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High-resolution	mapping	and	recognition	of	lipid	domains	using	
AFM	with	toxin-derivatized	probes	
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Cellular	 membrane	 lateral	 organization	 and	 in	 particular	 the			
assembly	 of	 lipids	 in	 domains	 is	 difficult	 to	 evaluate	 at	 high-
resolution.	 Here,	 we	 used	 atomic	 force	 microscopy	 (AFM)	 to	
investigate	at	high-resolution	lipid	membranes	containing	variable	
amouts	 of	 sphingomyelin	 (SM)	 and	 cholesterol	 (Chol),	 two	
abundant	membrane	 lipids.	To	this	end,	we	developed	new	AFM	
tip	 functionalization	strategies	 to	specifically	probe	SM	and	Chol.	
Multiparametric	AFM	 imaging	 allowed	us	 to	 highlight	 the	 lateral	
submicrometric	 organization	 of	 these	 two	 lipids	 within	 lipid	
bilayers	 through	 the	 simultaneous	 topographic	 evidence	 of	
different	 phase	 regimes	 together	 with	 the	 extraction	 of	 their	
nanomechanical	 properties	 and	 the	 specific	 detection	 of	 lipid	
moieties	by	 functionalized	AFM	probes.	The	combination	of	AFM	
topography	and	nanomechanical	mapping	with	specific	probes	for	
molecular	 recognition	 of	 lipids	 represents	 a	 novel	 approach	 to	
identify	lipid-enriched	domains	in	supported	bilayers	and	offers	a	
unique	 perspective	 to	 directly	 observe	 lipid	 assemblies	 on	 living	
cells.		

	
In	 recent	 years,	 increasing	 evidence	 linked	 lipid	
submicrometric	 domains	 and	 rafts	 to	 several	 key	 biological	
functions,	such	as	protein	and	lipid	sorting,	cell-cell	signalling,	
immune	response,	viral	pathogenesis	or	endo-	and	exocytosis1,	
2.	 	Currently,	most	evidence	of	lipid	domains	relies	on	the	use	
of	 fluorescence	 microscopy	 or	 spectroscopy	 techniques3.	
Nevertheless,	 direct	 observation	 of	 the	 architecture	 and	
structure-function	 relationship	 of	 these	 assemblies	 remains	
challenging	 due	 to	 their	 small	 size,	 dynamics	 and	 the	 lack	 of	
adequate	 imaging	 techniques	 with	 sufficient	 spatial	 and/or	
temporal	 resolution.	 Most	 of	 the	 methodologies	 currently	

used	 exploit	 fluorescent	 lipid	 analogs	 or	 stains,	 which	 have	
recently	 been	 object	 of	 increasing	 concerns	 regarding	 their	
suitability	to	evidence	lipid	submicrometric	assemblies.	Studies	
suggested	 that	 the	 covalent	 attachment	 of	 even	 a	 small	
fluorophore	 to	 a	 lipid	 molecule	 could	 abolish	 its	 ability	 to	
associate	 with	 rafts4.	 More	 recently,	 innovative	 approaches	
relied	 on	 the	 use	 of	 fluorescent	 proteins	 with	 phospholipid	
binding	domain	antibodies,	Fab	fragments	or	toxin	fragments5-
9.	 The	 prototype	 of	 these	 toxins	 is	 Cholera	 Toxin,	 a	 multi-
complex	 protein	 that	 binds	 to	 GM1	 ganglioside.	 One	 of	 the	
best-characterized	 cholesterol(Chol)-dependent	 cytolysins	 is	
Theta	 toxin	 that	 consists	 of	 four	 domains,	 The	 D4	 domain	
being	the	minimal	 toxin	 fragment	able	to	bind	Chol	with	high	
affinity	 without	 causing	 lysis10.	 Membrane	 Chol-enriched	
domains	has	been	demonstrated	in	living	red	blood	cells	using	
a	truncated	Theta	 limited	to	 its	C-terminal	D4	domain	(Theta-
D4)	 fused	 with	 mCherry11.	 Similarly,	 non-Toxic	 Lysenin	 (NT-
Lysenin),	a	fragment	of	Lysenin,	the	pore-forming	toxin	able	to	
bind	to	sphingomyelin	(SM)	has	been	developed	to	target	SM	
lipids	 while	 preventing	 oligomerization	 and/or	 pore	
formation12,	 13.	Upon	fusion	with	mCherry,	Lysenin	allowed	to	
reveal	 SM-enriched	 domains	 at	 the	 red	 blood	 cell	 surface14.	
Thus,	 among	 toxin	 probes,	 Theta	 toxin	 or	 Lysenin	 derivatives	
appeared	 as	 the	 most	 promising	 thanks	 to	 their	 monomeric	
state15,	16.	Nevertheless,	their	size	could	affect	lipid	properties	
such	as	 lateral	diffusion	after	membrane	 labelling,	underlying	
the	 importance	 of	 investigating	 membrane	 organization	 in	
their	native	state,	i.e.	without	labelling	with	lipid	probes.	
	 In	this	context,	AFM	appears	as	a	unique	method	that	can	
simultaneously	 image	 at	 high-resolution	 biological	 samples	 in	
native	 conditions,	 while	 mapping	 mechanical	 and	 physico-
chemical	 properties17.	 Thanks	 to	 its	 excellent	 signal-to-noise	
ratio,	 subnanometric	 resolution	 in	 height	 can	 be	 achieved	
allowing	 height	 differences	 to	 be	 observed	 between	 lipids	
existing	 in	 different	 phase	 regimes18.	 Recently,	 force-distance	
curve-based	 AFM	 (FD	 curve-based	 AFM)	 imaging	was	 further	
developed	 enabling	 higher	 data	 acquisition	 speeds	 while	
maintaining	 sufficient	 precision	 (0.5	 nm)	 for	 high-resolution	
imaging19.	Importantly,	the	force	sensitivity	achieved	(≈	10	pN)	



COMMUNICATION	 Journal	Name	

2 	|	J.	Name.,	2012,	00,	1-3	 This	journal	is	©	The	Royal	Society	of	Chemistry	20xx	

Please	do	not	adjust	margins	

Please	do	not	adjust	margins	

allows	the	measurement	of	physico-chemical	properties	of	soft	

biological	 samples	 in	 their	physiological	 state.	Combined	with	
functionalized	probes,	this	tool	can	be	extended	to	a	powerful	
sensor	 allowing	 the	 localization	 of	 individual	 molecules	 or	
molecular	assemblies	at	the	nanoscale	with	high	specificity4,	20,	
21.	 To	 date,	 however,	 such	 high-resolution	 imaging	 of	 native	
membranes	 together	 with	 the	 identification	 of	 specific	 lipids	
has	not	been	demonstrated.		
	 Here,	we	 report	 the	use	of	 FD	curve-based	AFM	with	 tips	
functionalized	with	toxin	fragments	(Theta-D4	(θ)	and	Lysenin	
derivatives)	to	image	and	identify	Chol-	and	SM-enriched	lipid	
domains	 within	 1,2-dioleoyl-sn-glycero-3-phosphocholine	
(DOPC)	at	 high-resolution	 (Fig.	 1a).	Our	 findings	 demonstrate	
that	 AFM	 force	 spectroscopy	 with	 specific	 probes	 is	 a	 direct	
and	 simple	 approach	 for	 identifying	 the	 preferential	
localization	 of	 specific	 lipids	 without	 any	 fixation	 or	 labelling	
steps.	 In	 addition,	 high-resolution	 height	 images	 and	 Young’s	
modulus	 variation	 provide	 additional	 evidence	 of	 lateral	
heterogeneities	in	lipid	membranes.	

	 To	 maximize	 binding	 efficiency,	 we	 opted	 for	 a	 tip	
chemistry	 that	 ensures	 the	 oriented	 grafting	 of	 the	 toxin	
fragments	 on	 the	 AFM	 tip.	 To	 this	 end,	 both	 toxins	 were	
labelled	 with	 specific	 tags	 (Fig.	 1b	 and	 Fig	 S1).	 	 Lysenin	 was	
labelled	with	a	hexa-histidine	 tag	 (His6	 tag)	and	 tethered	 to	a	
tris-NTA	 functionalized	 tip	 (see	 supplementary	 material	 for	
details).	θ	toxin	was	flanked	by	a	LPETGG	sequence	and	bound	
to	 the	hexaglycine	 tip	using	 a	 sortase-mediated	 reaction	 (see	
supplementary	material	for	details,	page	S1)22.		

	 Using	FD	curve-based	AFM	we	imaged	model	lipid	bilayers	
adsorbed	onto	freshly	cleaved	mica	in	Tris-buffer	solution.	For	
every	 pixel	 of	 the	 AFM	 topography	 image	 a	 FD	 curve	 was	
recorded	 (Fig.	1c).	 The	maximum	 force	applied	was	 set	up	 to	
100	 pN	 (see	 supplementary	 material	 for	 other	 details,	 page	
S2).	 From	 every	 FD	 curve	 recorded,	 the	 Young’s	 modulus	 of	
elasticity	and	the	adhesion	were	extracted	from	a	fit	with	the	

Hertz	model	in	the	repulsive	part	of	the	approach	curve23	and	

from	the	retraction	curve	respectively	 (Fig.	1c),	and	displayed	
as	maps	using	coloured	vertical	scales	(Fig.	1d).	

	 We	 first	 imaged	 DOPC:SM	 (70:30)	 supported	 bilayers	 on	
mica	 with	 a	 Lysenin-derivatized	 AFM	 tip	 (Fig.	 2).	 The	 height	
image	 revealed	 nanometric	 and	 submicrometric	 lateral	
heterogeneities.	 Adhesion	 and	 Young’s	 modulus	 channels	
clearly	 show	 that	 these	 areas	 correspond	 to	 stiffer	 and	more	
adhesive	 regions	 suggesting	 that	 these	 domains	 are	 enriched	
in	SM.	Notably,	the	adhesion	channel	reveals	clear	differences	
between	 lipid	 phase	 underlying	 that	 Lysenin	 appears	 as	 an	
ideal	 tool	 to	 put	 in	 evidence	 SM-enriched	 lipid	 phases.	 In	
addition,	 the	 adhesion	 force	 remains	 stable	 over	 the	 whole	
image	and	 individual	 FD	 curves	present	 single	 rupture	events	
with	force	ranging	from	150	±	50	pN,	in	good	agreement	with	
single-molecule	 rupture	 forces.	 Finally,	 simultaneous	 cross-
sections	performed	on	the	various	AFM	channels	highlight	the	
convergence	 of	 this	 multiparametric	 approach.	 At	 high-
resolution,	 as	 can	 be	 achieved	 on	 supported	 bilayers,	
topographical	 heterogeneities	 perfectly	 coincided	 with	 local	
variations	in	both	the	adhesion	and	Young’s	modulus	channels.	
This	 also	 indicates	 that	 the	 lateral	 resolution	 obtained	 in	 the	
adhesion	channel	 is	not	strongly	affected	by	 the	 linker	 length	
used	 to	 graft	 the	 toxin	 to	 the	 tip.	 Control	 experiments	
performed	with	 a	 Lysenin-tip	 on	 lipid	 bilayers	 lacking	 the	 SM	
component	 showed	 no	 specific	 adhesion	 events	 (Fig.	 S2a-c).	
Also,	when	the	DOPC:SM	bilayer	was	probed	with	a	bare	AFM	
tip,	 the	 adhesion	 channel	 showed	 no	 contrast,	 while	 the	
Young’s	 modulus	 maps	 did	 display	 local	 heterogeneities	 in	
nanomechanical	properties	(Fig.	S3).		This	result	indicates	that	
the	toxin	fragment	present	on	the	AFM	tip	does	not	induce	SM	
domains.		 	

	 Similarly,	 we	 also	 performed	 experiments	 on	 DOPC:Chol	
(70:30)	supported	bilayers	on	mica	with	the	θ	toxin	fragment		
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grafted	 	onto	 	 the	 	AFM		tip.	Overview	 images	of	 the	bilayers	
showed	 a	 mica	 surface	 covered	 with	 lipid	 patches	 (Fig	 3a).	
High-resolution	 images	 (Fig.	3b,	S4a-c	and	S5)	only	show	very	
small	lateral	heterogeneities	(~20-40	nm	in	diameter	Fig.	S4d-	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

g).	The	adhesion	channel			revealed	that	the	θ			toxin	tip	shows	
only	 sparsely	 distributed	 adhesion	 events	 along	 with	 some	
clusters.	 Molecular	 recognition	 events	 between	 the	 θ	 toxin	
tethered	 on	 the	AFM	 tip	 and	 Chol-enriched	 domains	were	 in	
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the	range	of	100	±	50	pN.	The	adhesion	events	co-localize	with	
stiffer	areas,	as	shown	in	the	cross-sections	in	Fig.	S4d-g,	which	
is	in	good	agreement	with	the	coexistence	of	a	lipid	DOPC:Chol	
phase,	surrounded	by	a	lipid	disordered	phase24,	25.	The	height,	
adhesion	 and	 Young’s	 modulus	 channels	 in	 Fig.	 3	 reveal	 the	
existence	 of	 two	 types	 of	 Chol-enriched	 domains,	 both	 of	
nanometric	 size:	 (i)	 adhesive	 and	 stiffer	 domains	 with	 no	
topographical	 features	 and	 (ii)	 adhesive	 and	 stiffer	 domains	
that	protrude	0.3-1	nm	from	the	lipid	bilayer.	As	predicted	by	
Ursell	 et	 al.,	 in	 the	 context	 of	 lipid	 rafts,	 lipid	 domains	 can	
adopt	 a	 flat	 or	 dimpled	 morphology.	 In	 the	 latter	 case,	 this	
dimpled	 morphology	 facilitates	 a	 repulsive	 interaction	 that	
slows	 coalescence	 and	 helps	 regulate	 domain	 size26.	 This	
transition	 between	dimpled	 and	 flat	morphology	 depends	 on	
various	 factors	 such	 as	 the	 bilayer	 elastic	 properties	 and	 the	
domain	 size.	Our	 data	 suggest	 that	 the	 dimpled	 domains	 are	
the	larger	ones	with	an	average	diameter	of	20	±	10	nm	for	flat	
domains	(N=40)	and	40	±	20	nm	for	dimpled	domains	(N=25),	
as	 determined	 from	 the	 adhesion	 and	 Young’s	 modulus	
channels.	 To	 confirm	 the	 specificity	 of	 the	 observed	
interactions	between	 the	θ	 toxin	AFM	tip	and	 the	DOPC:Chol	
lipid	bilayer,	we	performed	two	different	control	experiments.	
First,	a	bare	AFM	tip	showed	no	specific	adhesion	events	when	
DOPC:Chol	 bilayers	were	 probed,	while	 the	 Young’s	modulus	
channel	 did	 reveal	 local	 heterogeneities	 in	 the	 mechanical	
properties	(Fig.	S6).	This	also	indicates	that	the	derivatized	tip	
does	 not	 induce	 the	 Chol-enriched	 domains.	 In	 addition,	
probing	 the	 interaction	 between	 θ	 toxin	 tip	 and	 DOPC:SM	
bilayers	did	not	display	any	specific	adhesion	events	(Fig.	S2d-
f),	 confirming	 the	 specificity	 of	 the	 θ	 toxin	 tip	 for	 Chol	
domains.	

Conclusions	
While	Young’s	modulus	has	already	been	used	as	criterium	to	
put	 in	 evidence	 lipid	domains	on	 cells18,	we	 showed	here	 for	
the	first	time	that	specific	mapping	using	AFM	tips	derivatized	
with	 toxin	 fragments	 targeting	 specific	 lipids	 appears	 as	 a	
novel	complementary	and/or	alternative	approach	to	evidence	
lateral	 lipid	heterogeneities	at	high-resolution	(~10	nm	lateral	
resolution).	 We	 believe	 that	 this	 technique	 could	 open	 new	
avenues	 for	 the	 development	 of	 novel	 platforms	 to	 decipher	
lateral	 lipid	 organization	 from	 lipid	 model	 surfaces	 to	 living	
cells	under	native	conditions.		
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