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ABSTRACT:	Marine	mussels	secrete	proteins	rich	in	residues	containing	catechols	and	cationic	amines	that	displace	hydra-
tion	layers	and	adhere	to	charged	surfaces	under	water	via	a	cooperative	binding	effect	known	as	catechol-cation	synergy.	
Mussel-inspired	adhesives	containing	paired	catechol	and	cationic	functionalities	are	a	promising	class	of	materials	for	bio-
medical	applications,	but	few	studies	address	the	molecular	adhesion	mechanism(s)	of	these	materials.	To	determine	whether	
intramolecular	adjacency	of	these	functionalities	is	necessary	for	robust	adhesion,	a	suite	of	siderophore	analog	surface	pri-
mers	was	synthesized	with	systematic	variations	 in	 intramolecular	spacing	between	catechol	and	cationic	 functionalities.	
Adhesion	measurements	conducted	with	a	surface	forces	apparatus	(SFA)	allow	adhesive	failure	to	be	distinguished	from	
cohesive	failure	and	show	that	the	failure	mode	depends	critically	on	the	siderophore	analog	adsorption	density.	The	adhe-
sion	of	these	molecules	to	muscovite	mica	in	an	aqueous	electrolyte	solution	demonstrates	that	direct	intramolecular	adja-
cency	of	catechol	and	cationic	functionalities	is	not	necessary	for	synergistic	binding.	However,	we	show	that	increasing	the	
catechol-cation	spacing	by	incorporating	non-binding	domains	results	 in	decreased	adhesion,	which	we	attribute	to	a	de-
crease	in	the	density	of	catechol	functionalities.	A	mechanism	for	catechol-cation	synergy	is	proposed	based	on	electrostati-
cally	driven	adsorption	and	subsequent	binding	of	catechol	functionalities.	This	work	should	guide	the	design	of	new	adhe-
sives	for	binding	to	charged	surfaces	in	saline	environments.	

1.	INTRODUCTION	
Rational	design	of	wet	adhesives	requires	an	understand-

ing	 of	 the	 intermolecular	 interactions	 between	 adhesives	
and	substrates	in	saline	environments	such	as	seawater	or	
body	fluids.	Designing	adhesives	for	use	 in	these	environ-
ments	is	challenging—for	example,	van	der	Waals	forces	are	
significantly	reduced	under	water,	and	ions	in	solution	com-
pete	with	adhesives	for	binding	sites	on	charged	surfaces.	
Despite	 these	challenges,	marine	mussels	adhere	 to	many	
inorganic	and	organic	surfaces,1–3	typically	by	relying	on	ad-
hesive	proteins	rich	in	the	catecholic	amino	acid	3,4-dihy-
droxyphenylalanine	(Dopa).4	Due	to	the	large	proportion	of	
cationic	residues,	most	commonly	lysine,	paired	with	Dopa	
in	the	most	adhesive	interfacial	mussel	protein	(Mfp-5),1,5	it	
has	 been	 hypothesized	 that	 both	 these	 residues	 are	 im-
portant	for	adhesion.	Furthermore,	other	compounds	con-
taining	 catechol	 and	 cationic	 functionalities	 have	 been	
shown	to	adhere	to	many	surfaces.	Polydopamine,	formed	
from	the	polymerization	and	self-assembly	of	oxidized	do-
pamine,6–9	 adheres	 to	a	wide	variety	of	materials	and	has	
been	 proposed	 for	 many	 applications.10	 Other	 adhesives	
containing	catechol	and	cationic	functionalities	include	cat-
echol-chitosan11–13	 and	 catechol-poly(ethylenimine),14,15	

among	others.16,17	Molecules	containing	Dopa	and	other	cat-
echols	adhere	to	apatite18	and	metal	oxide19	surfaces	found	
in	bone	and	implant	materials,	and	have	been	shown	to	be	
biocompatible,20	making	them	attractive	alternatives	to	ex-
isting	medical	adhesives,	many	of	which	are	ineffective21,22	
or	cytotoxic.23–25	
Despite	widespread	scientific	and	applications-based	re-

search	 on	 materials	 containing	 catechol	 functionalities,20	
specific	adhesion	mechanisms	of	these	materials	have	only	
recently	begun	to	be	explored.26	It	has	been	demonstrated	
that	 adhesives	 incorporating	 catechol	 and	 cationic	 amine	
functionalities	bind	more	strongly	to	muscovite	mica	in	sa-
line	solutions	than	adhesives	incorporating	either	catechols	
or	cations	alone,27	a	cooperative	effect	known	as	catechol-
cation	synergy.	The	adjacent	pairing	of	Dopa	and	lysine	in	
the	Mfp-5	sequence5	has	prompted	speculation	that	intra-
molecular	proximity	of	catechol	and	cationic	functionalities	
may	be	necessary	for	adhesion,	and	that	an	intramolecular	
cut-off	 distance	 may	 exist	 beyond	 which	 catechol-cation	
synergy	no	 longer	operates.28	A	recent	study	showed	that	
the	 order	 of	 catechol	 and	 cationic	 functionalities	 impacts	
the	 single-molecule	 pull-off	 force,29	 supporting	 the	
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hypothesis	 that	 direct	 adjacency	 of	 catechol	 and	 cationic	
functionalities	 may	 be	 enhance	 adhesion.	 However,	 until	
now	no	study	has	directly	explored	the	impact	of	intramo-
lecular	spacing	on	catechol-cation	synergy.	
Here,	we	present	adhesion	measurements	of	films	of	si-

derophore	analog	surface	primers	with	systematically	var-
ying	intramolecular	spacing	between	catechol	and	cationic	
amine	functionalities.	We	show	that	the	pull-off	force	medi-
ated	by	 the	siderophore	analogs	depends	critically	on	 the	
adsorption	 density	 and	 confirm	 that	 catechol-cation	 syn-
ergy	 enables	 adhesion.	 Surprisingly,	 the	 results	 demon-
strate	 that	 direct	 intramolecular	 adjacency	 between	 cate-
chol	and	cationic	 functionalities	 is	not	necessary	 for	cate-
chol-cation	synergy	and	suggest	that	no	intramolecular	cut-
off	distance	between	these	functionalities	exists	for	which	
catechol-cation	synergy	will	be	abolished.	To	explain	the	re-
sults,	we	propose	a	mechanism	for	catechol-cation	synergy	
based	 on	 electrostatically	 driven	 adsorption	 and	 support	
this	mechanism	with	a	qualitative	model.	

	

2.	EXPERIMENTAL	SECTION		
We	synthesized	a	suite	of	seven	siderophore	analogs,	syn-

thetic	 mimics	 of	 bacterial	 iron	 chelators	 called	 sidero-
phores.30	 Each	 analog	 has	 a	 central	 tris(2-ami-
noethyl)amine	(Tren)	scaffold	with	three	identical	peptide	
arms.	Here,	each	peptide	arm	contained	glycine	and	lysine	
and	 were	 capped	 with	 either	 the	 catechol	 2,3-dihy-
droxybenzoyl	(2,3-DHBA)	or	benzoyl	functionality	(Figure	
1).	The	 intramolecular	spacing	between	2,3-DHBA	and	ly-
sine	in	the	peptide	arms	was	varied	by	changing	the	peptide	
sequence.	 Three	 of	 the	 analogs	were	 isomers:	 Tren(GGK-
Cat)3,	 Tren(GKG-Cat)3,	 and	 Tren(KGG-Cat)3.	 Tren	 denotes	
the	 tris(2-aminoethyl)amine	scaffold,	G	and	K	denote	gly-
cine	and	lysine,	respectively,	and	Cat	denotes	2,3-DHBA.	Si-
derophore	analogs	with	even	greater	catechol-cation	spac-
ing	 (Tren(KGGG-Cat)3	 and	 Tren(KGGGGGG-Cat)3),	cationic	
amines	but	without	catechols	(Tren(GGK-Benz)3),	and	only	
catechols	 (Tren(GGG-Cat)3)	 were	 also	 synthesized.	 Addi-
tional	details	on	materials,	synthesis,	and	molecular	charac-
terization	are	 included	 in	 the	Supporting	 Information	 (S1	
and	S2).	Analogs	were	dissolved	at	1	mM	in	an	aqueous	salt	
solution	(50	mM	acetic	acid,	150	mM	KNO3,	pH	=	3.3),	cho-
sen	to	mimic	physiological	 ionic	strengths	but	avoid	cate-
chol	oxidation	by	maintaining	an	acidic	pH.	
Adhesion	measurements	were	performed	using	a	surface	

forces	apparatus	(SFA)	model	SFA2000	(SurForce,	LLC),	de-
scribed	 in	 detail	 in	 the	 Supporting	 Information	 (S3)	 and	
elsewhere.31	In	the	SFA,	freshly	cleaved	muscovite	mica	sur-
faces	were	arranged	in	a	crossed	cylinder	geometry.	All	ex-
periments	were	performed	at	 a	 constant	 temperature.	 Si-
derophore	analogs	were	deposited	via	adsorption	from	so-
lution	into	films	on	either	one	(asymmetric	deposition)	or	
both	(symmetric	deposition)	mica	surfaces.	For	asymmetric	
deposition,	 50	 µL	 of	 400	 µM	 siderophore	 analog	 solution	
was	injected	onto	one	of	the	mica	surfaces	and	incubated	for	
at	least	60	min.	The	surface	was	then	rinsed	before	adhesion	
measurements.	For	symmetric	deposition,	siderophore	an-
alog	 solution	 was	 injected	 into	 a	 capillary	 meniscus	 be-
tween	both	surfaces	(final	concentration	90-667	µM).	The	
surfaces	were	 incubated	for	at	 least	60	min	and	were	not	
rinsed	before	adhesion	measurements.	

Figure	 1.	 The	 suite	 of	 siderophore	 analogs	 investigated.	 (A)	
Tris(2-aminoethyl)amine	(Tren)	scaffold.	R-groups	are	shown	
in	(B)-(H).	The	intramolecular	distance	between	2,3-DHBA	and	
lysine	is	varied	in	(B)	Tren(GGK-Cat)3,	(C)	Tren(GKG-Cat)3,	(D)	
Tren(KGG-Cat)3,	 (E)	 Tren(KGGGGGG-Cat)3,	 and	 (F)	
Tren(KGGG-Cat)3.	 Analogs	 containing	 lysine	 without	 2,3-
DHBA,	(G)	Tren(GGK-Benz)3,	and	2,3-DHBA	without	lysine,	(H)	
Tren(GGG-Cat)3	were	also	synthesized.	

Adhesion	measurements	were	performed	with	the	mica	
surfaces	bridged	by	a	capillary	meniscus	of	~50	µL	salt	so-
lution	(50	mM	acetic	acid,	150	mM	KNO3,	pH	=	3.3)	at	a	con-
stant	temperature	(T	=	22	±	1	°C).	Normal	force	(F)	and	sur-
face	separation	distance	(D)	were	measured	during	cycles	
of	 i)	 approach	 and	 compression,	 ii)	 waiting	 at	 maximum	
compression	(twait),	and	iii)	separation	and	jump	from	con-
tact	were	performed	at	constant	approach	and	separation	
velocities.	Measured	forces	were	normalized	by	the	average	
radius	of	curvature	of	the	surfaces	(R).	Pull-off	force	(-Fad/R)	
was	calculated	from	the	distance	that	the	surfaces	jumped	
from	contact	during	separation	corresponding	to	the	most	
negative	 force	measured	 during	 separation.	 Pull-off	 force	
did	not	depend	on	 separation	velocity	 (Vout	 =	2-10	nm/s)	
(Figure	 S32)	 nor	 maximum	 compression	 (F/R	 =	 9-108	
mN/m).	We	use	the	term	“pull-off”	instead	of	“adhesion”	be-
cause	the	force	required	to	separate	the	mica	surfaces	can	
correspond	 to	 adhesive	 failure	 at	 the	 film-mica	 interface,	
cohesive	failure	at	the	film-film	interface,	or	a	combination	
of	 the	 two	 failure	modes.	 The	 separation	 distance	 during	
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compression	of	the	surfaces	at	which	the	force	exceeded	1	
mN/m	was	 denoted	 the	 onset	 of	 interaction	 (Donset).	 The	
surface	 separation	 distance	 measured	 at	 maximum	 com-
pression	was	denoted	compressed	film	thickness	(Dt).	The	
change	 in	 film	 thickness	 after	 waiting	 at	 maximum	 com-
pression	(∆Dt)	was	reported	as	the	difference	between	com-
pressed	film	thicknesses	measured	before	and	after	waiting	
at	 maximum	 compression.	 Error	 bars	 correspond	 to	 the	
standard	deviation,	with	an	additional	contribution	to	the	
error	in	Dt	for	6	of	the	data	points	from	measuring	Dt	rela-
tive	to	the	Dt	measured	in	salt	solution.	To	characterize	film	
coverage,	atomic	force	microscopy	(AFM)	imaging	was	per-
formed	on	mica	 immersed	 in	 salt	 solution	 (50	mM	acetic	
acid,	 150	mM	KNO3,	 pH	 =	 3.3)	with	 an	MFP-3D	Bio	 AFM	
(Asylum	Research,	Goleta,	CA),	described	in	the	Supporting	
Information	(S4).	

	

3.	RESULTS	AND	DISCUSSION	
We	used	a	surface	forces	apparatus	(SFA)	to	directly	test	

whether	 intramolecular	 proximity	 is	 necessary	 for	 cate-
chol-cation	synergy	by	measuring	the	adhesion	to	mica	of	
siderophore	 analogs	 with	 systematically	 varying	 spacing	
between	catechol	and	cationic	amine	functionalities.	In	ad-
hesion	measurements,	two	failure	modes	can	contribute	to	
the	measured	pull-off	force:	adhesive	failure	(separation	at	
the	film-mica	interface)	and	cohesive	failure	(separation	at	
the	film-film	interface).	When	adhesive	failure	occurs	,	the	
pull-off	 force	 corresponds	 to	 intermolecular	 interactions	
between	siderophore	analogs	and	mica,	which	can	include	
bidentate	hydrogen	bonds	and	coordinate	covalent	bonds.4	
When	cohesive	failure	occurs,	the	pull-off	force	corresponds	
to	intermolecular	interaction	between	siderophore	analogs	
adsorbed	on	each	mica	surface,	which	can	include	hydrogen	
bonds,	 hydrophobic	 interactions,	 and	 cation-pi	 interac-
tions.4	Catechol-cation	synergy	refers	to	cooperative	bind-
ing	of	molecules	to	a	substrate.	Therefore,	to	assess	the	im-
pact	of	molecular	structure	on	catechol-cation	synergy,	it	is	
necessary	to	measure	pull-off	 forces	corresponding	to	ad-
hesive	failure.	For	the	case	of	molecularly	smooth	mica	sur-
faces	(Figure	S41),	a	monolayer	film	between	the	surfaces	
guarantees	adhesive	failure	because	each	siderophore	ana-
log	within	 the	monolayer	 can	bind	 to	both	mica	 surfaces,	
and	therefore	separation	must	occur	at	the	film-mica	inter-
face.	Below,	we	establish	the	deposition	conditions	result-
ing	in	a	monolayer	of	siderophore	analogs	between	the	sur-
faces,	and	therefore	adhesive	failure.	We	then	confirm	that	
catechol-cation	synergy	occurs	and	discuss	the	impact	of	in-
tramolecular	catechol-cation	spacing	on	the	synergy.	
Compression	and	separation	of	films	of	siderophore	ana-

logs	 in	 an	 SFA	 enabled	 measurement	 of	 pull-off	 force	
(Fad/R),	 onset	 of	 interaction	 (Donset),	 and	 compressed	 film	
thickness	(Dt).	Figure	2	shows	representative	plots	of	nor-
mal	 force	 (F/R)	vs.	 surface	 separation	distance	 (D)	meas-
ured	 for	 films	 of	 Tren(GGK-Cat)3,	 Tren(GKG-Cat)3,	 and	
Tren(KGG-Cat)3.	 Each	 plot	 corresponds	 to	 an	 experiment	
conducted	using	a	single	pair	of	mica	surfaces.	First,	bare	
mica	surfaces	were	compressed	and	separated	in	salt	solu-
tion	(black	circles).	Next,	a	film	of	siderophore	analogs	was	
deposited	 onto	 one	 of	 the	 mica	 surfaces	 via	 asymmetric	
deposition,	followed	by	compression	and	separation	of	the	
surfaces	 (red	 circles).	 Finally,	 analogs	 were	 deposited	

symmetrically	 onto	 both	 surfaces,	 and	 the	 surfaces	 were	
again	compressed	and	separated	(blue	circles).	Open	circles	
correspond	to	approach	and	compression	of	 the	surfaces;	
closed	circles	correspond	to	separation	and	jump	from	con-
tact.	In	each	plot,	Fad/R,	Dt,	and	Donset	are	indicated.	

Figure	2.	Plots	of	normal	 force	(F/R)	vs.	separation	distance	
(D)	for	bare	mica	surfaces	(black	circles)	and	after	asymmetric	
(red	 circles)	 and	 symmetric	 (blue	 circles)	 depositions	 of	 (A)	
Tren(GGK-Cat)3,	(B)	Tren(GKG-Cat)3,	and	(C)	Tren(KGG-Cat)3.	
Open	circles	show	approach	and	compression	of	the	surfaces;	
closed	circles	show	separation	and	jump	from	contact.		
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Pull-off	 force,	onset	of	 interaction,	and	contact	 time	de-

pendence	measured	during	compression	and	separation	of	
films	of	siderophore	analogs	depended	on	the	compressed	
film	thickness.	Figure	3	shows	plots	of	pull-off	force	(-Fad/R)	
as	a	function	of	compressed	film	thickness	(Dt).	For	each	an-
alog,	Dt	 <	 10	Å	 corresponds	 to	 low	pull-off	 force.	 Pull-off	
force	is	maximized	at	Dt	=	10	Å,	and	the	maximum	pull-off	
forces	mediated	by	each	analog	are	not	statistically	signifi-
cantly	different	(α	=	.05)	(Figure	S33).	As	Dt	increases	10	Å,	
pull-off	 force	decreases.	 Interestingly,	 the	analog	with	 the	
greatest	separation	between	catechol	and	cationic	function-
alities	(Tren(KGG-Cat)3)	mediates	larger	pull-off	forces	than	
Tren(GKG-Cat)3	and	Tren(GGK-Cat)3	 for	15	Å	<	Dt	<	20	Å,	
discussed	later.	

Figure	3.	Plots	 of	 pull-off	 force	 (-Fad/R)	 vs.	 compressed	 film	
thickness	(Dt)	for	Tren(GGK-Cat)3	(red	circles),	Tren(GKG-Cat)3	
(blue	circles),	and	Tren(KGG-Cat)3	(black	circles).	Lines	are	in-
cluded	to	guide	the	eye.		
	

The	 compressed	 film	 thickness	 corresponding	 to	maxi-
mum	pull-off	force	(Dt	=	10	Å)	also	corresponds	to	a	discon-
tinuous	increase	in	the	onset	of	interaction	(Donset).	Figure	4	
shows	plots	of	Donset	as	a	function	of	Dt.	As	Dt	increases	from	
0	to	10	Å,	Donset	increases	from	5	to	15	Å.	At	Dt	=	10	Å,	Donset	
increases	discontinuously	from	15	to	40	Å.		As	Dt	increases	
further	from	10	to	30	Å,	Donset	increases	from	40	to	60	Å.	Dt	
=	10	Å	also	corresponds	to	a	minimum	increase	in	pull-off	
force	with	increased	contact	time.	Figure	5A	shows	pull-off	
force	 for	 twait	 =	 60	min	 (Ft	 =	 60	min),	 normalized	 by	 pull-off	
force	for	twait	=	10	s	(Ft	=	10	s),	as	a	function	of	Dt.	For	all	ana-
logs,	 increased	contact	time	generally	results	 in	 increased	
pull-off	force	(Ft	=	60	min/Ft	=	60	min	≥	1).	However,	the	increase	
in	pull-off	force	is	minimized	for	Dt	=	10	Å	(Ft	=	60	min/Ft	=	10	s	=	
1.0).	 Increased	 contact	 time	 also	 decreases	Dt.	 Figure	 5B	
shows	 the	 change	 in	 compressed	 film	 thickness	 ∆Dt	 as	 a	
function	of	Dt	measured	before	the	wait	time.	Open	circles	
correspond	to	short	waiting	times	(twait	=	10	s)	for	which	Dt	
did	not	decrease	(∆Dt	=	0).	In	contrast,	closed	circles	corre-
spond	to	longer	contact	times	(twait	=	60	min)	and	decreases	
in	Dt	(∆Dt	>	0),	with	the	largest	decreases	occurring	for	Dt	>	
10	Å.		
	
	

Figure	4.	Plots	of	onset	of	interaction	(Donset)	vs.	compressed	
film	thickness	(Dt)	for	Tren(GGK-Cat)3	(red	circles),	Tren(GKG-
Cat)3	(blue	circles),	and	Tren(KGG-Cat)3	(black	circles).	

	

As	shown	above,	the	maximum	pull-off	force,	discontinu-
ous	 increase	 in	the	onset	of	 interaction,	and	minimum	in-
crease	 in	pull-off	 force	with	waiting	time	all	occur	 for	 the	
same	compressed	film	thickness	(Dt	=	10	Å).	Taken	together,	
the	relationships	between	these	quantities	suggest	that	this	
film	thickness	corresponds	to	a	monolayer	of	siderophore	
analogs	between	the	surfaces.	For	Dt	>	10	Å,	a	transition	oc-
curs	from	a	single	monolayer	between	the	mica	surfaces	to	
two	monolayers,	one	on	each	mica	surface.	This	transition	
results	in	a	corresponding	transition	from	adhesive	failure	
to	 cohesive	 failure.	 For	 reference,	 Figure	6	 shows	a	 sche-
matic	diagram	of	mica	surfaces	before	and	after	asymmetric	
or	symmetric	deposition	of	siderophore	analogs	at	different	
surface	densities.	Panels	i.	and	iv.	show	mica	surfaces	prior	
to	deposition	of	siderophore	analogs.	Panels	ii.,	iii,	v.	and	vi.	
show	single	monolayers	between	the	surfaces	and	adhesive	
failure.	Panel	vii.	 shows	a	monolayer	on	each	surface	and	
cohesive	failure.	Below,	we	relate	our	results	to	a	transition	
from	 adhesive	 failure	 to	 cohesive	 failure	 and	 interpret	
measured	pull-off	 forces	 in	 the	 context	 of	 catechol-cation	
synergy.	
We	attribute	the	low	pull-of	force	and	onset	of	interaction	

for	Dt	<	10	Å	to	a	sparse	monolayer	between	the	mica	sur-
faces.	 A	 sparse	monolayer	 contains	 relatively	 few	 sidero-
phore	analog	molecules	binding	to	both	surfaces,	and	there-
fore	is	expected	to	mediate	a	low	pull-off	force,	consistent	
with	 the	data	 shown	 in	Figure	3.	A	 sparse	monolayer	be-
tween	the	surfaces	can	be	established	by	either	asymmetric	
deposition	(Figure	6	ii.)	or	symmetric	deposition	(Figure	6	
v.)	with	a	low	concentration	of	siderophore	analogs	in	solu-
tion.	We	note	that	waiting	at	maximum	compression	results	
in	disproportionate	increases	in	the	pull-off	force	mediated	
by	Tren(GKG-Cat)3	relative	to	the	other	analogs	for	Dt	<	10	
Å	 (Figure	5A,	blue	circles).	 Separation	of	 the	glycine	 resi-
dues	 in	 Tren(GKG-Cat)3	 may	 reduce	 the	 conformational	
flexibility	and	inhibit	initial	binding	to	both	mica	surfaces.		
Time	in	contact	may	enable	rearrangement	and	binding	to	
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both	mica	surfaces	of	individual	Tren(GKG-Cat)3	molecules,	
thus	increasing	the	pull-off	force.	

Figure	5.	(A)	Plots	of	normalized	pull-off	force	(Ft	=	60	min/Ft	=	10	
s)	vs.	compressed	film	thickness	(Dt)	for	Tren(GGK-Cat)3	(red	
circles),	 Tren(GKG-Cat)3	 (blue	 circles),	 and	 Tren(KGG-Cat)3	
(black	circles).	Lines	are	included	to	guide	the	eye.	(B)	Corre-
sponding	plots	of	change	in	film	thickness	(ΔDt)	vs.	Dt	for	twait	=	
10	s	(open	circles)	and	twait	=	60	min	(closed	circles).		

	

The	 maximum	 pull-off	 force	 and	 minimum	 increase	 in	
pull-off	force	with	waiting	time	occur	for	Dt	=	10	Å,	suggest-
ing	that	this	film	thickness	corresponds	to	a	single	densely	
packed	monolayer	between	the	surfaces.	The	ability	of	si-
derophore	analogs	to	form	films	of	varying	density	was	con-
firmed	with	AFM	imaging—increasing	the	concentration	of	
siderophore	 analogs	 in	 solution	 during	 incubation	 in-
creases	the	density	of	the	film	on	the	mica	surface	(Figure	
S31).	Like	a	sparse	monolayer,	a	densely	packed	monolayer	
can	result	from	asymmetric	deposition	of	siderophore	ana-
logs	onto	one	of	the	surfaces	(Figure	6	iii.),	or	from	symmet-
ric	deposition	of	a	sparse	monolayer	of	analogs	onto	both	
surfaces	(Figure	6	vi.).	When	these	sparse	monolayers	are	
brought	 into	 contact,	 they	 combine	 to	 form	 a	 densely	
packed	monolayer.	Regardless	of	the	deposition	method,	a	
densely	 packed	 monolayer	 is	 expected	 to	 maximize	 the	
number	of	siderophore	analogs	binding	 to	both	mica	sur-
faces	and	therefore	maximize	the	pull-off	force,	consistent	
with	the	data	shown	in	Figure	3.	The	minimum	increase	in	
pull-off	 force	with	waiting	 time	 also	 occurs	 at	Dt	 =	 10	 Å,	

providing	 additional	 evidence	 that	 this	 compressed	 film	
thickness	 corresponds	 to	 a	 densely	 packed	 monolayer.	
Dense	packing	of	analogs	on	a	surface	and	a	corresponding	
low	 surface	 area	 per	 molecule	 may	 prevent	 functional	
groups	in	each	molecule	from	binding	to	the	surface,	leaving	
the	groups	free	to	bind	to	the	adjacent	surface	upon	contact.	
Therefore,	increased	contact	time	does	not	change	the	dis-
tribution	of	functionalities	binding	to	each	surface	and	pull-
off	force	remains	constant.	

Figure	6.	A	transition	from	one	monolayer	(adhesive	failure)	
to	two	monolayers	(cohesive	failure)	decreases	pull-off	force	(-
Fad/R)	and	increases	compressed	film	thickness	(Dt).	(A)	Asym-
metric	deposition	of	 siderophore	analogs	on	a	 single	 surface	
yields	adhesive	 failure,	shown	in	(ii)	and	(iii).	 (B)	Symmetric	
deposition	of	siderophore	analogs	on	both	surfaces	results	in	
either	adhesive	failure	shown	in	(v)	and	(vi)	or	cohesive	failure	
shown	in	(vii).	(ii)	and	(v)	show	configurations	with	the	same	
pull-off	force;	configurations	with	maximum	pull-off	force	are	
shown	in	(iii)	and	(vi).	Bare	mica	surfaces	before	deposition	of	
siderophore	analogs	are	shown	in	(i)	and	(iv).	

	

The	discontinuous	increase	in	onset	of	interaction	for	Dt	
>	10	Å	indicates	a	transition	from	a	single	densely	packed	
monolayer	to	two	monolayers	between	the	surfaces.	With	a	
monolayer	on	each	surface,	repulsive	forces	begin	when	the	
films	on	each	surface	contact	each	other.	This	distance	(Don-
set	=	40	Å)	is	slightly	more	than	double	the	onset	of	interac-
tion	for	a	single	densely	packed	monolayer	(Donset	=	15	Å),	
consistent	with	a	 transition	 from	one	 to	 two	monolayers.	
The	 largest	 compressed	 film	 thickness	 (Dt	 =	 30	Å)	 corre-
sponds	to	Donset	=	60	Å.	This	value	is	larger	than	would	be	
expected	 for	 symmetric	 densely	 packed	monolayers,	 sug-
gesting	that	additional	siderophore	analogs	can	adsorb	onto	
the	monolayers	on	each	surface.	However,	no	evidence	of	an	
adsorbed	layer	beyond	a	monolayer	is	seen	after	asymmet-
ric	 deposition,	 suggesting	 that	 the	 siderophore	 analogs	
loosely	adsorb	 to	 the	monolayer	and	are	 removed	during	
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the	rinsing	associated	with	asymmetric	deposition.	We	note	
that	Dt	is	not	expected	to	increase	discontinuously	during	a	
transition	from	one	to	two	monolayers	because	Dt	depends	
on	 the	 adsorption	 density	 of	 the	 monolayers.	 A	 densely	
packed	monolayer	 is	 expected	 to	 have	 a	 larger	Dt	 than	 a	
sparse	monolayer	because	individual	molecules	occupy	less	
area	on	the	surface	and	therefore	extend	further	into	solu-
tion.	 Similar	 behavior	 is	 also	 seen	 in	 adsorbed	 surfactant	
monolayers.32	As	a	result,	the	discontinuous	increase	in	Don-
set	 reveals	 the	transition	 from	one	to	 two	monolayers	 in	a	
way	that	Dt	does	not.	
The	decreasing	pull-off	 force	with	increasing	film	thick-

ness	for	Dt	>	10	Å	provides	additional	evidence	of	a	transi-
tion	from	a	single	densely	packed	monolayer	to	two	mono-
layers	between	the	surfaces	by	indicating	a	transition	from	
adhesive	failure	to	cohesive	failure.	An	adhesive	system	is	
expected	to	fail	at	the	weakest	interface.	If	the	film-film	in-
terface	were	stronger	than	the	film-mica	interface,	adhesive	
failure	would	continue	to	occur	at	the	film-mica	interface,	
regardless	 of	 the	 value	 of	 Dt.	 In	 that	 case,	 pull-off	 force	
would	 not	 decrease	with	 increasing	Dt.	 Here,	 the	 pull-off	
force	decreases	with	increasing	Dt,	suggesting	a	transition	
from	adhesive	to	cohesive	failure.	We	propose	that	as	the	
monolayers	on	each	surface	become	more	densely	packed,	
peptide	arms	on	siderophore	analogs	in	each	monolayer	be-
come	 unable	 to	 penetrate	 the	 adjacent	 monolayer	 and	
therefore	fail	to	bind	to	both	mica	surfaces.	Instead,	pull-off	
forces	correspond	to	cohesive	failure	and	interactions	be-
tween	analogs	in	opposite	films	(Figure	6	vii.).	The	decrease	
in	molecular	interdigitation	with	increasing	film	density	is	
analogous	to	the	behavior	of	polymer	brushes	used	for	an-
tibiofouling	 surfaces:	 increasing	 polymer	 grafting	 density	
decreases	 the	 ability	 of	 small	 peptide	 adhesives	 to	 pene-
trate	the	brush	layer	and	bind	to	the	underlying	substrate.33	
Consistent	with	this	interpretation,	the	highest	incubation	
concentration	 of	 siderophore	 analogs	 during	 symmetric	
deposition	 resulted	 in	 the	 lowest	 pull-off	 forces	 (Figure	
S31).	We	note	that	when	a	bare	mica	surface	is	brought	into	
contact	with	a	monolayer	of	siderophore	analogs	on	the	op-
posite	surface	(as	occurs	after	asymmetric	deposition),	si-
derophore	 analogs	may	 transfer	 from	 one	 surface	 to	 the	
other	upon	separation	of	the	surfaces,	ultimately	resulting	
in	the	same	distribution	of	siderophore	analogs	on	each	sur-
face	 as	 the	 symmetric	 deposition	 configuration	 shown	 in	
Figure	6	vi.	
The	increase	in	pull-off	force	and	decrease	in	film	thick-

ness	with	waiting	time	for	Dt	>	10	Å	suggest	a	partial	transi-
tion	from	cohesive	failure	to	adhesive	failure.	We	attribute	
this	transition	to	interdigitation	of	siderophore	analogs	in	
monolayers	on	each	surface.	Here,	interdigitation	refers	to	
peptide	 arms	 of	 the	 siderophore	 analogs	 penetrating	 the	
opposite	 film	and	binding	 to	 the	underlying	mica	surface.	
Increasing	 the	 fraction	 of	 individual	 siderophore	 analogs	
binding	to	both	mica	surfaces	results	in	an	increased	ratio	
of	adhesive	failure	to	cohesive	failure,	and	consequently	an	
increased	pull-off	force.	Interdigitation	likely	also	results	in	
partial	coalescence	of	the	two	films,	consistent	with	the	de-
crease	 in	 film	 thickness	 (ΔDt	 >	 0)	 after	 increased	waiting	
time	reported	in	Figure	5B	for	Dt	>	10	Å.		

As	stated	above,	Tren(KGG-Cat)3,	mediated	larger	pull-off	
forces	than	Tren(GKG-Cat)3	and	Tren(GGK-Cat)3	for	15	Å	<	
Dt	<	20	Å	(Figure	3).	The	 increased	pull-off	 force	at	 these	
film	 thicknesses	 suggests	 that	 the	 glycine	 residues	 in	
Tren(KGG-Cat)3	 give	 the	 catechols	 independent	 mobility	
from	 the	 surface-bound	 lysines,34	 enabling	 them	 to	 pene-
trate	the	film	on	the	adjacent	mica	surface	and	bind	to	both	
mica	surfaces.	Films	of	Tren(KGG-Cat)3	also	show	the	larg-
est	increases	in	pull-off	force	(Ft	=	60	min/Ft	=	10	s	>	1)	and	de-
creases	 in	 film	 thickness	 (ΔDt),	 consistent	with	 increased	
mobility	of	 catechol	 functionalities.	Alternatively,	 because	
the	lysine	residues	of	Tren(KGG-Cat)3	are	close	to	the	cati-
onic	Tren	core,	positive	charge	is	localized	at	the	center	of	
the	molecule.	This	localized	charge	density	may	enhance	in-
termolecular	 cation-pi	 interactions	 and	 strengthen	 cohe-
sion	 between	 symmetric	 monolayers,	 consistent	 with	 re-
cent	studies	demonstrating	the	importance	of	cation-pi	in-
teractions	 in	 the	adhesion	and	cohesion	of	materials	 con-
taining	catechol	and	cationic	functionalities.35,36	Under	this	
interpretation,	 the	 low	 pull-off	 force	 mediated	 by	
Tren(GGK-Cat)3	at	Dt	=	30	Å	suggests	that	the	monolayers	
become	 sufficiently	 densely	 packed	 to	 bury	 the	 charged	
groups	and	inhibit	cation-pi	interactions	between	adjacent	
films.		
To	 confirm	 that	 catechol-cation	 synergy	was	occurring,	

we	measured	forces	mediated	by	siderophore	analogs	with	
cationic	 amines	 but	 without	 catechols	 (Tren(GGK-Benz)3,	
Figure	1G)	and	forces	mediated	by	analogs	with	only	cate-
chol	functionalities	(Tren(GGG-Cat)3,	Figure	1H),	with	rep-
resentative	force-distance	plots	shown	in	Figures	S34	and	
S36.	Consistent	with	previous	studies,27,28	these	molecules	
mediated	much	lower	pull-off	forces	than	siderophore	ana-
logs	containing	catechol	and	cationic	amine	functionalities.	
Films	of	Tren(GGK-Benz)3	showed	a	>50%	decrease	in	pull-
off	forces	relative	to	Tren(GGK-Cat)3	(Figure	S33).	The	pull-
off	 force	likely	results	from	adhesive	electrostatic	 interac-
tions	between	pendant	cationic	amines	and	 the	mica	sur-
faces	and	cohesive	hydrophobic	and	cation-pi	interactions.	
Films	of	Tren(GGK-Benz)3	also	exhibited	long-range	repul-
sion	on	compression	that	decreased	over	sequential	com-
pression	and	separation	cycles,	indicating	rearrangement	of	
adsorbed	 aggregates.	 Properties	 of	 films	 of	 Tren(GGK-
Benz)3	are	described	in	Figure	S35.	Tren(GGG-Cat)3	showed	
no	evidence	of	adsorption	in	the	SFA	after	a	5-hour	incuba-
tion,	with	onset	of	 interaction,	compressed	film	thickness,	
and	pull-off	 force	 remaining	 identical	 to	 the	values	meas-
ured	for	bare	mica	surfaces	in	salt	solution.	Over	144	h,	pull-
off	 force	 progressively	 decreased	 from	 ~3	mN/m	 (mica-
mica	adhesion	in	salt	solution)	to	zero	as	the	compressed	
film	 thickness	 increased	 from	 <1	 nm	 to	 50	 nm.	 These	
changes	indicate	the	adsorption	of	multilayer	aggregates	on	
the	mica	 surfaces,	 likely	driven	by	electrostatic	attraction	
between	 the	 cationic	 Tren	 scaffold	 and	 the	 negatively	
charged	mica.	 The	 presence	 of	 adsorbed	 aggregates	 after	
24-	and	48-hour	incubations	of	Tren(GGG-Cat)3	on	mica	was	
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confirmed	with	AFM	(Figure	S43).	Pull-off	 force	mediated	
by	the	aggregates	depends	on	the	separation	velocity	(Fig-
ure	S36),	suggesting	that	the	aggregates	are	weakly	associ-
ated	and	that	the	pull-off	force	results	from	energy	dissipa-
tion.	The	delayed	adsorption	of	Tren(GGG-Cat)3	(over	hours	
rather	than	minutes)	suggests	that	cationic	amines	of	the	ly-
sine	residues	drive	adsorption	onto	the	mica	surface.	There-
fore,	hydrogen	bonds	(involving	the	catechol	functionalities	
or	the	peptide	backbones	of	each	arm	of	the	siderophore	an-
alogs),	 electrostatic	 interactions	 involving	 the	 Tren	 core,	
and	non-specific	van	der	Waals	interactions	are	insufficient	
to	drive	rapid	adsorption	of	siderophore	analogs	into	mon-
olayers	on	the	mica.	
Above,	 we	 demonstrate	 the	 two	 criteria	 necessary	 for	

confirming	 the	 presence	 of	 catechol-cation	 synergy.	 We	
identify	pull-off	forces	corresponding	to	a	monolayer	of	si-
derophore	 analogs,	 therefore	 guaranteeing	 adhesive	 fail-
ure.	We	then	show	that	siderophore	analogs	with	catechol	
and	 cationic	 amine	 functionalities	 mediate	 significantly	
larger	adhesion	than	analogs	with	either	catechols	or	cati-
onic	amines	alone.	 Importantly,	 the	molecular	weight	and	
density	of	catechol	and	cationic	amine	functionalities	were	
the	 same	 for	 Tren(GGK-Cat)3,	 Tren(GKG-Cat)3,	 and	
Tren(KGG-Cat)3.	 Since	 molecular	 weight37	 and	 density	 of	
binding	functionalities28	influence	the	adsorption	and	adhe-
sion	of	small	molecules,	keeping	these	quantities	constant	
enables	direct	comparison	of	the	adhesion	forces	to	assess	
the	 impact	 of	 intramolecular	 spacing	 on	 catechol-cation	
synergy.	 Surprisingly,	 increasing	 the	 intramolecular	 cate-
chol-cation	spacing	by	up	to	two	glycine	residues	does	not	
abolish	 catechol-cation	 synergy—Tren(GGK-Cat)3,	
Tren(GKG-Cat)3,	and	Tren(KGG-Cat)3	all	mediate	the	same	
maximum	pull-off	force	(Figure	S33).	Therefore,	direct	in-
tramolecular	proximity	is	not	necessary	for	catechol-cation	
synergy.		
To	further	explore	the	impact	of	catechol-cation	spacing	

on	 adhesion,	 we	 synthesized	 siderophore	 analogs	 with	
three	and	six	glycine	residues	separating	2,3-DHBA	and	ly-
sine,	 Tren(KGGG-Cat)3	 and	 Tren(KGGGGGG-Cat)3,	 respec-
tively.	 As	 expected,	 both	 molecules	 mediate	 substantial	
pull-off	forces	despite	the	increased	catechol-cation	spacing	
(Figures	 S38	 and	 S40).	However,	 the	 pull-off	 forces	were	
lower	 than	 the	 pull-off	 forces	 for	 Tren(GGK-Cat)3,	
Tren(GKG-Cat)3,	and	Tren(KGG-Cat)3.	Figure	7	shows	a	plot	
of	 pull-off	 force	 vs.	 molecular	 weight	 for	 various	 sidero-
phore	analogs	containing	catechol	and	cationic	amine	func-
tionalities.	The	adhesion	of	Tren(K-Cat)3	reported	in	a	pre-
vious	study27	remains	the	highest	of	all	the	siderophore	an-
alogs	 studied	 thus	 far	 due	 to	 its	 relatively	 low	molecular	
weight	and	correspondingly	 large	catechol-cation	density.	
As	molecular	weight	increases,	pull-off	force	monotonically	
decreases,	which	we	attribute	to	the	decreasing	density	of	
catechol	functionalities	within	each	molecule.	The	gradually	
decreasing	pull-off	 force	due	 to	decreasing	binding	group	
density	is	fundamentally	different	from	an	abrupt	decrease	
in	pull-off	force	at	some	intramolecular	cut-off	distance	that	
abolishes	catechol-cation	synergy.	Since	adhesion	force	de-
creases	gradually	with	catechol-cation	spacing	up	to	a	spac-
ing	of	six	glycine	residues,	our	results	suggest	that	no	such	
cut-off	 distance	 exists,	 and	 that	 further	 increases	 in	

catechol-cation	spacing	will	continue	to	gradually	decrease	
the	adhesion	force	even	as	catechol-cation	synergy	persists.	

Figure	7.	Plot	of	pull-off	force	(-Fad/R)	for	twait	=	10	s	vs.	molec-
ular	weight	(MW)	for	siderophore	analogs	containing	catechol	
and	cationic	amine	functionalities.	Data	for	Tren(K-Cat)3	(twait	
=	2	min)	and	Tren(KK-Cat)3	(twait	=	10	min)	reproduced	from	
references	(27)	and	(28),	respectively.	Lines	included	to	guide	
the	eye.	

	

The	 results	 also	 suggest	 that	 the	 simultaneous	 detach-
ment	of	catechol	and	cationic	functionalities	from	the	sur-
face	does	not	contribute	to	catechol-cation	synergy	in	our	
experiments.	Detachment	order	has	been	proposed	to	con-
tribute	to	catechol-cation	synergy	in	single-molecule	adhe-
sion	studies,	where	the	pulling	geometry	is	precisely	deter-
mined.29	 Unlike	 single-molecule	 studies,	 our	 experiments	
involve	~108	siderophore	analog	molecules	binding	to	mica	
(assuming	each	analog	occupies	1	nm2	on	the	mica	surface)	
and	a	distribution	of	binding	geometries.	For	example,	the	
adjacent	glycine	residues	in	the	peptide	arms	of	Tren(KGG-
Cat)3	are	expected	to	give	conformational	flexibility	to	the	
molecule34	and	consequently	enable	a	range	of	distances	be-
tween	surface-bound	catechol	and	cationic	amine	function-
alities	 in	 a	 single	 siderophore	 analog	 arm.	 For	 the	 case	
where	the	catechol	and	cationic	amine	bind	to	the	mica	sur-
face	 in	 close	proximity	 (<1	nm),	 the	 cationic	 amine	 is	 ex-
pected	 to	detach	 first	during	 adhesive	 failure	due	 to	 geo-
metric	considerations.	For	the	case	where	the	catechol	and	
cationic	 amine	 bind	 relatively	 far	 apart	 on	 the	 mica	 (~2	
nm),	simultaneous	detachment	 is	possible.	However,	such	
distant	binding	is	unlikely	for	entropic	reasons,	and	there-
fore	sequential	catechol-cation	detachment	from	the	mica	is	
expected	to	occur	for	the	majority	of	Tren(KGG-Cat)3	mole-
cules	in	the	contact	area.	In	contrast,	simultaneous	detach-
ment	of	catechol	and	cationic	functionalities	from	the	mica	
surface	is	more	likely	for	Tren(GGK-Cat)3	due	to	the	intra-
molecular	adjacency	of	those	functionalities.	If	detachment	
order	were	necessary	for	catechol-cation	synergy	in	our	ex-
periments,	Tren(GGK-Cat)3	would	be	expected	 to	mediate	
larger	 adhesion	 forces	 than	 Tren(KGG-Cat)3.	 Since	
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Tren(GGK-Cat)3,	Tren(GKG-Cat)3,	 and	Tren(KGG-Cat)3	me-
diate	 the	 same	adhesion	 forces,	we	 conclude	 that	detach-
ment	 order	 of	 catechol	 and	 cationic	 amine	 functionalities	
does	not	contribute	to	catechol-cation	synergy	in	this	work.	
Based	on	our	results,	we	propose	 the	 following	mecha-

nism	 for	 catechol-cation	 adhesion	 synergy:	 pendant	 cati-
onic	amines	of	the	siderophore	analogs	exchange	with	ad-
sorbed	 cations	 on	 the	mica	 surface	 and	 drive	 adsorption	
onto	the	mica,	enabling	subsequent	binding	of	catechols	to	
the	mica.	With	a	monolayer	of	siderophore	analogs	on	the	
surface,	the	effective	concentration	of	catechols	within	1	nm	
of	the	surface	is	~3	M,	much	greater	than	the	bulk	sidero-
phore	analog	concentration	(90-667	µM).	This	effective	cat-
echol	 concentration	 is	 calculated	 assuming	 that	 sidero-
phore	analogs	bind	to	every	negative	charge	on	the	mica	lat-
tice	(1	e-	per	0.5	nm2).	We	suggest	that	the	increased	con-
centration	of	catechols	near	the	mica	surface	increases	the	
probability	 of	 catechols	 replacing	 surface-bound	 cations	
and	binding	to	the	mica.	
To	justify	our	mechanism	for	catechol-cation	synergy	we	

developed	 a	 qualitative	model	 based	 on	 Bell	 Theory38	 to	
predict	the	lifetime	and	fractional	surface	coverage	of	cati-
onic	 species	 adsorbed	 on	 the	 mica	 surface,	 further	 de-
scribed	in	the	Supporting	Information	(S5).	The	model	pre-
dicts	that	siderophore	analogs	can	adsorb	to	mica	solely	via	
their	cationic	amines.	While	 the	assumptions	made	 in	 the	
derivation	of	the	model	preclude	quantitative	comparison	
with	 experiments,	 the	 predictions	 are	 qualitatively	 con-
sistent	with	our	experimental	results	showing	that	sidero-
phore	analogs	lacking	cationic	functionalities	do	not	adsorb	
into	adhesive	monolayers	on	mica	in	an	aqueous	electrolyte	
solution.	As	such,	the	role	of	cations	in	catechol-cation	syn-
ergy	is	to	drive	adsorption	onto	negatively	charged	surfaces	
and	enable	subsequent	binding	of	catechol	functionalities.	
The	cooperative	effect	operates	irrespective	of	the	intramo-
lecular	 catechol-cation	 spacing.	 This	 result	 is	 surprising	
given	that	the	majority	of	catechols	in	the	most	adhesive	in-
terfacial	mussel	protein	are	located	directly	adjacent	to	cat-
ionic	amines	and	raises	a	fundamental	biological	question	
about	the	evolutionary	pressure(s)	responsible	for	this	res-
idue	distribution.	

	

4.	CONCLUSIONS	
This	work	explores	 the	effect	of	 intramolecular	 separa-

tion	of	catechol	and	cationic	functionalities	on	adhesion	me-
diated	 by	 monolayers	 of	 siderophore	 analog	 surface	 pri-
mers.	 Our	 results	 demonstrate	 that	 the	 pull-off	 force	 re-
quired	to	separate	mica	surfaces	depends	critically	on	the	
siderophore	analog	adsorption	density,	highlighting	the	im-
portance	of	failure	mode	on	adhesive	performance.	Further-
more,	direct	intramolecular	adjacency	of	catechol	and	cati-
onic	amine	functionalities	is	not	necessary	for	catechol-cat-
ion	 synergy.	 Instead,	 increasing	 the	 intramolecular	 cate-
chol-cation	spacing	in	an	adhesive	by	the	addition	of	non-
binding	domains	progressively	reduces	adhesion	due	to	the	
reduced	density	of	binding	groups.	In	sum,	the	results	pre-
sented	here	explain	the	synergistic	binding	of	catechol	and	
cationic	functionalities	and	should	guide	the	design	of	new	
adhesives	for	binding	to	negatively	charged	surfaces	in	sa-
line	environments.		
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