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The study we present involves the use of a biomimetic system that allows us to study specific interactions
in the asf1 receptor-GRGDSP ligand system with an atomic force microscope (AFM). Bioartificial
membranes that mimic the adhesion domain of the extracellular matrix protein fibronectin are constructed
from peptide-amphiphiles. A novel peptideamphiphile is designed that contains both GRGDSP (Gly-
Arg-Gly-Asp-Ser-Pro, the primary recognition site foy3;) and PHSRN (Pro-His-Ser-Arg-Asn, the synergy
binding site foras31) sequences in a single peptide formulation, separated by a spacer. Two different antibodies
are used to immobilize and activate isolateg; integrins on the AFM tip. The interaction measured between
immobilizedasf, integrins and peptideamphiphiles is specific for integrinpeptide binding and is affected

by divalent cations in a way that accurately mimics the adhesion function ofstheeceptor. The strength

of the PHSRN synergistic effect depends on the accessibility of this sequeng® fategrins. An increase

in adhesion is observed compared to surfaces displaying only GRGDSP peptides when the new biomimetic
peptide-amphiphiles are diluted with lipidated poly(ethylene glycol), which provides more space for the
peptide headgroups to bend and expose more of the PHSRN at the interface.

Introduction manner, suggesting distinct binding sites for these two
. _ _ . . cations. Another site was found to bindand Mg™ in a
Cell-matrix adhesion mediated by integrins was shown competitive manner. Both monoclonal antibodies and di-
to regulate aspects of cell behavior such as growth, dif- gjent cations have been used in this work as stimuli to
ferentiation, adhesion, and motility© investigate the dynamic regulation of integriligand bind-
~ Theasf integrin is one of the 24 known members of the jng puyrifiedass; integrins are used in this study to inves-
integrin family of adhesion molecules, formed by two (igate receptorligand interactions and avoid any complica-

noncovalently associated and /i subunits. Each subunit  {jong associated with real cells, such as membrane diffusion,
consists of an extracellular domain, a transmembrane domaingg| viscoelastic deformation, and receptor/cytosceletal in-

and a short cytoplasmic tdit-'2 The current model for  aractionds
structural association of these subunits predicts that integrins
exist in two different conformation states: inactive, when
they are unable to bind ligand, or active, when they are
capable of binding their ligand with high affinity. o581
integrins can be activated by indirect stimuli (signaling that
acts on the cytoplasmic tail) and direct stimuli, such as anti-
B1 chain monoclonal antibodies (e.g., TS2/6j and
divalent ions (M@t and Mr#*).1617In general, it has been
shown that MA" activates isolatedunsf; integrins and
promotes their high affinity binding to the ligand, whereas
C&" inhibits ligand binding, and Mg plays a stimulatory

Integrins bind to the adhesion domain of the extracellular
matrix (ECM) proteins by recognizing specific sites of that
domain!®2! The prototype for the integrin binding site is
the Arg-Gly-Asp (RGD) sequence that is present in fibro-
nectin, fibrinogen, vitronectin, and other adhesive pro-
teins!®22Therefore, peptides containing the RGD sequence
have been used extensively to mimic ECM proteins and, thus,
to provide biomimetic models to study interactions between
cells and their environme#t. 28 Various approaches have
been utilized in an attempt to attach cell adhesion peptides
role but to a lesser extent than #iié Earlier studies of the [0 the surface:?62#37n particular, it has been demon-
regulation of asf:—fibronectin interactions have demon- strated that connecting peptides to synthetic lipid tails allows

strated the presence of at least three distinct classes of catiof €M {0 self-assemble into highly organized biomimetic

binding sites for Mg*, Mn2*, and C&*.1” Mn?+-supported surfaces, which effectively promotes cell adhesion, spreading,
binding was strongly inhibited by Gin a noncompetitive ~ Migration, growth, and differentiatiof. “°

In this study, bioartificial membranes, which display
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weight of 120 covalently linked to 1,2-Distearasitr-glycero- distance between the adhesion RGD sequence and its synergy
3-phosphatidylethanolamine (DSPE) are referred to as PEG12Gite PHSRN is important in mimicking the adhesion proper-
in the remaining of the text]. PEG has been used extensivelyties of fibronectin.

as material that is nonadhesive to biological molectitts'” We have designed a new sequence, PHSRN{SG)
and is utilized here to dilute the surface concentration of the SGRGDSP (referred to as PHSRN-GRGDSP in the remain-
peptide-amphiphile. The peptideamphiphile structure in-  der of the text), that contains both the primary and the
cludes dialkyl ester tails that allow control over their length synergy adhesion-mediating sequences of fibronectin in a
(C10), @ glutamic acid (Glu) linker, a-(CHy),— spacer, and  single peptide formulation. A linker (S&8 is used to link

a headgroup that contains the bioactive sequence. The tailghese two bioactive sequences in a specific spatial orientation.
serve to align the peptide strands and provide a hydrophobicThe theoretical length of this linker is calculated using two
surface for self-association and interaction with other hy- different approaches and was found to be approximately 30
drophobic surface® The two peptide sequences used in this A, 26 A when calculated using 3.7 A per amino acid
study are found in fibronectin: the tenth type Il module, residue’” and 32 A when calculated using standard bond
GRGDSP (the primary recognition site fogf3: integrins) lengths and angles. Serine (S) and glycine (G) are used here
and the ninth type Il module, PHSRN (the synergy binding because they are small, uncharged amino acid residues with
site forasf1). These two sequences are separated by480 serine being hydrophilic and glycine hydrophobic. This
A in fibronectin#® Fibronectin was chosen for this study combination of residues was chosen to avoid complications
because it is a ligand faxsS; and because of its importance during the purification of peptideamphiphiles as well as

as an ECM component. It is a prototype cell adhesion protein, contributions from the linker into the interactions between
which is widely distributed in different types of tissues and asf31 integrins and the peptide. In addition, analysis of the
is, therefore, a potential ligand for most cell types including alignment of the amino acid sequences of the Fibronectin-
fibroblasts, mesenchymal cells, myoblasts, endothelial cells, Il (FN-III) domains in FN7-10 (SwissPort Database, se-
neutrophils, macrophages, and hepatoc$ftdsibronectin guence FINC_HUMAN PO2751) indicated that the ratio of
plays a critical role in various developmental and homeostatic hydrophilic to hydrophobic residues between PHSRN and
processes, including embryonic development and wound GRGDSP is almost 1:1, which provided another motivation

healing®%-51 for choosing the (SG¥ combination as a linker between
Previous studies on analogous biomimetic mgdéthave ~ the PHSRN and GRGDSP sequences. Thus, the goal in
shown that specific recognition of the immobilizegs; designing the linker was to mimic as closely as possible the

receptor was significantly increased for a surface that distance and the hydrophilicity between the PHSRN and the

presented mixtures of the two peptides (GRGDSP and GRGDSP sequences in the fibronectin molecule.

PHSRN) compared to the adhesion measured with surfaces Peptide-amphiphiles that contain the new bioactive
that displayed only GRGDSP. In the past when RGD and Seduence PHSRN-GRGDSP in the headgroup are synthesized
PHSRN have been presented in a single peptide formulation,@nd characterized in this study, and interactions betwgén
results varied depending on the design. Kao & ased both integrins and the new sequence are investigated using an
RGD and PHSRN sequences in a single peptide formulationatomic force microscope (AFM).

and both possible orientations (with RGD sequence at the C

terminus and PHSRN at the N terminus and vice versa) with Materials and Methods

a (G) linker between the two bioactive sequences to create

biomimetic surfaces. Their results demonstrated the role of Preparation and Characterization of Bioartificial Mem-

the synergy between RGD and PHSRN and the importancebranes.DSPE and PEG120 were obtained from Avanti Polar
of the relative order of the two peptides in supporting Lipids, Inc. (Alabaster, AL). (&)>-Glu-C,-KAbuGRGD-
macrophage fusion to form foreign body giant cells. The SPAbuK, (Ge)>-Glu-C-PHSRN, (Gg)-Glu-C-PHSRN(SG3
peptide sequence that resembled the native register, PHSRNSGRGDSP, and (£).-Glu-C-GRGESP were synthesized
from the Illy repeat followed by the RGD from the {}i as described elsewhetfeThese peptideamphiphiles will
repeat, showed the highest activity. Hojo et al. designed abe referred as GRGDSP, PHSRN, PHSRN-GRGDSP, and
bivalent PEG hybrid of RGD and PHSRN peptides using GRGESP, respectively, in the remainder of the text.

an amino acid type poly(ethylene glycol) derivative (aaPEG) Pure peptideamphiphiles were dissolved at approxi-
to study the importance of spatial arrangement between themately 1 mg/mL in a 99:1 chloroform/methanol solution and
two bioactive sequences in promoting cell spreadmihey stored at #C. The solution was heated to room temperature
have shown an increase in baby hamster kidney cells’ prior to use.

spreading activity on hybrid peptides, containing both  The Langmuir-Blodgett (LB) technique was used to
PHSRN and RGD bridged by aaPEG (PHSRN-aaPEG-RGD) create supported bioactive bilayer membranes. LB film
compared to aaPEG-RGD, which suggests the synergisticdepositions were done on a KSV 5000 LB system (KSV
effect of PHSRN. Furthermore, Aucoin et®lhave not Instruments, Helsinki, Finland). All the depositions were
observed an increase in adhesion of corneal cells to surfaceslone at 41 mN/m, which is well below the collapse pressure
modified with RGDS and PHSRN in a single peptide of 65 mN/m. The deposition speed for both the up and down
formulation (PHSRNRGDS) compared to surfaces modified strokes was 1 mm/min. Freshly cleaved mica disks of radius
with a combination of RGDS and PHSRN peptides at a 50: 7.5 mm were used as substrates for the supported bilayer
50 ratio. This result also supports the idea that the correctmembranes. The DSPE layer was deposited first at the
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upstroke to make the mica surfaces hydrophobic. The second 40
layer with peptide-amphiphiles was deposited in the down
stroke. Transfer ratios for both layers were calculated to be
in the range 0.8 1, indicating that monolayers were depos- 20
ited on mica surfaces with minimal disruption. The resulting ’E"
supported bilayer membranes were transferred into glass vialsg 10
under water. Care was taken to avoid exposing the surface §
to air because they rearrange to form multilayérs. -

20 40 &0 80 100 1
AFM characterization of the LB films was done with a -10 V b
Digital Instruments Nanoscope Ill system equipped with a
fluid cell for tapping mode (Digital Instruments, Santa
Barbara, CA). Images were obtained in tapping mode in

deionized (DI) water using standard 100 V-shaped silicon Figure 1. Typical approach (gray line) and retraction (black line)

nitride AFM cantilevers with pyramidal tips (Digital Instru-  force—distance curves measured between asf; integrins immobilized
ments) of nominal radius-540 nm and a nominal spring  on an AFM tip and peptide—amphiphile bilayer membranes in 1 mm

constant of 0.58 N/m. The amplitude setpoint was kept as MnCl,. The magnitude of the measured adhesion force is shown by
hiah ible t L the infl f | the arrow. This force profile indicates that adhesion events happen

9 a‘?’ possible 1o mmlm.lze € Iinfluence ol sampile on the surface without any prior molecular extensions.
properties on the topographic contréist.

ogf1 Integrins Immobilization. Purified humanaosf: To minimize the drift effects, AFM was warmed for at least
integrins were purchased from Chemicon International 0.5 h before an experiment. AFM force data were converted
(Temecula, CA) and immobilized according to the protocol to force-distance curves using the DI-AFM software (Nano-
by Kokkoli et al33 Briefly, the integrins were diluted to 5  scope 1lI).
ug/mL in solution containing 1 mM MgGJ 20 mM Tris-
HCl at pH 7.5, and 0.1% Triton X-100, aliquoted, and stored
at —80 °C. The pH of the above solution was adjusted to
7.3 by adding a 0.1 M NaOH solution. Standard 200- Direct force measurements were utilized to characterize
V-shaped silicon-nitride AFM cantilevers (NP-S20) were the adhesive interactions between puxg3; integrins,
washed with ethanol and then placed under a low-wavelengthimmobilized on AFM tips, and peptideamphiphiles that
UV light in the presence of water vapors for 10 min. After mimic the cell adhesion domain of fibronectin, assembled
cleaning, cantilevers were washed with phosphate-bufferedinto monolayers via the LB technique. Collective force
saline (PBS) (Life Technologies, Rockville, MD). Goat measurements were performed at a constant loading rate of
antiserum to mouse 1gG Fc (Cappel, Aurora, OH) was 59.8 nN/s. A typical AFM force-distance curve is presented
physically adsorbed on cantilevers by incubating them in Figure 1. The adhesion events reported in this study are
overnight at 37C and 5% CQwith IgG at a final antibody  surface adhesion events, and the arrow in Figure 1 indicates
concentration of &g/mL in PBS. Cantilevers were then the magnitude of the adhesion force. A small portion of the
washed with PBS and incubated with purified monoclonal force profiles showed a combination of stretching and
mouse anti-human TS2/16 (afli} antibody (Endogen,  unbinding events similar to those reported previoG3ijhe
Woburn, MA), 20ug/mL in PBS, fo 3 h at 37°C and 5%  adhesive interactions betweeag3; integrins and fibronectin
CQ,. After washing with PBS, the cantilevers were incubated mimetic surfaces were studied at the collective level, when
with purified humanas, integrins at 37°C and 5% CQ each adhesion event corresponds to the rupture of multiple
for 2.5 h and washed with PBS before used. The activity of piomolecular bonds.
the integrins was verified via an enzyme-linked immuno-  Specificity was confirmed in two ways: by varying the
sorbent assay te$t.Force measurements were done im- jon concentration (Figure 2) and by using inactive sequences,
mediately after the cantilevers were prepared. such as the GRGESP peptid@mphiphile (Figures 4 and

Adhesion Force MeasurementsSurface force measure- 7) and PEG120 (Figure 7), as negative controls. The role of
ments were performed using a commercial AFM, a Nano- divalent cations in integrin function is demonstrated by the
scope Il (Digital Instruments, Santa Barbara, CA), in contact lack of ligand binding upon removal of cations by chelating
mode h a 1 mMMnCI, solution (unless stated otherwise), agents'’ Furthermore, as mentioned in the Introduction,
at a loading rate defined as the spring constant of the divalent cations can be used to influence integrin activity
cantilever times the velocity of the piezo of 59.8 nN/s, using and function in vitro. The effect of MiT and C&" ions on
standard 20@am V-shaped silicon nitride AFM cantilevers  the as5:—GRGDSP specific binding is shown in Figure 2.
with pyramidal tips (Digital Instruments) of nominal radius The same probe was used for all these measurements. This
5—40 nm and nominal spring constants of 0.06 or 0.32 N/m. graph demonstrates an increase in adhesion in the presence
Data were recorded as the two surfaces, the sample surfacef Mn?" ions and a decrease in the presence offQa a
and the probe tip, were brought into contact and then pulled concentration-dependent manner. Further decrease of integrin
apart. The adhesion force or the “pull-off” force is defined activity is shown upon addition of the chelating agent,
as the minimum force required to separate two surfaces. All ethylenediaminetetraacetic acid (EDTA). To show that this
adhesion force measurements were carried out at roomeffect is reversible, at the end of the experiment the AFM
temperature and at a pH of the MnGblution of 6.4-6.5. cell was flushed wh a 5 mM MnCl, solution and the
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Figure 2. Effect of divalent cations on the specific binding of asf31—
GRGDSP. The same tip was used for these measurements. Each
column is the average of 25—35 measurements. The error bars show
standard deviations and reflect the fact that the number of pairs that
interact every time the two surfaces are brought into contact can vary
from one measurement to another.
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Figure 3. Surface pressure—area isotherms of PHSRN, GRGDSP,
and PHSRN-GRGDSP peptide—amphiphiles on a DI water subphase
at room temperature.

GRGDSP

Figure 4. Adhesion measurements between immobilized asf; inte-
grins and different surfaces in a 1 mM MnCl; solution. Data cor-
respond to the average values of 30—40 force measurements on each
surface. The error bars show standard deviations and reflect the fact
that the number of pairs that interact every time the two surfaces are
brought into contact can vary from one measurement to another. o1
integrins do not bind to the inactive GRGESP surface, which confirms
their specificity for RGD-containing peptides. The binding affinity of
the receptor is decreased for a surface constructed from the new
PHSRN-GRGDSP peptide—amphiphile if compared to the 100%
GRGDSP surface. Pure PHSRN surfaces do not show a significant
adhesion.

collapse pressure indicate the presence of highly ordered and
stable single monolayers, which can be transferred on a solid
support with minimal disruption.

Peptide-amphiphiles with long headgroups may undergo
a phase transition when compressed into monolayers at the
air—water interface, which appears as a “hump” on the LB
isotherm?? When the surface pressure is low (i.e., when there
is more space per molecule), the peptide headgroup may fold
onto itself, thus acquiring a bent configuration. However,
as the monolayer is compressed (i.e., as the area/molecule
is reduced), the headgroups are forced into a straight
configuration, thus resulting in a reduction of the surface
pressure. Figure 3 shows that all three peptidephiphiles
undergo this type of transition. Thus, the ability of longer
peptides to bend at lower surface pressures may be employed

adhesion that was measured appeared to be of the same ordé®" exposing more of the active sequence at the interface.
of magnitude as the one measured at the beginning of the Figure 4 presents force measurements betwegh
experiment for the same concentration of Mp€blution. integrins and surfaces constructed from GRGDSP, PHSRN,
To verify that peptide-amphiphiles form well-organized ~GRGESP, and the new PHSRN-GRGDSP peptide
self-assembled monolayers that can be transferred on @mphiphile in the 1 mM MnGlsolution at room temper-
solid support with minimal disruption, LB isotherms of ature. The GRGESP peptitamphiphile was used here as
pure peptide-amphiphiles were recorded. Figure 3 shows another way to verify specificity. The results show that the
Langmuir isotherms of GRGDSP, PHSRN, and PHSRN- asf: integrins bind preferentially to GRGDSP-containing
GRGDSP peptideamphiphiles at the airwater interface. peptides but not to the surfaces constructed from GRGESP
The surface pressure, which can be interpreted as a measur@mphiphiles. The results also indicate that the new sequence
of the resistance of amphiphilic molecules against lateral gives smaller adhesion compared to 100% GRGDSP.
compression, was detected at surface areas of 13 nm A possible explanation of this behavior may be given after
molecule for pure PHSRN-GRGDSP pepticmphiphiles. analyzing the surface pressui@rea isotherm and deposition
As monolayers were compressed, the surface pressureconditions of PHSRN-GRGDSP (Figure 3). We speculate
increased and at areas of 0-:3242 nni/molecule, which that, when peptideamphiphiles are deposited on a solid
is consistent with closely packed taffsno further compres-  support at surface pressures above the “hump”, only the tip
sion was possible and pure monolayers collapsed at theof the peptide sequence is exposed at the interface because
maximum surface pressure of 61 mN/m for GRGDSP, 56 at high surface pressures closely packed monolayers are
mN/m for PHSRN, and 69 mN/m for PHSRN-GRGDSP formed. The PHSRN-GRGDSP headgroup is long (18 amino
monolayers. The steep slope prior to collapse and high acid residues), and when deposited at the surface pressure
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GRGDSP surfaces deposited at 41 mN/m, but the strength of
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Figure 6. Surface pressure—area isotherms of mixtures of PHSRN-
GRGDSP/PEG120 amphiphilic molecules on a DI water subphase
at room temperature.

adhesion is still smaller than the one for the 100% GRGDSP surfaces,

deposited at corresponding surface pressures. results of the analysis indicate that the height variations

across the PHSRN-GRGDSP surfaces are 39043080 nm

of 41 mN/m (the “solid” region on the LB isotherm) we for a deposition pressure of 22 mN/m, 2.3330.893 nm
hypothesize that PHSRN, the synergy sequence, is buriedfor 32 mN/m, and 2.44Gt 0.676 nm for 41 mN/m. As
within the monolayers and cannot contribute to the interaction expected, surfaces deposited at the lowest surface pressure
between the PHSRN-GRGDSP peptide ang; integrin. of 22 mN/m have the largest height variations. However,
As a result, surfaces containing pure PHSRN-GRGDSP even the maximum height difference of about 4 nm is much
deposited at 41 mN/m give smaller adhesion compared tosmaller than the length of the PHSRN-GRGDSP headgroup
100% GRGDSP surfaces (Figure 4). in a straight conformation, which is approximately 7.3 nm

Thus, to achieve an increase in adhesion betwegh [18 amino acids times 0.37 nm per amino atiglus the
integrins and PHSRN-GRGDSP surfaces, we need to providelength of the (Glu) linker and (Chk spacer}® This implies
more space for the headgroups to bend and expose thdhat, when surfaces are deposited at a lower surface pressure,
bioactive peptide sequence at the interface. Two approacheshe dialkyl tails are not exposed at the interface. Furthermore,
were utilized in an attempt to reach this goal. In the first no holes were observed on the AFM images. Therefore, no
one, PHSRN-GRGDSP amphiphiles were deposited at loweradditional hydrophobic contribution to the adhesion force is
surface pressures, 32 and 22 mN/m, which correspond toexpected.
the “fluid” region on the LB isotherm for this molecule The effect of PEG120 was investigated as a second
(Figure 3). These surface pressure values are on and belowapproach for providing more space for the PHSRN-GRGDSP
the “hump” on the PHSRN-GRGDSP isotherm (Figure 3), headgroups to bend and expose the binding sequence at the
which means that some headgroups of the peptide interface. For this purpose, PHSRN-GRGDSP amphiphiles
amphiphiles may be bent. Results of adhesion force meas-+were mixed with PEG120 amphiphilic molecules at peptide
urements betweerus3; integrins and 100% PHSRN-  concentrations of 25, 50, and 75 mol %. Figure 6 shows the
GRGDSP amphiphiles deposited at various surface pressuresurface pressurearea isotherms recorded at the-airater
are shown in Figure 5. 100% GRGDSP surfaces depositedinterface for mixed monolayers, as well as those for pure
at 41 mN/m and at 22 mN/m were used to compare the PEG120 and PHSRN-GRGDSP. The PEG120 headgroup
performance of the new sequence. As the pressure decreasdéngth is 1.6 nn® and the headgroup of the PHSRN-
an increase in thews$;—PHSRN-GRGDSP adhesion was GRGDSP peptideamphiphile is 7.3 nm. Because the
observed. PHSRN-GRGDSP surfaces deposited at 22 mN/mPEG120 headgroup is smaller than that of the PHSRN-
gave an increase in adhesion compared to PHSRN-GRGDSRGRGDSP, the mean molecular areas measured for mixed
surfaces deposited at 41 mN/m, but the strength of adhesiormonolayers should increase with the molar peptide concen-
is still smaller than the one for 100% GRGDSP surfaces, tratiorf! and isotherms for mixtures should fall between the
deposited at corresponding surface pressures. The reason fagsotherms for pure PEG120 and PHSRN-GRGDSP. The
such a result might be that the PHSRN-GRGDSP head- collapse pressures for the pure PHSRN-GRGDSP monolayer
groups, given more space per molecule, fold or bend over and its mixtures with PEG120 are about 70 mN/m and, for
adjacent molecules and a portion of the active sequence mayEG120, 58 mN/m. These data along with the steep slope
still be buried. prior to collapse indicate that PHSRN-GRGDSP peptide

To verify that lipid tails are not exposed when membranes amphiphiles, lipidated PEG (DSPE-PEG120), and their
are deposited at lower surface pressures and, thus, namixtures possess good assembly properties and arrange
additional hydrophobic interaction is contributing to the themselves into highly organized and stable monolayers upon
adhesion force, height analysis of the surfaces used in thiscompression. Therefore, these monolayers can be deposited
experiment was performed (AFM images not shown). The on a solid support with minimal disruption.
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Figure 7. Adhesion measurements between immobilized asf; inte-
grins and different surfaces in 1 mM MnClI; solution. Each column is
an average of 30—40 measurements on each surface. The error bars
show standard deviations and reflect the fact that the number of pairs
that interact may vary from one measurement to another. asf:
integrins do not bind to the PEG120 and GRGESP surfaces. PHSRN
surfaces give smaller adhesion compared to GRGDSP. Mixtures of
75:25% PHSRN-GRGDSP/PEG120 give an increase in adhesion
compared to pure PHSRN-GRGDSP and a comparable adhesion to
surfaces with pure GRGDSP or 50:50% GRGDSP/PHSRN.

Figure 7 presents force measurements betwegh
integrins and different LB membranes. As discussed previ-

ously, PEG120 has a much shorter headgroup compared tc?
the PHSRN-GRGDSP headgroup and, thus, was used as af

effective way to provide more space for the PHSRN-

GRGDSP to bend and expose more of the active sequenc
at the interface. AFM images of the surfaces (data not shown)

revealed that mixtures at 25:75 mol % PHSRN-GRGDSP/

PEG120 phase-separated and, thus, were excluded from th
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monolayer of PHSRN-GRGDSP/PEG120 and may not be
fully exposed at the interface. Moreover, the linker between
PHSRN and GRGDSP, (S€9, may not be the optimal one
and needs further improvements. Currently, work is being
done to optimize the new sequence taking into account these
two considerations.

It would be desirable to be able to identify the number of
individual bonds involved in each adhesion event. However,
this is not trivial. One would need to know the geometry of
the system, that is, the exact radius of the AFM tip, and the
percentage of integrin surface coverage for every tip.
Unfortunately, the exact radius of the AFM tip is not known
and can vary from 5 to 40 nm according to specifications of
the manufacturer, and there is no easy way to calculate the
integrin surface coverage for every AFM tip considering its
small radius. Thus, a more reliable way to determine the
number of individual bonds involved in each adhesion event
would be to perform single-molecule force spectroscopy and
to identify the force quantum for a single recepttigand
pair. At this point, we have accurately determined the force
guantum for the GRGDSPusf; pair to be 22+ 3 pN at a
loading rate of 59 nN/&3 Therefore, on the basis of adhesion
forces presented at the beginning of the experiment in Figure
7, 73+ 18 individual bonds can be correlated to the adhesion
force measured betweer3;—GRGDSP using tip A, 8%

1 using tip B, and 75- 28 using tip C. However, we cannot
ssume that the same number of receptors are involved in
interactions with every surface in Figure 7. Work is currently

é'n progress to determine the force quantum for the PHSRN-

GRDGSP-asf: pair and, thus, to correlate the number of
individual biomolecular bonds to the adhesion force meas-
gred at the collective level.

adhesion measurement experiments. Our results demonstrate

that asf:1 integrins do not bind to PEG120 and GRGESP
amphiphiles (Figure 7), which confirms specificity. PHSRN

surfaces give smaller adhesion compared to GRGDSP. In

Conclusions

In this study, we have attempted to develop a way to create

PHSRN-GRGDSP/PEG120 mixtures, an increase in adhesiona biologically active membranelike surface that mimics the
is observed as the PEG120 concentration is increased up teell-adhesion domain of fibronectin, in which ligand com-

25 mol % compared to 100% PHSRN-GRGDSP. This result

position and accessibility were used as means to control

verifies our hypothesis that decreased adhesion for 100%interaction with immobilized integrins. For this, a peptide
PHSRN-GRGDSP surfaces was observed because PHSRNmphiphile (Gg)»-Glu-C,-PHSRN(SG)ISGRGDSP was de-

was partially buried within the monolayer. Thus, mixtures signed and characterized that contains both the primary
of 75:25 mol % PHSRN-GRGDSP/PEG120 give an increase recognition sequence fars3; integrins, GRGDSP, and the
in adhesion compared to 100% PHSRN-GRGDSP and synergy sequence, PHSRN. The focus of this study was to
comparable adhesion to surfaces with pure GRGDSP or 50:design and test a linker that would most closely mimic the
50 mol % GRGDSP/PHSRN. AFM images (not shown) of distance and the nature of the space between PHSRN and
the 50:50 mixture of GRGDSP and PHSRN were taken to GRGDSP sequences in the fibronectin molecule. Thus, the
verify that the two peptides are well mixed, and phase (SG)S amino acid combination was used to link the two
separation is not observed. To show that the integrins do bioactive sequences in a single linear peptide formulation,
not lose their activity during the measurements, at the endwhich mimics the hydrophobiehydrophilic nature and the
of the experiment adhesion forces were measured with 30—40 A separation distance between the two sequences in
GRGDSP surfaces and the adhesion force appeared to be ofibronectin.
the same order of magnitude as the one measured at the The specificity of thexss; integrin for the GRGDSP ligand
beginning of the experiment for GRGDSP surfaces. was established by varying the concentration of divalent
Surfaces constructed from 50:50 mol % GRGDSP/PHSRN cations and using an inactive pepticemphiphile (GRGESP)
give slightly higher adhesion compared to 75:25 mol % and PEG120 as negative controls. It was shown that, as in
PHSRN-GRGDSP/PEG120. The reason for such a result maythe case when integrins are incorporated into a cell mem-
be that some PHSRN sites in our new PHSRN-GRGDSP brane, MiA* increased and Ca decreased the adhesion of
sequence may still be partially buried within the 75:25% the immobilizedosf: to GRGDSP amphiphiles and adding
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a chelating agent, EDTA, further reduced integrin activity.
osB1 integrins did not bind to surfaces constructed from either
GRGESP or PEG120.

Mardilovich and Kokkoli

(14) Arroyo, A. G.; Garcia-Pardo, A.; Sanchez-MadridJFBiol. Chem
1993 268 9863-9868.

(15) Tsuchida, J.; Ueki, S.; Takada, Y.; Saito, Y.; Takagi.Xell Sci.
1998 111, 1759-1766.

The new sequence, PHSRN-GRGDSP, gi\/es an increase (16) Fernandez, C.; Clark, K.; Burrows, L.; Shofield, N. R.; Humphries,

in asf; adhesion when compared to pure GRGDSP. This
increase in adhesion was observed when 75 mol % of

PHSRN-GRGDSP amphiphiles were mixed with 25 mol %
of a short amphiphilic molecule (lipidated PEG120), which
was used to provide more space for peptidenphiphiles

to bend and expose more of the active sequence at the
e (22) Ruoslahti, E.; Reed, Nature 1999 397, 479-480.

interface. This result demonstrates that accessibility of th

M. J. Front. Biosci 1998 3, d684-d700.
(17) Mould, A. P.; Akiama, S. K.; Hamphries, M. J. Biol. Chem1995
270, 26270-26277.
(18) Kuo, S. C.; Lauffenburger, D. Biophys. J1993 65, 2191-2200.
(19) Ruoslahti, EAnnu. Re. Cell Dev. Biol. 1996 12, 697-715.
(20) Yamada, KJ. Biol. Chem 1991, 266, 12809-12812.
(21) Johansson, S.; Svineng, G.; Wennerberg, K.; Armulik, A.; Lohikan-
gas, L.Front. Biosci 1997, 2, d126-d146.

(23) Massia, S. P.; Hubbell, J. A. Cell Biol 1991, 114, 1089-1100.

PHSRN sequence is crucial in designing fibronectin-mimetic (24) Massia, S. P.; Stark, J. Biomed. Mater. Re£001, 56, 390-399.
surfaces and can be used as means to control interaction with(25) Cook, A. D.; Hrkach, J. S.; Nicholas, N. G.; Johnson, I. M.; Pajvani,

integrins. Thus, to achieve the highest synergistic effect with

U. B.; Cannizzaro, S. M.; Langer, R. Biomed. Mater. Red.997,
35, 513-523.

a biomimetic surface it is essential that both GRGDSP and (26) kugo, K.: Okuno, M.; Masuda, K.; Nishino, J.; Masuda, H.; lwatsuki,

PHSRN sequences are presented at the interface in appropri-
ate spatial orientation and that both of them are accessible

to a single integrin receptor.

M. J. Biomater. Sci., Polym. EA994 5, 325-337.

(27) Neff, J. A.; Tresco, P. A.; Caldwell, K. Biomaterials1999 20,
2377-2393.

(28) Hubbell, J. L.Curr. Opin. Biotechnal1999 10, 123-129.

The new sequence gives comparable adhesion to surfaces(29) Barerra, D. A, Zylstra, E.; Landsbury, P. T.; LangerJRAm. Chem.

containing 50 mol % GRGDSP and 50 mol % PHSRN. To

maximize thens$;, adhesion, the new sequence needs further

improvement, and currently work is being done to optimize
the sequence and its presentation at the interface.

In summary, when surfaces are functionalized with bio-
macromolecules that mimic the adhesion domain of fibro-
nectin protein the synergy site of the protein is required for

increased adhesion, and this synergistic effect strongly

depends on its accessibility to the receptor.
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