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Using the sur face-force appara tus (SFA), we have made sensit ive force and adhesion measurements
between Langmuir-Blodget t (LB) bilayers of a novel glycine-conta in ing amphiphile a t var ious pHs. The
adhesion between the glycine headgroups is remarkably st rong (F/R ) -80 ( 5 mN/m) and leads to the
ext ract ion of amphiphiles from the bilayers on sur face separa t ion . By SFA measurements and Four ier
t ransform infra red spect roscopy on LB layers of glycine amphiphile var ian ts, we determined tha t hydrogen
bonding between amide and carbonyl groups on opposing sur faces is responsible for the st rong adhesion .
The st rong adhesion is accompanied by a 7.5 Å interpenet ra t ion of the glycine headgroups. At h igher pH,
charging of the carboxylic acid termini gives r ise to elect rosta t ic repulsion between the sur faces and
reduces the st rength of adhesion . Above pH 8.0, the sur face charging blocks in terpenet ra t ion and the
adhesion is ext inguished. Analysis of the forces required for amphiphile ext ract ion shows tha t these amide
hydrogen bonds are much st ronger than those in aqueous environments. This observa t ion has impor tan t
implica t ions in the study of protein stability and the design of self-assembled biomater ia ls.

In troduction

The stability of folded proteins depends cr it ica lly on
the st rengths of hydrogen-bonding, elect rosta t ic, van der
Waals, and hydrophobic in teract ions opera t ing with in
them.1 Knowledge of the rela t ive cont r ibu t ion of each
interact ion to the overall stability of these structures would
be cent ra l to the ra t iona l design of novel macromolecula r
assemblies2,3 or protein-based polymers4 with desired
ca ta lyt ic, binding, or st ructura l proper t ies. However , the
complexity of folded proteins has made decoupling in-
termolecula r force cont r ibu t ions cha llenging. Building
model systems tha t a re more amenable to quant ita t ive
study is one possible approach .
Histor ica lly, a t least th ree key ideas have helped foster

the belief tha t hydrophobic in teract ions are the dominant
cont r ibu tor to the stability of folded proteins. F ir st , there
is the realiza t ion that hydrogen bonds with water stabilize
the denatured sta te.5 Also, the free energy of t ransfer for
nonpolar amino acids from water to oil is la rge and
nega t ive.6 F ina lly, ca lor imet r ic measurements on the
protein unfolding process have shown behavior simila r to
tha t for the solva t ion of nonpolar molecules in water .7
Recen t ca lor imet r ic measurements made on model
compounds such as cyclic dipept ides,8 asparagine-to-

a lan ine,9,10 and unnatura l amino acid11 mutants of well-
character ized proteins indica te tha t hydrogen-bonding
interact ions make a sizable contr ibut ion to protein stabil-
ity as well. An ana lysis of protein st ructura l da tabanks
concluded tha t in folded proteins about 68% of backbone
amide groups are involved in hydrogen bonds,12 h igh-
ligh t ing the impor tance of these in teract ions in proteins.
Micromechanica l force measurements have made pos-

sible the direct probing of in termolecula r in teract ions in
severa l biologica l systems. Using the sur face-force ap-
paratus (SFA)13,14 and the atomic force microscope (AFM),15
the st rengths of hydrophobic,16 elect rosta t ic,17 and ster ic18
forces have been studied in grea t deta il. Recent ly, these
and other techniques have been extended to measure
in teract ions in more complex biologica l systems. The
st reptavidin /biot in system has served as a usefu l model
of specific ligand/receptor interact ions, and their in terac-
t ion forces have a lso been measured using the SFA19-21
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and AFM.22-24 These techniques have a lso been used to
probe in teract ions between complementary DNA base
pa ir s.25-28
Here, we make micromechanica l force measurements

between glycine-funct iona lized amphiphiles as a model
of hydrogen-bonding in teract ions in proteins. Organized
layers of glycine can be prepared by Langmuir-Blodget t
(LB) deposit ion29,30 once the glycine molecule is covalent ly
linked to an amphiphilic ta il. A flexible synthet ic technique
has been developed31 by which act iva ted amphiphilic
molecules are synthesized and coupled to glycine using
pept ide chemist ry, a ffording precise cont rol of the chem-
ist ry of the ta il and headgroup. This study extends
preliminary force measurements32 made on the (C16)2-
Glu-C2-Gly var iant (Figure 1), possessing two 16-carbon
ta ils ((C16)2), a glu tamic acid ta il linker (Glu), a 2-carbon
spacer (C2), and glycine (Gly). The N-terminus of glycine
is cova len t ly linked to the amphiphile, and the carboxylic
acid of the C-terminus is dista l to the ta ils.
A reliable protocol has been established to measure

micronewton forces between LB layers using the SFA.21,32,33
Br iefly, the SFAmakes micronewton force measurements
between a tomica lly smooth mica subst ra tes a t molecula r
separa t ions. Forces are ascer ta ined by the deflect ion of
suppor t ing spr ings, and distances are resolved with
angstrom resolut ion by an optical interferometrymethod.34
The interact ion geometry is well-defined, allowing for facile
compar ison of exper imenta l da ta to theoret ica l models.
The in ter feromet ry technique makes absolu te measure-
ments of parameters vita l for molecular force and adhesion
studies, including sur face separa t ion distance, adhesive
contact a rea , and loca l sur face curva ture. The direct
t ransfer of monolayer films in the LB process ensures
tha t the film has the appropr ia te composit ion and th ick-
ness and a lso serves as a usefu l diagnost ic tool.
Choosing to anchor the glycine molecules to solid

suppor t s by lipida t ion and LB deposit ion places the
in teract ing glycine molecules near the hydrophobic en-
vironment of the lipid membrane, mimicking the environ-
ment in and around the molten globule of hydrophobic
residues inside folded proteins. Similar ly, the hydrophobic
in teract ions tha t help stabilize the molten globule a lso
help stabilize these LB layers. The interest ing compet it ion
between hydrophobic and hydrogen-bonding in teract ions
we present here should be relevant to in t ramolecula r
compet it ions when the folded protein is subjected to
thermal, chemical, or mechanica l denatura t ion processes.

Experimental Methods
In the descr ipt ions tha t follow, a ll solvents a re HPLC grade,

and a ll reagents a re ACS grade. “Water” is deionized water
pur ified in a Milli-Q UVPlus unit (Millipore) to a fina l resist ivity
of 18.2 MΩ cm. Glassware was cleaned using a 1:1 chloroform/
methanol solu t ion or chromate clean ing solu t ion as necessary.
Synthe s is of Glyc ine Amph iph ile s . The glycine am-

phiphiles were synthesized by a mult istep solu t ion procedure.
In termedia tes in th is synthesis a re depicted in Figure 1. Br iefly,
amphiphile ta il groups were synthesized by a carboxylic acid-
a lcohol condensa t ion react ion yielding 1. Separa tely, Boc-
protected glycine sa lt 2 was linked to a succin ic anhydr ide spacer
to form 3. 1 and 3 were coupled by carbodiimide chemist ry to
form 4 , which was subsequent ly deprotected by ca ta lyt ic
hydrogena t ion to yield the glycine amphiphile 5. 6 (the methyl
ester of 5) was crea ted using the above procedures, bu t using the
chlor ide sa lt of reagent 2 and a version of 3 without the termina l
phenyl group, since no protect ion of the terminus was required.
7 was crea ted by linking the succin ic anhydr ide spacer direct ly
to 1, using the same chemist ry as the glycine-spacer linkage
react ion . 8 (the methyl ester of 7) was crea ted simila r ly, bu t
using the monomethyl ester of succin ic acid in place of succin ic
anhydride. Tail-length var iants of5-8 were created using longer-
or shor ter -cha in a lcohols in the ta il-linking react ion as needed.
Addit ional synthesis and character iza t ion deta ils are available.31
Systematic Naming Scheme .We will refer to 5-8 and their

ta il-length var iants hereafter using a systemat ic naming scheme
(Figure 1) based on chemica l st ructure. For example, 5 is ca lled
(C16)2-Glu-C2-Gly, where (C16) refers to the two16-carbon ta ils,
Glu refers to the L-glu tamic acid linker , C2 refers to the two-
methylene spacer added by succinyla t ion , and Gly refers to the
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Figure 1. Molecula r st ructure of synthesis in termedia tes (1-
4) and funct iona l var ian ts of the glycine amphiphile (5-8).
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glycine terminus. GlyOMe refers to the methyl ester of glycine.
For the glycine-free var ian ts, COOH refers to the carboxylic acid
terminus left a fter succinyla t ion . COOMe is it s methyl ester .
Pressure-Area Isotherms. Pressure-area isotherms and

LB deposit ions were car r ied out using a computer -cont rolled,
liqu id-cooled KSV 5000 Langmuir t rough in a dust -free laminar
flow hood. Surface pressure measurements were made using a
pla t inum Wilhelmy pla te. The movement of the bar r ier was
cont rolled by a computer a lgor ithm tha t cont inua lly decreased
the speed of the barr ier movement down to 3 mm/min in response
to the increase in sur face pressure.
LB Techn ique . For AFM studies, th in mica disks (diameter

of 2.5 cm2) were held on edge by clean sta in less steel tweezers
hung onto the dipper . For SFA studies, mica-covered silica lenses
were held from the side by clean sta in less steel gr ippers. For the
DPPE/(C16)2-Glu-C2-Gly bilayers, the DPPE monolayer was
compressed to a deposit ion pressure (πdep) of 41 mN/m and th is
sur face pressure was main ta ined for 5 min to equilibra te the
film. The mica was then slowly (1 mm/min) lifted through the
film, deposit ing a monolayer of DPPE. The mica was a llowed to
dry for 15 min before a monolayer of glycine amphiphile was
spread and compressed to πdep ) 35 mN/m. After equilibra t ion ,
the mica subst ra tes were slowly (1 mm/min) lowered through
the film unt il completely submerged. Transfer ra t ios (measured
on large mica sheets, R t) were 1.00 ( 0.05 for both deposit ion
processes. For Four ier t ransform infra red (FTIR) spect roscopy,
CaF2 pla tes were r insed thoroughly in chloroform/methanol
solu t ion pr ior to LB deposit ion for clean ing. Over subphases of
appropr ia te pH, four monolayers of (C16)2-Glu-C2-Gly at πdep
) 41 mN/m were t ransfer red fir st on the downst roke (R t ) 0.5
( 0.1), then on the upst roke (R t ) 0.8 ( 0.1), and so for th .
FTIR Spectroscopy.CaF2 pla tes were stored in an evacuated

desicca tor overn ight before insta lla t ion in the IR spect rometer
(Nicolet Magna 550). After purging the sample area with dry
nit rogen for a t least an hour , FTIR spect ra were taken in
t ransmission mode, and the da ta were ana lyzed using Omnic
1.2a software (Nicolet Inst ruments). Background spect ra of the
uncoa ted pla te were subt racted from the fina l spect ra . Spect ra
were baseline-cor rected as necessary.
Atomic Force Microscopy. AFM measurements on LB

bilayers were car r ied out by a Digita l Inst ruments Nanoscope
II unit , using AFM probes from Digita l Inst ruments. After LB
deposit ion , the submerged mica disks were t ransfer red under -
water (using sha llow beakers) to a clean plast ic conta iner filled
with Milli-Q-pur ified water and car r ied to the AFM facility. A
Teflon-coa ted Viton O-r ing (Precision Associa tes, Minneapolis,
MN) was r insed in methanol, dr ied, and placed direct ly onto the
submerged mica subst ra te. The mica disk with the O-r ing was
placed on the AFM piezoelectr ic stage, and the fluid cell containing
the AFM tip was precisely lowered onto the O-r ing. AFM
measurements were made using a software package provided by
Digita l Inst ruments.
Surface -Force Apparatus. SFAmeasurements were carr ied

out using a sta in less steel Mark II SFA built a t the University
of Minnesota , using a double-can t ilever lea f spr ing of spr ing
constan t 3.3 × 105 dyn/cm and cylindr ica lly curved silica lenses
(radius of curva ture (R )) 2 cm). A different ia l spr ing mechanism
was used to t ransla te the leaf spr ing and it s lens with nanometer
precision . Images of the FECO (fr inges of equa l chromat ic order )
in ter ference fr inges were obta ined using a liqu id-cooled CCD
camera (Photomet r ics).
Following the protocol of Israelachvili,17 1-3 µm sheets of ruby

mica (Mica New York) were cleaved from a th ick mica slab in a
laminar flow hood. Coupons which did not give r ise spontaneously
to in t imate van der Waals contact with the backing sheet were
rejected. A 450 Å thick layer of silver was thermally evapora ted
onto the backing sheet a t a deposit ion ra te of 1 Å/s. Mica coupons
were glued onto lenses as previously descr ibed using EPON 1004
epoxy resin (Shell). The SFA was placed in it s opt ica l setup for
a mica th ickness measurement in a ir . After the LB layers were
deposited onto the mica-covered lenses, the SFA was placed on
it s side and r insed severa l t imes with water and refilled. Using
glass beakers, the lenses were t ransfer red to and mounted in the
SFA, keeping the mica submerged a t a ll t imes. The SFA was
then moved to a thermosta ted cabinet (T ) 25-30 °C) and left
for 2-8 h to reach thermal equilibr ium. The loca t ion of the

micrometer and the posit ion of the FECO in the spect rometer
were recorded at 25 Å intervals in mica/mica separa t ion distance,
a llowing 10 s for the spr ing mechanism to stabilize, un t il contact
was established as perceived by a fla t ten ing of the FECO. Pull-
off forces were measured by ca lcu la t ing the sur face separa t ion
after jump-out , which is roughly equa l to the spr ing deflect ion
just pr ior to jump-out . Radii of curva ture were measured by
ana lysis of the FECO images. A dove pr ism was used to rota te
images and measure the radius in or thogonal sect ions. The radius
was taken to be the geometr ic mean of these va lues.
The pH of the SFA subphase was changed by in ject ing a few

milliliters of concentrated, unbuffered HNO3 or KOH (high purity,
Aldr ich) as needed using a clean glass syr inge. The surfaces were
moved together and apar t severa l t imes to mix the solu t ion , and
measurements were made after about 8 h mixing t ime. Cit ra te/
phosphate buffer is a 0.4 mM solut ion of cit r ic acid and monobasic
potassium phospha te (Aldr ich , h igh pur ity), with pH adjusted
using the above t it ran ts. All force da ta presen ted here have
distance axes with “zero” cor responding to bare-mica /bare-mica
contact , as measured dur ing the in it ia l th ickness measurement .

Resu lts
Monolayer P ropertie s . Most of the work presented

here was performed using the (C16)2-Glu-C2-Gly glycine
amphiphile. It s Langmuir isotherm (Figure 2) has a pH-
dependent phase behavior , with a pronounced liqu id-
expanded region , a liqu id-condensed region , and an
apparent two-phase coexistence region between them. The
high collapse pressure (πC)55 mN/m) at tests to the purity
and stability of the monolayer . Below pH 8, an inflect ion
in the isotherm is observed just before the phase transit ion
(πi), which we ascr ibe to a conformat iona l change in the
sizable headgroup of (C16)2-Glu-C2-Gly. As the pH is
increased from 6.0 to 8.3, the monolayer is destabilized
as indica ted by a shift of the phase-t ransit ion region to
progressively higher sur face pressures.
The methyl ester der iva t ive of (C16)2-Glu-C2-Gly,

(C16)2-Glu-C2-GlyOMe, has a simila r pressure-area
isotherm (Figure 3), but the inflect ion is significant ly more
pronounced, likely due to addit iona l packing frust ra t ion
in t roduced by the termina l methyl group. Isotherms of
(C16)2-Glu-C2-GlyOMe were not sign ifican t ly affected
by pH changes over a wide range (pH 4-9), indica t ing
tha t a ll charging of (C16)2-Glu-C2-Gly is due to the
deprotona t ion of the termina l carboxylic acid in the pH
range 6-8. Because the monolayer is destabilized by the
addit ion of th is methyl group, any a t tempt to LB transfer
(C16)2-Glu-C2-GlyOMe causes the layer to collapse.
Extending each ta il by two methylene groups confers
added stability to the layer so tha t (C18)2-Glu-C2-

Figure 2. Pressure-area isotherms for (C16)2-Glu-C2-Gly
at var ious pHs and 1 mM KBr. Note the inflect ion observed a t
Πi.
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GlyOMe transfers n icely (t ransfer ra t io, R t ) 1.00 ( 0.05)
onto hydrophobized mica .
Pressure-area isotherms of glycine-free var ian ts of

(C16)2-Glu-C2-Gly (Figure 4) a lso lack the inflect ion
observed for (C16)2-Glu-C2-Gly. (C16)2-Glu-C2-COOH
and (C16)2-Glu-C2-COOMe give stable isotherms with
high collapse pressures but a lso collapse dur ing LB
deposit ion . Again , adding two methylene unit s to each
tail helps stabilize the monolayer as judged by the lowering
of the sur face pressure in the coexistence region . (C18)2-
Glu-C2-COOH transfers readily onto hydrophobized
mica (R t ) 1.00 ( 0.05).
FTIR Spectroscopy. FTIR spect ra of (C16)2-Glu-C2-

Gly bilayers were obta ined by deposit ing these layers a t
var ious pHs and drying the bilayers for severa l hours for
measurement in the dry sta te. These spect ra confirm tha t
charging of the carboxylic acid termini of the (C16)2-Glu-
C2-Gly occurs as the deposit ion pH is increased from 5.6
to 8.5. Significan t peaks and vibra t iona l assignments35
based on FTIR spect ra of small molecules are listed in
Table 1. Bilayers deposited a t pH 5.6 have a single
dominant carbonyl peak loca ted a t 1739 cm-1. FTIR

spectra for bilayers deposited at pH 8.5 have twoaddit ional
peaks cor responding to carbonyl st retches in carboxyla te
groups (1592 and 1406 cm-1), and the acid carbonyl st retch
is a t tenua ted (1739 cm-1).
FTIR spect ra (Table 1) a lso demonst ra te tha t a h igh

degree of hydrogen bonding occurs between the glycine
headgroups a t low pH. At pH 5.6, the amide A peak (3310
cm-1) and the amide I peak (3310 cm-1) have wavenumbers
sign ifican t ly lower than expected for amide groups not
involved in hydrogen bonding (345035 and 1666 cm-1,36
respect ively). The carbonyl symmetric stretch peak at 1736
cm-1 represents contr ibut ions from those in the ta il-linker
region and the termina l carboxylic acid. As a resu lt , it
cannot be determined if the peak is sign ifican t ly sh ifted
from its non-hydrogen-bonded location (1800-1740 cm-1).37
At pH 8.2, the amide I peak (1652 cm-1) is loca ted closer
to it s non-hydrogen-bonded loca t ion (1666 cm-1) than it
is a t pH 5.6 (1643 cm-1). This indica tes an a t tenua t ion
of glycine-glycine hydrogen bonding with increasing
pH.
Surface -Force Measurements . Force measurements

were made on LB monolayers of glycine amphiphile
deposited ontomica which was fir st hydrophobized by LB
deposit ion of a monolayer of DPPE. A contact -mode AFM
image (Figure 5) of the submerged composite DPPE/(C16)2-
Glu-C2-Gly LB bilayer on mica shows a few pinhole
defects, simila r to those observed for LB-deposited lipid

(35) Szymanski, H. A. A S ystem atic Approach to the In terpretation
of In frared S pectra; Her t illon Press: Buffa lo, 1967.

(36) J ackson, M.;Mantsch , H. H. Crit. Rev. Biochem . Mol. Biol. 1995,
30, 95-120.
(37) Socra tes, G. In frared Characteristic Group Frequencies; J ohn

Wiley & Sons: New York, 1994.

Figure 3. Pressure-area isotherms for methyl ester der iva-
t ives of glycine amphiphiles. The inflect ion is more pronounced
for these molecules, and more pressure is required to pack the
amphiphile ta ils closely. There are no significan t changes in
the isotherms of (C18)2-Glu-C2-GlyOMe over a wide pH range.

Figure 4. Pressure-area isotherms for glycine-free var ian ts
of (C16)2-Glu-C2-Gly in pure water (pH 5.6). No inflect ion is
observed in the isotherms for these var ian ts.

Table 1. Vibrational Ass ignments a for FTIR Spectra of
(C16)2-Glu-C2-Gly LB Layers

wavenumber (cm-1)
vibra t iona l assignment pH 5.6 pH 8.5

amide A st retch 3310.2 3311.8
-CH3 asymmetr ic st retch 2955.6 2955.6
-CH2- asymmetr ic st retch 2916.5 2917.5
-CH2- symmetr ic st retch 2850.2 2850.3
CdO symmetr ic st retch (carboxylic acid +
ester )

1735.6 1739.1

amide I st retch 1642.5 1652.4
CdO symmetr ic st retch (carboxyla te) 1592.0
amide II st retch 1536.5 1518.9
-CH2- scissors 1468.9 1467.8
CdO asymmetr ic st retch (carboxyla te) 1406.1

a References 35-37.

Figure 5. Contact -mode AFM image of a (C16)2-Glu-C2-Gly
monolayer deposited onto hydrophobized mica a t πdep ) 35
mN/m (pure water ). The image size is 5 µm × 5 µm. Pinhole
defects have a depth of about 30 Å.
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bilayers.38 The defects a re about 3 nm deep and 0.1-0.3
µm in diameter . While we cer ta in ly would expect these
pinholes to impact the SFA data when presen t in the
contact zone, they are fa ir ly fa r apar t and observable by
the FECO fr inges (a ll da ta presen ted here had smooth ly
varying FECO). AFM images were stable to repea ted
contact scanning.
SFA force curves for ident ica l (C16)2-Glu-C2-Gly

monolayers in pure water (pH 5.6) are shown in Figure
6. On first approach, an exponent ia lly increasing repulsion
is observed beginning a t D ) 1000 Å, eventua lly r ising to
F/R ) 1 mN/m. The repulsion is well descr ibed by a
Derjaguin-Landau-Verwey-Overbeek (DLVO) fit , which
accounts for elect rosta t ic double-layer in teract ions by a
solu t ion of the Poisson-Boltzmann (PB) equa t ion39 and
van der Waals in teract ions between the sur faces using a
Hamaker constan t (AH) expression based on SFA mea-
surements on LB bilayers of dipa lmitoylphospha t idyl-
choline (DPPC) bilayers in water (AH ) 7 × 10-21 J ).33 We
found our fit s to be fa ir ly insensit ive to the choice of AH,
and we avoided more involved t rea tments, such as the
considera t ion of reta rda t ion effect s. The PB equa t ion
was solved by a Newton-Raphson method, varying the
sur face charge density (σ0) and the Debye screen ing
length (1/κ) unt il a sat isfactory fit to the data was achieved.
The constan t charge boundary condit ion gave the best
fit s.
To make sa t isfactory DLVO fit s, it was necessary to

sh ift the outer Helmholtz plane (OHP) to account for the
in terpenet ra t ion of glycine headgroups on contact ; in
th is case, the separa t ion distance (D) was sh ifted 15 Å
from the contact bilayer th ickness (D0) (F igure 7). As
such , the nomina l bilayer th ickness (lm) is 7.5 Å larger
than ha lf of the in-contact bilayer th ickness. Cor rect -
ing for the th ickness sh ift , the fit s of fir st approach da ta
for these bilayers a t pH 5.6 had 1/κ ) 600 Å and σ0 )
0.0090 C/m2. Given the density of (C16)2-Glu-C2-Gly

deposited (molecula r a rea , adep ) 40 Å2), the fract ion of
headgroups charged (f) is rela ted to σ0:

where e is the elementary charge. Using (1), the fit to the
pH 5.6 da ta in Figure 7 has the bilayers 1.8% charged and
the equiva len t charge screening of a 2.6× 10-5 M solu t ion
of 1:1 elect rolyte.
After overcoming the elect rosta t ic repulsion (F/R ) 1

mN/m), the surfaces jump into contact a t D0) 95 Å (Figure
6). Since two composite bilayers are t rapped between the
mica sheets a t th is poin t (including the hydrophobizing
DPPE), we infer tha t lm0 is about 48 Å. Space-filling
ca lcu la t ions show the fu lly extended length of a DPPE
molecule to be 26 Å,33 and simila r ca lcu la t ions for the
(C16)2-Glu-C2-Gly molecule, consider ing the lengths of
amino acids in fu lly extended pept ides,1 have it s length
as 28 Å. The sum of the two (54 Å) compares favorably
with the measured lm0, but subt le changes in the alignment
of the SFA opt ics following the removal of the mica
subst ra tes for LB deposit ion adds an uncer ta in ty in D of
about 10 Å.
While in contact , the FECO inter ference fr inges of the

SFA have a fla t fea ture whose size is rela ted to the
adhesive contact a rea . As the sur faces were unloaded, a
sharp discont inu ity in the smooth profile of the FECO is
observed a t the edge of the fla t fea ture, a shape predicted
by the J ohnson-Kendall-Rober ts (J KR) adhesion theory
under st rongly adhesive condit ions.40 The FECO would
appear smooth ly rounded throughout the measurement

(38) Hui, S. W.; Viswanathan , R.; Zasadzinski, J . A.; Israelachvili,
J . N. Biophys. J . 1995, 68, 171-178.
(39) Chan, D. Y. C.; Pash ley, R. M.; White, L. R. J . Colloid In terface

S ci. 1980, 77, 283-285.

Figure 6. SFA force profiles for (C16)2-Glu-C2-Gly mono-
layers in pure water a t pH 5.6 and 8.2. D0 is 15 Å smaller a t
pH 5.6 than a t pH 8.2. At pH 5.6, a la rge adhesion is measured,
leading to the bilayer disrupt ion observed on second compres-
sion . No adhesion or bilayer disrupt ion is observed a t pH 8.2.
The contact bilayer th ickness (D0) was 15 Å smaller in the
adhesive case (pH 5.6), suggest ing tha t headgroup in terpen-
et ra t ion is occur r ing on contact . OHP for the pH 5.6 DLVO fit
was sh ifted accordingly (see text ).

Figure 7. Defin it ion of bilayer th ickness parameters (a ) and
proposed molecula r mechanism for the st rong adhesion and
fa ilure of the composite DPPE/(C16)2-Glu-C2-Gly bilayers.
While in contact (b), the headgroups in terpenet ra te sligh t ly
and form inter layer hydrogen bonds which are main ta ined on
separa t ion (c), leading to the disrupt ion of the bilayers.D refers
to the separa t ion distance between the mica sur faces, and lm
is the distance between the mica sur face and the OHP,
nomina lly the bilayer th ickness. The in-contact va lues are
assigned a subscr ipt zero.

f )
σ0adep
e (1)
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cycles in the absence of st rong adhesion . A large pull-off
force (-(F/R )0 ) 78 ( 5 mN/m) was required to separa te
the sur faces after in it ia l contact , and th is va lue was
confirmed by repea ted measurements (Table 2). F/R was
80 ( 5 mN/m, and D0 averaged 113 Å, giving lm ) 57 Å.
DLVO fit s using σ0 ) 0.0011 C/m2 descr ibed a ll force
profiles well, bu t the Debye length var ied sligh t ly owing
to small differences in the ionic st rength of the pure water
from run to run .
The force profile measured on second approach a t pH

5.6 is about the same as tha t for fir st approach unt il D
) 240 Å, where steep repulsive bar r iers a re observed.
The sur faces cannot be brought any closer together than
D ) 180 Å without damaging the mica (as judged by the
rough appearance of the FECO). A small pu ll-off force is
required to separa te the sur faces in th is case (-(F/R )0 )
9.4 ( 1.0 mN/m). Because the bar r iers a re about one and
two bilayer th icknesses apar t , we believe they represent
ster ic in teract ions between sur faces disrupted as am-
phiphiles are ext racted from the bilayers to main ta in
contact between the glycine headgroups as shown in Figure
7. Simila r amphiphile ext ract ion has been repor ted
between biot inylated monolayers bridged by streptavidin 19
and carboxylic acid termina ted monolayers br idged by
ca lcium ions.41
Force measurements were made on these bilayers in

the pH range 6.0-8.0, using a cont rolled ionic st rength
(1 mM KBr) to avoid pKa sh ift s owing to double-layer
effect s. SFA force curves for (C16)2-Glu-C2-Gly mono-
layers show a gradua l increase in elect rosta t ic repulsion
and a gradua l decrease in pull-off force with increasing
pH (Figure 8, Table 3). All measurements under adhesive
condit ions showed the bilayer disrupt ion on second
approach and were DLVO-fit ted with the OHP placed a t

D ) D0 + 15 Å. The cont inua l decrease in pull-off force
with increasing pH is due in par t to the grea ter long-
range elect rosta t ic bar r ier tha t must be overcome before
reaching the adhesive minimum of the in teract ion po-
ten t ia l. To isola te the cont r ibu t ion from shor t -range
a t t ract ive forces, it is usefu l to define the a t t ract ive par t
of the pull-off force ((F/R )0,a t) obta ined by adding the
repulsive force exper ienced just pr ior to jump-in ,42 which
in our case was the maximum repulsive force (F/R )max:

F igure 9 is a summary of these in termedia te pH data ,
demonst ra t ing a coincidence between the increase in
charging with a decrease in the a t t ract ive par t of the pull-
off force. The blocking of shor t -ranged at t ract ive in terac-
t ions has about the same cr it ica l pH range as the charging
process, which suggests tha t these two processes are
rela ted.
At pH 8.0, the magnitude of the elect rosta t ic repulsion

increased dramat ica lly due to the deprotonat ion of surface
carboxylic acid groups. The DLVO-fit ted σ0 cor responds
to 30% charging of the layers under these condit ions. The
adhesion between the sur faces was completely ext in-
gu ished as well, with no perceivable pull-off force.
Furthermore, the FECO fringes exhibited nodiscont inuity
near the contact a rea , as predicted by the Her tz theory,
which described the deformation of contacted elast ic bodies
with nomutual adhesion.40 Subsequent force profiles gave
ident ica l force curves, with no evidence of bilayer damage,
even after severa l contacts. Force curves measured on
expansion were indist inguishable from those measured
on compression .
When measured on neighbor ing spots to preserve the

opt ica l a lignment , D0 was found to be about 15 Å larger
under the nonadhesive pH 8.5 condit ions, confirming the
headgroup in terpenet ra t ion model. Since a lkyl ta ils a re
very closely packed in these monolayers, the rear range-
ment is likely taken up by the headgroups, as in a mutua l
interpenetrat ion. These rearrangements expose addit ional
hydrogen-bonding amine groups to the in ter face.
Taking advantage of our flexible synthet ic technique,

we can make small funct iona l changes in the (C16)2-Glu-
C2-Gly molecule to bet ter pinpoin t the precise funct iona l
groups involved in the st rong adhesion . SFA force da ta
between (C18)2-Glu-C2-GlyOMe monolayers (Figure 10)
were near ly ident ica l to those for (C16)2-Glu-C2-Gly
monolayers in pure water (pH 5.6). A long-range elec-
t rosta t ic repulsion was observed beginning a t D ) 1000
Å, and the bilayers jumped in to a st rong adhesive contact
a t about F/R )0.4 mN/m. The fit ted surface charge density
was ext remely small (0.00062 C/m2) and is likely brought
about by t race byproducts of the amphiphile synthesis or
adsorbed ions. A comparably la rge pull-off force ((-(F/R )0
) 75 ( 5 mN/m) was required to separa te the sur faces.
On second compression , the steep ster ic bar r iers char -
acter ist ic of amphiphile pull-off were a lso observed. The
remarkable simila r ity of these da ta to those for the
uncharged (C16)2-Glu-C2-Gly monolayers ru les out the
possibility tha t in ter facia l carboxylic acid dimers a lone
can link the two bilayers when in contact .
SFA force da ta measured between (C18)2-Glu-C2-

COOH monolayers (F igure 11) showed simila r force
behavior but dramat ica lly differen t adhesive behavior .

(40) Horn , R. G.; Israelachvili, J . N.; Pr ibac, F . J . Colloid In terface
S ci. 1987, 115, 480-492.
(41) Claesson , P . M.; Berg, J . M. Thin S olid Film s 1989, 176, 157-

164.
(42) Leckband, D. E.;Helm, C. A.; Israelachvili, J . Biochem istry 1993,

32, 1127-1140.

Figure 8. SFA force profiles for (C16)2-Glu-C2-Gly mono-
layers in 1 mM KBr at pH 6.0, 7.6, and 8.0, demonst ra t ing a
steadily increasing elect rosta t ic repulsion with increasing pH.
OHP for the DLVO fit s is set a t D )D0 + 15 Å in each case (see
text ).

Table 2. Summary of Pu ll-Off Force Data for
(C16)2-Glu-C2-Gly Monolayers in Pure Water (pH 5.6)

-P0 (dyn) R (cm) -(F/ R )0 (mN/m) D0 (Å)
143 1.57 90.9 97
129 1.59 81.1 108
173 2.51 68.8 124
173 2.22 77.8 120
224 2.51 89.1 107
228 2.59 88.1 124

mean 80 ( 5 113 ( 10

-(FR )0,a t ) -(FR )0 + F
R |max (2)
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At pH 8.3, a la rge elect rosta t ic repulsion is observed with
no adhesion , but a fter lower ing the pH to 5.4, on ly a small
pull-off force was measured between the monolayers (-(F/
R )0 ) 11 ( 3 mN/m). The elect rosta t ic repulsion was
a t tenua ted, and D0 was 15 Å lower than tha t a t pH 8.3,
signa ling in terpenet ra t ion . Even though the headgroup
rearrangements and low surface charge were present here,
the st rong adhesion was not . It appears tha t the sur face-
accessible amine group of the glycine amphiphile is
necessary to achieve it .

Discuss ion

The main observa t ion here is a remarkably st rong
adhesion between LB layers of glycine amphiphiles tha t
is a t tenua ted by the pH-induced charging of their car -
boxylic acid termini. Because the amphiphiles are ex-
t racted dur ing sur face separa t ion , the st rong adhesion is

not a direct measure of headgroup-headgroup in terac-
t ions, such as hydrogen bonding. However , a minimum
force (fb) or binding energy (w b) must exist between the
headgroups to a llow the amphiphile ext ract ion to occur .
By systemat ica lly varying the binding affin ity of biot in
ana logues for st reptavidin in SFA exper iments, Leck-
band21 has shown that amphiphile pull-out is favored when
headgroup-headgroup binding forces exceed cohesive
forces between amphiphiles in the bilayer membrane (fm).
Based on surface energy considera t ions, the energet ic cost
ofwithdrawing one 16-carbon dialkyl amphiphile (modeled
as a cylinder ) from a hydrophobic mat r ix in to water (wm)
is 26kT .43 Approximat ing the lipid ext ract ion poten t ia l as
a square well, the theoret ica l force required for lipid
ext ract ion (fm) is21,44

where lm, the width of the poten t ia l well, is set to the
length of a 16-carbon a lkane. (Note tha t th is resu lt is
independent of cha in length .) Assuming tha t the am-
phiphiles are ext racted individua lly, fb must be g6 µdyn
(0.06 nN) to give r ise to ext ract ion on pull-off.
The free energy of hydrogen-bond format ion (w b) in

proteins is a st rong funct ion of the solvent environment .
In water , w b for amide hydrogen-bond format ion is very
small, about -0.5 kcal/mol or lower .45 This result has been
obta ined independent ly by solvent t ransfer da ta as well
as numer ica l simula t ions.46,47 Honig and Yang48 cite a
va lue of w b ) -3.9 kca l/mol for amide hydrogen-bond

(43) Cevc, G.; Marsh , D. Phospholipid Bilayers: Physical Principles
and Methods; J ohn Wiley and Sons: New York, 1987.
(44) Bell, G. I. S cience 1978, 200, 618-627.
(45) Dill, K. A. Biochem istry 1990, 29, 7133-7155.
(46) J orgenson , W. L. J . Am . Chem . S oc. 1989, 111, 3770-3771.

Table 3. Summary of Force and Adhes ion Data for the In teraction of (C16)2-Glu-C2-Gly Monolayers at Various pHs
and Ion ic Strengths

pH σ0 (C/m2) 1/κ (Å) fract ion charged (f) -(F/R )0 (mN/m) -(F/R )0,a t (mN/m) W a (mJ /m2) fract ion bonded
fract ion bonded/
unchg pair

5.6 0.0011 600 0.0028 80 ( 5 80 17 0.11 0.11 ( 0.01
6.0 0.0090 100 0.023 74 ( 5 76 16 0.11 0.11 ( 0.01
6.8 0.015 150 0.038 54 ( 5 62 13 0.09 0.10 ( 0.01
7.6 0.054 100 0.14 38 ( 4 55 12 0.08 0.11 (0.01
8.0 0.12 100 0.30 0 0 0 0 0
8.2 0.12 500 0.30 0 0 0 0 0

Figure 9. Adhesive t it ra t ion curve summar izing pull-off force
(a t t ract ive par t ) and exten t of charging da ta in pure water (pH
5.6) and 1 mM KBr (others). Sigmoida l fit s a re presen ted to
guide the eye and are centered near pH 7.6.

Figure 10. SFA force profiles for (C16)2-Glu-C2-GlyOMe
monolayers in pure water (pH 5.6). The force and adhesion
da ta are very simila r to those for the uncharged (C16)2-Glu-
C2-Gly monolayers (F igure 5). OHP for the DLVO fit s is set
a t D0 + 15 Å to account for in terpenet ra t ion .

Figure 11. SFA force profiles for (C18)2-Glu-C2-COOH
monolayers in 1 mM KBr, measured a t the same spot (fir st a t
pH 8.3 and then a t pH 5.4). For both fit s, the OHP for DLVO
fit s was set to D ) D0 va lue measured a t pH 8.3. Unlike the
(C16)2-Glu-C2-Gly case (Figure 5), on ly a small pu ll-off force
is observed a t low pH.

fm )
wm

lm
) 26kT
2.0 nm ) 6 µdyn (3)
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format ion in nonpolar solvents, based la rgely on solvent
t ransfer a rguments and simula t ion da ta . These va lues
can be conver ted to fb using eq 3 and assuming lm ) 1 Å
for a hydrogen bond, yielding fb ) 0.026 nN for nonpolar
solvents and fb ) 0.0035 nN for aqueous solvents. While
the width of the hydrogen-bond poten t ia l well is not a
precisely known quant ity, the requisite force for extract ion
cer ta in ly meets or exceeds the va lue for bonding in
nonpolar solvents. This has the important implicat ion that
the near-bilayer environment increases the hydrogen-bond
st rength to va lues expected for bonding in nonpolar
solvents.
We emphasize tha t th is resu lt is based solely on the

existence of amphiphile ext ract ion and not a quant ita t ive
ana lysis of the measured pull-off force. In SFA exper i-
ments, amphiphile ext ract ion has only been observed
between st rongly adheren t bilayers, including measure-
ments made between st reptavidin-linked biot inyla ted
bilayers,21 ca lcium-linked carboxylic acid termina ted
bilayers,41 and bilayers funct iona lized with complemen-
ta ry DNA base pa ir s.25,26,49 By compar ison , LB layers of
the phospholipids33,50 have pull-off forces an order of
magnitude weaker , and no ext ract ion is observed on
sur face separa t ion . The occur rence of simila r ly st rong
hydrogen-bond-a ided adhesions is not without precedent .
Fr isbie et a l.51 measured fb ) 0.18 nN based on AFM-
der ived pull-off forces between carboxylic acid terminated
self-assembled monolayers (SAMs) in ethanol. Boland and
Ratner 27 measured va lues in the range of fb ) 0.63-1.08
nN between nucleic-acid-funct iona lized SAMs in aqueous
solu t ions. Smith et a l.52 measured st rong adhesions
between carboxylic and phosphonic acid SAMs and
at t r ibu ted st rong adhesions to the format ion of ion ic
hydrogen bonds, similar to those in the gas phase. In these
measurements, funct iona l groups are st rongly bonded to
the probe and sur face so tha t ext ract ion does not occur
and a more direct measurement of fb can be made.
Aquant ita t ive analysis of the magnitude of pull-off force

ident ifies the efficiency of amphiphile ext ract ion in the
contact zone. The a t t ract ive par t of the pull-off force -(F/
R )0,a t is rela ted towork of adhesion (W a) by the JKR theory:
53

Assuming tha t the adhesion energy in our system is set
by the extract ion process, we calcula te the maximum force
per glycine amphiphile (fe), assuming tha t exact ly ha lf of
the amphiphiles are ext racted individua lly (pH 5.6):

which is much lower than fm ) 6 µdyn ca lcu la ted by eq
3. In other words, on ly about 12% of the amphiphiles on
either surface are ext racted. Because the melt ing t ransi-

t ion tempera ture for these glycine amphiphiles is 43 °C,54
bilayer lipids are in the gel sta te a t room tempera ture
and cannot quickly reorganize for most efficient headgroup
bonding. Stochast ic mismatches in the a lignment of
opposed headgroups could lead to some bonding inef-
ficiency. It is a lso possible tha t domains of amphiphiles
are ext racted, not individua l amphiphiles. If so, the
ca lcu la ted fb would be ar t ificia lly h igh , since mult iple
headgroup-headgroup bonds a long the domain radius
cont r ibu te to the ext ract ion of a single amphiphile a t the
domain boundary. We poin t out tha t no domains were
perceived by the FECO; hence, if they do exist they are
smaller than 1 µm or so.
By force measurements made on funct iona l-group

var ian ts of the glycine amphiphile, we demonst ra te tha t
amine groups need to be exposed to the in ter face for the
st rong adhesion to ensue. FTIR spect ra show tha t amide
moiet ies of the glycine headgroups form mutua l hydrogen
bonds in these LB bilayers. Because the amide group is
not located at the very end of the amphiphile, it is necessary
for the bilayer headgroups to rear range or in terpenet ra te
to bring amides from each surface together . This argument,
a long with the observa t ion of a 7.5 Å decrease in bilayer
th ickness in adhesive contact , leads us to conclude tha t
the mutua l in terpenet ra t ion of the glycine headgroups is
required for the st rong bonding tha t leads to amphiphile
ext ract ion on pull-off.
Since the glycine headgroup is a single chain as opposed

to the dia lkyl ta ilgroup, one can envision the in terhead-
group spaces on each bilayer sur face as “binding cavit ies”
for glycine. Cha and co-workers55 have shown tha t
monolayers of oligoglycine amphiphiles with a single a lkyl
cha in prevent the binding of soluble dipept ide groups to
the monolayer . However , when dia lkyl cha ins are used,
the binding cavity formed between the glycine headgroups
st rongly promotes dipept ide binding.55,56 There is a lso
ample evidence tha t the binding cavity, when proper ly
designed, can yield dramat ic increases in binding energy.
The Kunitake group observed million-fold increases in
the binding constan ts of adenosine 5′-t r iphospha te (ATP)
(or adenosine 5′-monophospha te, AMP) to Langmuir
monolayers of guanidin ium-funct iona lized amphiphiles
compared to their soluble counterpar t s.57,58 Large in-
creases in binding energy for the binding cavit ies were
also confirmed by react ion field calculat ions59 and analyses
of the Poisson-Boltzmann equat ion60 for the in teract ion
between soluble thymine and Langmuir monolayers of
guanidin ium- and diaminot r iazine-funct iona lized am-
phiphiles. They found tha t the low dielect r ic constan t of
the amphiphile ta ils modula tes the elect rosta t ic potent ia l,
cont r ibu t ing to the stabiliza t ion of the hydrogen bonds.
The amphiphile ext ract ion we repor t is a measure of the
force tha t can be t ransmit ted by the bilayer binding cavity
and agrees qua lita t ively with these resu lt s.
In a previous repor t ,32 we showed tha t the ext ract ion

efficiency decreases predictably with increased headgroup

(47) Torbias, D.; Sneddon, S. F ., III; C. L. B. J . Mol. Biol. 1992, 227,
1244-1252.
(48) Honig, B.; Yang, A.-S. Adv. Protein Chem . 1995, 46, 27-58.
(49) Pincet , F .; Perez, E .; Bryant , G.; Lebeau , L.; Mioskowski, C.

Phys. Rev. Lett. 1994, 73, 2780-2783.
(50) Marra , J . J . Colloid In terface S ci. 1985, 107, 446-458.
(51) Fr isbie, C. D.; Rozsnya i, L. F .; Noy, A.; Wrighton , M. S.; Lieber ,

C. M. S cience 1994, 265, 2071-2074.
(52) Smith , D. A.;Wallwork, M. L.; Zhang, J .; Kirkham, J .; Robinson ,

C.; Marsh , A.; Wong, M. J . Phys. Chem . B 2000, 104, 8862-8870.
(53) Chr istenson , H. K. Langmuir 1996, 12, 1404-1405.

(54) Schneider , J . W. Force and Adhesion Measurem ents between
Organized Layers of Protein Functional Units; University of Min-
nesota : Minneapolis, MN, 1998; p 220.
(55) Cha , X.; Ar iga , K.; Kunitake, T. Bull. Chem . S oc. J pn . 1996, 69,

163-168.
(56) Cha , X.; Ar iga , K.; Onda , M.; Kunitake, T. J . Am . Chem . S oc.

1995, 117, 11833-11838.
(57) Sasaki, D. Y.; Kur ihara , K.; Kunitake, T. J . Am . Chem . S oc.

1991, 113, 9685-9686.
(58) Sasaki, D. Y.; Kur ihara , K.; Kunitake, T. J . Am . Chem . S oc.

1992, 114, 10994-10995.
(59) Sakura i, M.; Tamagawa, H.; Inoue, Y.; Ar iga , K.; Kunitake, T.

J . Phys. Chem . B 1997, 101, 4810-4816.
(60) Tamagawa, H.; Sakura i, M.; Inoue, Y.; Ar iga , K.; Kunitake, T.

J . Phys. Chem . B 1997, 101, 4817-4825.

-(FR )0,a t )
3πW a

2 (4)

fe )
a0W a

lm
)
2(0.4 nm2)(17 mJ /m2)

2.0 nm ) 0.68 µdyn (5)
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charging (Table 3). After subt ract ing double-layer repul-
sion from the pull-off resu lt , the pull-off force per
uncharged pair gave a consisten t resu lt th roughout the
pH range. The mechanism of this charge-induced blocking
of hydrogen-bond format ion can be addressed in ligh t of
these new resu lt s. Since elect rosta t ic effect s have been
removed from the ana lysis, one possibility is tha t sur face
charging increases the sur face hydra t ion or binding of
hydra ted solu tes. This “hydra t ion force” could provide
ext ra repulsion to a t tenua te adhesion .61,62 However , th is
must be reconciled with the 7.5 Å interpenet ra t ion tha t
is consisten t ly observed a t a ll pHs. Apparent ly, the
combined effect of elect rosta t ic and hydra t ion forces can
block in terpenet ra t ion only a t pH ) 8.0, bu t a t lower pH,
hydra t ion forces st ill a t tenua te the adhesion measured
following in terpenet ra t ion .We note tha t elect rosta t ic and
hydra t ion surface forces may not represen t a rea list ic
mimic of the in termolecula r in teract ions between more
isola ted funct iona l groups on proteins.
To avoid complica t ions with solu te adsorpt ion , we used

low concentrat ions of salts with a low propensity for bilayer
adsorpt ion . In terest ingly, the st rong adhesion is com-
pletely ext inguished by the addit ion of 10 mM cit ra te/
phospha te buffer (pH 5.5), presumably due to the ad-
sorpt ion of buffer solu tes in the binding cavity. The
sensit ivity of binding st rength to the binding cavity size

and hydra t ion sta te suggest s tha t opt imiza t ion and/or
modula t ion of the cavity proper t ies could be exploited in
the design of biosensor or microsepara t ion systems for
h ighly select ive, tunable binding.

Conclus ions
We have presented deta iled force measurements on LB

bilayers of a novel glycine-conta in ing amphiphile using
the SFA, highlight ing a complex, pH-dependent compet i-
t ion between elect rosta t ic, hydrogen-bonding, hydra t ion ,
and hydrophobic sur face forces. A remarkably st rong
adhesion is measured between the LB bilayers ac-
companied by amphiphile ext ract ion genera lly observed
only for st rong, specific headgroup in teract ions between
bilayers. The st rength of the in teract ion appears to be
modula ted by the sur face charging, exten t of hydra t ion ,
and size of binding cavit ies formed between the glycine
headgroups. In th is spir it , force measurements involving
binding cavit ies may lead to a grea ter understanding of
protein-ligand interact ions and enable the rat ional design
of responsive, select ive binding sur faces for biosensors or
biomater ia ls.
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