	bilayer	rapture.	

In	general,	autocatalytic	reactions	are	those	in	which	a	product	X	catalyzes	the	

formation	of	another	product	from	a	reactant	A,	as	described	in	X	+	A	->	2X.56,	57	This	

reaction	system	with	positive	feedback	typically	gives	sigmoid	curves	because	the	

reaction	starts	from	a	small	(seeding)	amount	of	X.		
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Figure	7.	Time	courses	of	the	membrane	disruption	by	the	polymers.	Fburst	

represents	the	accumulated	number	fraction	of	burst	GUVs	by	PM34	and	PM57	

polymers.	Frelease	corresponds	the	accumulated	number	fraction	of	GUVs	displaying	

the	complete	release	of	entrapped	sucrose	by	PB36	polymer.		

	

Based	on	the	mechanism	model	(Eq.	1),	we	further	propose	that	the	sigmoidal	

curves	are	a	result	of	the	positive	feedback	to	the	step	of	polymer	chains	Psurf	in	the	

vicinity	of	the	bilayer	surface	to	be	inserted	into	the	hydrophobic	core	of	the	lipid	

bilayer	Pins.	We	will	discuss	the	molecular	mechanism	of	auto-catalytic	process	in	

detail	later.	Accordingly,	we	hypothesize	that	the	formation	of	Pins	is	the	rate	

determining	step,	and	thus	the	accumulation	(surface	concentration)	of	Pins	on	the	

lipid	bilayer	directly	determine	the	time	course	of	Fburst,	or	increase	the	probability	

of	GUV	burst	as	described	as	follows:		

	

𝐹)"#!* = 𝑏[𝑃&'!]	-	(2)	

	

where	b	is	a	scaling	factor.	The	polymer	aggregation	with	the	positive	feedback	

can	be	described	by	the	following	equation:		

	

𝑃!"#$ +	𝑃&'! 	
%!"#"⎯$ 	2𝑃&'!	-	(3)	

	

where	kins	is	the	rate	constant.	The	rate	of	the	formation	of	Pins	can	be	written	as	

follows;		
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+[-!"#]
+*

= 𝑘&'!>𝑃!"#$?[𝑃&'!]	-	(4)	

	

[Pins]	is	given	by:		

	

[𝑃&'!] =
[-#$%&]'/[-!"#]'

0/
[)#$%&]'
[)!"#]'

1+()#$%&]'-[)!"#]')/!"#0
= 2

0/31+1/!"#0
		-	(5)	

	

where	[Psurf]0	and	[Pins]0	are	the	initial	concentrations	of	Psurf	and	Pins,	respectively,	

C	=	[Psurf]0	+	[Pins]0,	and	a	=	[Psurf]0/[Pins]0,	and	we	have	assumed	[Psurf]	+	[Pins]=	[Psurf]0	

+	[Pins]0,	suggesting	that	the	total	polymer	concentration	on	the	bilayer	does	not	

change	during	the	reaction.	[Pins]0	represents	the	seeding	quantity	of	membrane-

active	polymer	chains	Pins,	which	initiate	the	catalytic	insertion	of	the	polymer	

chains	on	the	lipid	bilayer.	Therefore,	we	expect	[Psurf]0		>>	[Pins]0,	or	a	>>	1	which	

will	be	confirmed	later	from	the	curve	fitting	results.	It should be noted that, while it 

should take some time to reach the binding equilibrium of the polymers after polymer 

addition, we assume here that the time is significantly shorter than the induction times of 

GUV burst or negligible. Indeed, as the distance between the GUV and the micropipette 

was 100 µm, the time required for the polymer to reach the GUV was found to be less 

than one second (Fig. S2), while the GUV burst takes minutes (Fig. 5). Furthermore, 

previous studies reported that the time for the binding equilibrium of antimicrobial 

peptide magainin was estimated to be 2 seconds in similar GUV experiment,36 which also 

support our assumption. 	
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From	Equations	(2)	and	(5),	we	obtain	the	following	equation	to	describe	Fburst:		

	

𝐹)"#!* =
)2

0/31+1/!"#0
			-	(6)	

	

At	infinite	t,	Fburst	~	1	=	bC.	Therefore,	b	=	1/C.	Fburst	is	finally	given	by	the	following	

simple	form	of	equation:	

	

𝐹)"#!* =
0

0/31+/0
		-	(7)	

	

in	which,	k	=	kinsC.	This	presents	the	specific	case	of	a	logistic	function	which	has	

been	used	to	characterize	sigmoidal	time	dependence.	58,	59		The	equation	(7)	fits	

well	to	the	Fburst	data	of	PM34	and	PM57,	supporting	our	autocatalytic	model.		The	

values	of	a	were	250	for	PM34	and	208	for	PM57,	which	are	>>	1,	indicating	that	only	

a	small	fraction	of	Psurf	inserted	into	the	lipid	bilayer	in	the	beginning	of	reaction.		

The	k	value	of	PM57	(k	=	1.53	min-1)	is	larger	than	that	of	PM34	(k	=	0.72	min-1).		

	

On	the	other	hand,	the	time	course	of	Frelease	for	PB36	steeply	increased	in	the	

beginning	of	time	and	reached	the	completion	within	a	few	minutes,	indicating	that	

PB36	forms	pores	in	the	lipid	bilayer	quickly	without	an	induction	period.	The	time	

course	of	PB36	is	similar	to	those	of	pore	formation	by	natural	AMP	magainin	2.36		

Yamazaki	and	coworkers	used	the	single	GUV	method	to	investigate	the	kinetics	of	

pore	formation	by	magainin	2	and	demonstrated	that	the	time	course	of	the	fraction	

of	intact	GUV	(Fintact	=	1	–	Fburst)	can	be	expressed	by	an	exponential	decay.36		The	
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Frelease	data	was	also	fit	to	an	exponential	function	(1	–	exp(-kpt))	(Fig.	7),	where	kp	is	

the	rate	constant.	The	value	of	kp	of	PB36	was	1.3	min-1	at	the	polymer	concertation	

of	21µM	(66.7	µg·mL-1),	while	the	reported	value	for	magainin	2	at	10	µM	is	1.6	min-

1.	It	appears	that	the	pore	formation	of	magainin	2	and	PB36	are	characterized	by	a	

similar	order	of	time	scale	for	activity	(~minutes).		

	

4.	DISCUSSION	

In	this	study,	we	determined	the	antimicrobial	and	hemolytic	activities	of	

methacrylate	copolymers	as	well	as	the	lytic	activity	against	GUVs	with	lipid	

compositions	which	mimic	the	E.	coli	cell	membrane	(POPG/POPE)	or	mammalian	

cell	membrane	(POPC).	A	series	of	polymers	examined	in	this	study	provide	a	range	

of	antimicrobial	and	hemolytic	activities	(Table	1).	In	general,	the	copolymers	that	

showed	antimicrobial	activity	(PM34,	PM57,	and	PB36)	against	E.	coli	caused	the	

permeabilization	or	rupture	of	E.	coli-mimic	lipid	bilayer	(POPG/POPE).	On	the	

other	hand,	the	copolymers	that	showed	hemolytic	activity	against	sheep	

erythrocytes	(PM	57	and	PB36)	also	did	the	same	action	to	the	mammalian	cell-mimic	

(POPC).	While	PM57 and PB36 showed relatively small MIC values against E. coli, they 

are very different in their hemolytic activities; PM57 is antibacterial with a strong 

tendency to disrupt mammalian cells, which is selective to bacteria (HC50 > MIC), but 

PB36 is much more a disruptor of mammalian cells than it is a selective antibacterial 

(HC50 < MIC). These	results	suggest	that	the	biomimetic	lipid	compositions	of	the	

GUVs	reflect	the	biological	activities	of	the	copolymers	against	the	target	cell	
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membranes.	Therefore,	this	supports	our	hypothesis	that	these	copolymers	act	by	

disrupting	cell	membranes	for	their	antimicrobial	and	hemolytic	activities.		

	

PM	copolymers	permeate	the	lipid	bilayer	and	then	caused	GUV	to	burst	after	an	

induction	time.		To	explain	this,	we	proposed	the	AMP’s	carpet	model-like	

mechanism	in	which	the	polymer	chains	are	initially	associated	with	the	surface	

vicinity	of	lipid	bilayer	by	electrostatic	interactions	(Psurf),	and	inserted	into	the	

hydrophobic	core	of	the	lipid	bilayer	to	form	the	membrane-active	amphiphilic	

conformation	(Pins).	When	the	accumulation	of	inserted	polymer	chains	reaches	the	

threshold,	the	lipid	bilayer	would	be	ruptured.	We	also	presumed	that	the	inserted	

polymer	chains	permeabilize	the	lipid	bilayer,	causing	leakage	of	sucrose	before	

GUV	burst.	It	has	been	previously	demonstrated	that	AMPs	form	amphiphilic	α-

helices	when	they	are	bound	to	lipid	bilayers.60	The	hydrophobic	face	is	inserted	

into	the	outer	leaflet	of	the	lipid	bilayer,	which	produces	the	asymmetry	of	the	

membrane	tension	between	two	leaflets,	resulting	in	the	disruption	of	membrane	to	

translocate	the	peptide.32,	61	Similar	to	AMPs,	the	binding	of	PM	copolymers	would	

also	induce	this	imbalance	between	the	outer	and	inner	leaflet	of	lipid	bilayer	to	

permeabilize	and	disintegrate	the	lipid	bilayer.	In	addition	to	AMPs,	Riske	and	

coworkers	also	reported	that	sodium	dodecyl	sulfate	(SDS)	adsorbed	onto	only	

outer	leaflet	of	lipid	bilayer,	resulting	in	the	burst	of	membrane	with	some	induction	

time	when	the	SDS	concentration	reached	a	critical	value.62	These	previous	studies	

support	our	proposed	model	for	lipid	bilayer	permeation	and	rupture	(GUV	burst)	

by	the	copolymers.	However,	while	our	model	assumes	a	simple	mechanism,	the	
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polymer	insertion	also	involves	complexation	with	lipid	and	other	polymer	chains.	

We	will	discuss	the	molecular	roles	of	lipids	and	polymer	chains	in	the	membrane-

disrupting	mechanism	later.		

	

PB36	caused	a	release	of	sucrose	likely	due	to	pore	formation,	but	it	was	also	

concomitant	with	a	shrinkage	of	the	vesicle	while	any	morphological	changes	

including	budding	were	not	observed.	In	general,	GUV	shrinkage	is	induced	by	

either	hypertonic	condition	or	a	removal	of	lipids	from	the	lipid	bilayer	or	lipid	

solubilization.	The	former	unlikely	happened	for	our	case	because	the	GUV	

maintained	the	spherical	shape,	and	the	osmotic	pressures	inside	and	outside	the	

vesicle	were	prepared	to	be	the	same.	Here	we	hypothesize	that	the	GUV	shrinkage	

is	due	to	the	partial	solubilization	of	the	lipid	bilayer	by	the	PB36	polymer	chains,	

which	reduces	the	total	surface	area	of	GUVs.	Indeed,	we	have	previously	reported	

that	the	analogous	methacrylate	copolymers	formed	tens	of	nanometer-sized	

discoidal	complexes	(nanodiscs)	with	phospholipids.63	These	complexes	are	too	

small	to	observe	under	a	microscope,	and	therefore,	no	visible	particles	or	micelles	

could	be	found	in	the	surround	medium	of	polymer-treated	GUVs.	It	has	been	

reported	that	membrane	lytic	peptide,	melittin	similarly	induces	the	release	of	

entrapped	sucrose	with	the	shrinkage	of	GUVs.31	The	solubilization	of	membranes	

by	melittin	results	in	the	formation	of	small	discoidal	fragments	of	membrane	that	

cannot	be	directly	observed	under	a	microscope.64	
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At	high	polymer	concertation	of	168	µg·mL-1,	PM	and	PB	copolymers	induced	

transient	wavy	patterns	in	the	lipid	bilayer,	followed	by	the	disruption	of	GUVs.	It	

has	been	reported	that	TX-100	also	caused	the	transient	formation	of	wavy	patters	

in	a	lipid	bilayer	of	GUVs.62	The	formation	of	the	wavy	pattern	was	explained	by	the	

mechanism	in	which	the	insertion	of	the	surfactant	in	the	lipid	bilayer	expanded	the	

surface	area	of	lipid	bilayer.		Similarly,	we	speculate	that	the	insertion	of	polymer	

chains	would	also	increase	the	surface	area	of	lipid	bilayer,	causing	wavy	patterns	in	

the	lipid	bilayers.	In	addition,	this	action	did	not	depend	on	the	type	of	copolymers	

with	different	monomer	compositions,	which	contrasts	to	the	GUV	response	at	

lower	polymer	concentrations	where	the	wavy	pattern	of	the	membrane	was	not	

produced.		The	high	concentration	of	the	polymers	appears	to	offset	the	properties	

of	the	copolymers,	and	the	surfactant-like	mode	of	action	may	be	dominant.		

	

In	this	study,	we	used	the	same	three	polymer	concentrations	for	our	initial	

investigation	of	polymer-lipid	bilayer	interactions	in	the	GUV	experiments.	We	

believe	that	the	data	from	these	three	concentrations	captured	the	framework	of	

copolymers’	behavior	against	the	lipid	bilayers	as	well	as	provide	the	biophysical	

basis	for	membrane-disrupting	mechanisms.	However,	the	selection	of	these	

polymer	concentrations	was	rather	arbitrary,	and	more	systematic	investigation	

would	be	needed	to	elucidate	the	concentration	dependence	of	the	polymer	

activities	against	GUVs	and	biological	relevance	of	the	mechanisms	to	the	

antimicrobial	and	hemolytic	activities	of	copolymers.	More	specifically,	the	MIC	and	

HC50	values	depend	on	the	monomer	compositions	of	the	copolymers;	these	values	
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decreased	(the	antimicrobial	and	hemolytic	activities	increased)	as	the	

hydrophobicity	of	the	copolymers	increased.	The	threshold	concentrations	of	the	

copolymer	to	cause	GUV	burst	or	permeabilization	are	expected	to	reflect	these	

values	of	polymers’	biological	activities.	In	addition,	this	study	used	a	binary	lipid	

mixture	of	POPE/POPG	as	well	as	POPC	alone	for	GUVs	as	cell	membrane	mimics.	

The	biological	cell	membranes	contain	many	other	components	including	lipids,	

proteins,	and	polysaccharides,	different	compositions,	and	cell	wall	or	surface	

structures.	Lipid	composition	in	the	membrane	is	known	to	affect	the	membrane	

disruption	activity	of	AMPs.	For	example,	cholesterol,	which	is	abundant	in	

mammalian	cells,	reduces	the	membrane	activity	of	AMPs	by	rigidifying	the	

membrane.65	Cardiolipin	found	in	S.	aureus	membrane	also	modulates	the	lytic	

activity	of	AMPs	by	increasing	the	lipid	packing.66	Further	study	using	GUVs	

consisting	of	more	complex	lipid/protein	compositions	would	be	needed	to	link	the	

polymer	mechanism	to	their	antimicrobial	activity	and	toxicity	to	mammalian	cells.	

It	would	be	possible	to	use	the	GUVs	formed	by	the	lipids	extracted	from	bacterial	

membrane67	or	erythrocyte		ghost68	as	more	relevant	model	membranes.	

Alternatively,	GUVs	directly	produced	from	intact	cells	that	consists	of	not	only	lipid	

but	membrane	proteins	can	be	employed	as	a	further	realistic	model	membrane	

system.69	Our	previous	study	demonstrated	that	analogous	methacrylate	

copolymers	were	also	effective	in	killing	other	Gram-negative	and	Gram-positive	

bacteria.52	Because	amphiphilic	copolymers	are	designed	to	act	by	disrupting	

bacterial	cell	membranes,	these	polymers	are	expected	to	show	a	broad	spectrum	of	

activity.	However,	because	the	lipid	compositions	of	bacterial	membranes	largely	
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varied	for	different	bacteria,	and	the	polymer’s	mode	of	action	depends	on	the	lipid	

compositions,	we	expect	that	the	polymers	would	act	differently	against	different	

bacterial	membrane	models.		In	addition,	the	observation	time	of	GUVs	in	this	study	

is	up	to	20	minutes,	which	is	significantly	shorter	than	the	timeframe	of	

antibacterial	MIC	assay	(18	hours	incubation).	While	we found a reasonable 

relationship between the GUV results and biological activities, the GUV experiments 

may not reflect the long-term effect of polymers on bacteria and mammalian cells. It	will	

be	needed	to	investigate	more	biologically	relevant	models	and	conditions	as	well	as	

seek	the	biological	relevance	of	the	GUV	data	to	the	polymer	activities	to	bacteria	

and	mammalian	cells	in	the	future.		

	

One	of	the	key	findings	in	this	study	is	the	dependence	of	the	membrane-

disrupting	mechanism	on	the	hydrophobic	groups	of	the	copolymers;	PB36	formed	

pores	on	the	lipid	bilayer	of	GUVs,	and	PM34	and	PM57	caused	GUVs	to	burst.	These	

mechanisms	are	not	dependent	on	the	lipid	types.	These	may	suggest	that	the	

mechanism	of	the	copolymers	is	inherent	to	the	alkyl	lengths	of	hydrophobic	side	

chains.	In	the	pore-forming	model	for	AMPs,	the	hydrophobic	domains	of	peptide	

helices	are	inserted	into	the	lipid	bilayer,	and	the	cationic	domains	face	the	channel,	

which	stabilize	the	pore	structures.	While	the	copolymers	are	not	designed	to	form	

any	secondary	structures	such	as	helices,	the	flexible	polymer	chains	are	likely	able	

to	adopt	an	amphiphilic	conformation	in	which	the	alkyl	chains	are	inserted	into	the	

lipid	bilayer,	and	the	cationic	groups	form	a	hydrophilic	channel.	If	the	pore	

structure	with	the	polymer	chains	is	stable,	the	morphology	of	GUVs	would	be	
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intact,	but	release	the	contents	(sucrose)	to	the	outer	solution.	Our	previous	study	

using	sum	frequency	generation	(SFG)	spectroscopy	on	the	analogous	copolymers	

indicated	that	when	inserted	to	the	hydrophobic	core	of	lipid	bilayer,	the	butyl	side	

chains	were	aligned	with	the	lipid	acyl	chains,	which	indicate	the	butyl	side	chains	

can	be	inserted	into	the	hydrophobic	domain	of	lipid	bilayer.70	It	has	also	been	

previously	reported	that	acrylic	acid	copolymers	with	long	alkyl	side	(C8)	chains	

form	size-defined	pores	in	a	lipid	bilayer,39	which	is	in	good	agreement	with	our	

finding	here.	On	the	other	hand,	while	the	PM	polymers	have	different	monomer	

fractions	of	methyl	side	chains,	they	both	caused	GUVs	to	burst.	This	may	indicate	

that	the	lipid	bilayer	rupture	is	due	to	the	property	of	methyl	groups	on	the	side	

chains,	but	not	lack	of	sufficient	overall	hydrophobicity	of	the	polymer	chains.	Based	

on	the	presented	data,	we	hypothesize	that	the	methyl	side	chains	are	too	short	to	

stabilize	the	pore	structure,	which	requires	further	investigation	to	prove.		

	

The	sigmoidal	time	course	of	GUV	burst	also	lends	support	our	hypothesis	on	the	

weak	hydrophobic	interaction	of	methyl	groups	with	the	lipid	bilayer.	Based	on	the	

proposed	model	in	Eq.	1,	the	polymer	chains	inserted	into	the	lipid	bilayer	are	

membrane-active.	The	rate	of	the	rupture	kinetics	is	given	by	k	=	kins([Psurf]0	+	

[Pins]0),	which	reflect	a	combination	of	the	rate	of	polymer	insertion,	kins	and	the	

initial	concentration	of	inserted	polymer	chains	[Pins]0	which	act	as	a	seed	for	the	

autocatalytic	reaction.	The	k	values	of	the	PM	copolymers	are	much	smaller	than	

that	of	PB36.	The	weak	hydrophobicity	of	methyl	side	chains	may	result	in	slower	

insertion	to	the	hydrophobic	domain	of	the	lipid	bilayer,	resulting	in	small	kins	values	
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and	thus	small	k	values.	On	the	other	hand,	the	weak	hydrophobicity	of	polymers	

may	also	result	in	the	small	amount	of	the	inserted	polymers	[Pins]0	at	the	beginning,	

which	was	implicated	by	the	large	value	of	a	(	=	[Psurf]0/[Pins]0).	Therefore,	the	weak	

hydrophobicity	of	polymers	may	result	in	either	slow	insertion	or	small	amount	of	

seed	polymer	chains,	or	both,	leading	to	small	k	values.		In	contrast,	while	the	GUV	

burst	kinetics	by	PM	polymers	takes	an	order	of	minutes,	PB36	formed	pores	in	the	

lipid	bilayer	immediately	after	addition	to	GUVs.	This	can	be	explained	by	the	strong	

hydrophobicity	of	butyl	side	chains,	allowing	quick	insertion	into	the	hydrophobic	

domain	of	the	lipid	bilayer,	resulting	in	the	larger	k	value	and	lack	of	an	induction	

period.		

	

Why	is	the	polymer	insertion	process	autocatalytic?	This	might	be	explained	by	the	

polymer-induced	formation	of	lipid	clusters	and	hydrophobic	defects	at	the	

boundaries.	Epand	and	coworkers	demonstrated	that	binding	of	cationic	polymers	

induced	lipid	clusters	or	domains	in	bacterial	membrane-mimics.71	Our	previous	

study	using	computational	simulations	also	showed	that	insertion	of	methacrylate	

copolymer	chains	induced	clustering	of	POPG,	and	the	polymer	chains	were	bound	

to	the	boundary	of	the	POPG	cluster	with	POPE	lipids,	which	provided	hydrophobic	

defects	due	to	the	mismatch	in	bilayer	thickness	and	intrinsic	curvature	between	

POPG	and	POPE	domains.	51		We	speculate	that	the	insertion	of	the	PM	copolymers	

into	the	GUV	lipid	bilayer	also	induced	POPG	clustering	and	created	the	hydrophobic	

pockets	at	the	boundaries,	which	recruited	another	polymer	chain	into	the	bilayer,	

leading	to	the	positive	feedback	loop	in	the	polymer	insertion.	Therefore,	POPG	
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lipids	have	dual	roles	in	the	polymer’s	membrane-disrupting	mechanism:	the	

anionic	charge	electrostatically	attracts	the	cationic	polymer	chains	to	bring	them	to	

the	vicinity	of	lipid	bilayer	surface,	and	the	cluster	of	POPG	generates	hydrophobic	

pockets	for	the	binding	of	the	polymer	chains	at	the	boundary	with	POPE.	In	

addition,	the	other	lipid	component	POPE	lipids	have	been	indicated	in	previous	

studies	to	play	key	roles	in	the	membrane-disruption	mechanism	of	AMPs	and	

antimicrobial	polymers.	The	intrinsically	negative	curvature	of	PE	lipids	promotes	

the	pore	formation	of	AMPs	and	methacrylate	copolymers	in	lipid	bilayers.	72	The	

previous	study	using	GUVs	on	Polybia-MP1	lytic	peptide	demonstrated	that	the	

membrane	disruption	by	the	peptide	was	enhanced	when	PE	lipids	were	

incorporated	in	the	bilayer.	73	PE	lipid	with	small	head	group	would	modulate	the	

topology	of	a	binding	site	in	the	membrane	in	order	to	accommodate	specific	AMPs	

with	a	topologically	matched		amphiphilic	structure.	74	Our	result	may	add	another	

role	of	PE	lipid	as	a	“catalyst”	in	the	membrane	insertion	of	polymer	chains	in	

conjunction	with	PG	lipids.		

	

The	results	also	provide	a	new	insight	into	the	basic	design	principles	for	

antimicrobial	copolymers.	Our	results	indicate	that	the	biological	activities	of	the	

copolymers	and	their	ability	to	disrupt	lipid	bilayers	reflect	the	hydrophobicity	of	

copolymers,	which	is	in	good	agreement	with	previous	studies.75	The	mainstream	

approach	to	structure	optimization	for	antimicrobial	copolymers	with	potent	

activity	and	selectivity	is	through	testing	a	diverse	range	of	different	monomer	

compositions	and	hydrophobic	groups	in	copolymers.	However,	our	results	suggest	
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that	changing	compositions	of	hydrophobic	monomers	(i.e.	hydrophobic/cationic	

balance)	and	using	different	hydrophobic	side	chains	are	not	equivalent	in	terms	of	

the	membrane-disruption	activity.	This	may	provide	some	explanation	about	why	it	

is	difficult	to	predict	the	antimicrobial	activity	and	toxicity	of	copolymers	from	their	

chemical	structures;	we	are	likely	to	change	the	membrane-disrupting	mechanism	

of	copolymers	when	different	hydrophobic	side	chains	are	used	while	we	intend	to	

tune	the	overall	hydrophobicity	of	copolymers.	This	explanation	has	been	

speculated	in	the	field,	but	not	explicitly	demonstrated	in	previous	studies.	

In	this	study,	we	examined	only	the	effect	of	monomer	compositions	and	

hydrophilic	groups	on	the	polymer	activities.	However,	the	molecular	weight	of	

copolymers	is	also	an	important	factor	to	control	their	antimicrobial	and	hemolytic	

activities.	In	general,	the	antimicrobial	and	hemolytic	activities	of	methacrylate	

copolymers	increased	as	the	polymer	molecular	weight	increased.43	However,	the	

increase	in	the	hemolytic	activity	is	much	more	significant	than	antimicrobial	

activity,	so	that	the	high	molecular	weight	polymers	are	highly	toxic	to	mammalian	

cells	and	non-selective	to	bacteria.	It	would	be	of	interest	to	use	GUVs	in	order	to	

investigate	the	membrane-disrupting	mechanism	of	high	molecular	weight	

copolymers,	which	may	provide	some	clues	to	understand	why	they	are	so	highly	

toxic.		

From	the	material-centric	viewpoint,	we	can	also	interpret	the	results	differently	

claiming	that	the	membrane-disrupting	mechanisms	of	synthetic	copolymers	can	be	

readily	switched	by	simple	alternation	of	the	alkyl	length	(methyl	and	butyl)	of	side	

chains.	This	contrasts	with	the	relationship	between	AMP	sequences	and	
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mechanisms.	Studies	reported	that	some	AMPs	act	by	the	pore-forming	model,	and	

others	do	by	the	carpet	model.7,	27	However,	there	have	been	no	specific	amino	acid	

sequences	or	motifs	identified	to	predict	or	discriminate	between	these	

mechanisms.	Interestingly,	several	studies	also	showed	a	parallel	mechanism	of	

AMP,	and	changing	only	1-2	methylene	groups	changes	its	activity.	76,	77,	78	

Therefore,	it	is	not	yet	possible	to	predict	the	mechanism	of	AMPs	from	their	

sequences.	However,	our	results	indicate	that	we	may	be	able	to	control	the	cell	

membrane	permeation	mechanism	in	polymers	by	design.	The	alkyl-dependent	

mechanism	reported	in	this	study	may	provide	a	new	tool	to	study	the	relationship	

between	the	membrane-disrupting	mechanism	(pores	or	membrane	rupture)	of	

antimicrobial	copolymers	and	bacterial	response	(antimicrobial	activity).	In	

addition,	one	may	wonder	how	the	finding	of	this	study	can	contribute	to	maximize	

the	antimicrobial	activity	of	polymers	while	minimizing	their	hemolytic/cytotoxic	

activity.		One	possible	outcome	is,	for	example,	although	we	used	only	methyl	and	

butyl	groups,	we	may	be	able	to	tune	the	chemical	structure	and	composition	of	the	

hydrophobic	side	chains	as	to	enhance	the	hydrophobic	insertion	of	polymer	chains	

into	the	bacterial	membrane	for	the	quick	and	effective	formation	of	membrane-

active	Pins,	which	would	lead	to	potent	antimicrobial	activity.	If	the	polymer	

insertion	to	the	hydrophobic	core	of	the	membranes	is	selective	to	the	bacterial	

lipids	such	as	PE	and	PG	lipids,	the	selective	activity	to	bacteria	over	human	cells	

would	be	further	improved.			
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5.	CONCLUSION	

In	summary,	we	used	the	single	GUV	method	to	study	the	membrane-disrupting	

mechanism	of	methacrylate	random	copolymers.	The	disruption	of	bacteria	and	

mammalian	cell	membrane-mimic	lipid	bilayer	in	GUVs	reflected	the	antimicrobial	

and	hemolytic	activities	of	the	copolymers.	PB36	formed	pores	on	the	lipid	bilayer,	

and	PM34	and	PM57	caused	GUVs	to	burst.	These	mechanisms	are	not	dependent	on	

the	lipid	types	and	appears	to	be	inherent	to	the	properties	of	hydrophobic	groups.	

PM34	and	PM57	showed	characteristic	sigmoid	curves	of	the	time	course	of	GUV	

burst.	We	proposed	a	new	kinetic	model	with	a	positive	feedback	in	the	formation	of	

polymer	aggregates,	which	is	the	rate	determining	step	in	GUV	burst.			

	

The	novelty	of	our	study	lies	in	the	finding	of	alkyl-dependent	membrane-

disrupting	mechanisms	of	pore	formation	and	membrane	rupture,	which	is	a	stark	

contrast	with	AMPs.	We	expect	that	this	finding	will	offer	two	following	potential	

outcomes	in	our	polymer	design	and	medical	applications:	(1)	a	new	insight	into	the	

role	of	hydrophobic	groups	in	optimization	strategy	for	antimicrobial	activity	and	

selectivity	to	maximize	the	therapeutic	potential	of	antimicrobial	polymers,	and	(2)	

an	opportunity	to	regulate	the	membrane	permeabilization	at	a	molecular	level	

toward	precise	control	of	cellular	uptake	of	therapeutic	molecules.	While	

antimicrobial	polymers	have	been	investigated	extensively	in	term	of	activity	and	

chemical	optimization,	we	believe	that	we	have	just	begun	to	scratch	the	surface	to	

understand	the	relationship	between	their	structure,	mechanism,	and	activity.	To	

provide	better	links	in	the	structure-activity	relationship	and	for	the	rationale	
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design	of	the	polymers,	more	studies	will	be	needed	using	a	comprehensive	set	of	

polymers	with	structural	parameters	and	properties	to	understand	the	functional	

relationship	between	biological	activity	and	membrane	disruption.		
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