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In this study we have designhed the NTFR peptide-amphiphile that mimics a fragment of the N-terminus of
the fractalkine receptor (GCR1) and specifically targets fractalkine, a novel adhesion molecule expressed
on the surface of inflamed endothelial cells. Bioartificial membranes were constructed from mixtures of
NTFR peptide-amphiphiles and DPPC (1,2-dipalmitsgglycero-3-phosphocholine) phospholipids, and

the affinity and specificity of fractalkine for the synthetic NTFR was investigated with an atomic force
microscope (AFM). Fractalkine was immobilized onto the AFM tips, and forces were collected between
fractalkine and the bioartificial membranes. The adhesive interactions were studied at the collective level,
when each adhesion event corresponded to the rupture of multiple biomolecular bonds. Retraction force
profiles for the fractalkine NTFR system exhibited single or multiple peaks and a small percentage of the
force curves demonstrated stretching of the fractatkid€FR complex. Strong adhesion was measured
when both DPPC and NTFR were present, compared to pure NTFR surfaces. This may be due to the fact
that the DPPC molecule is shorter, and thus it can provide more space for the peptide headgroup to bend
and expose its sequence at the interface. Specificity was demonstrated by comparing theffsddtaikine
adhesion to the forces between thy; integrin (an adhesion receptor expressed on the surface of endothelial
cells) and other surfaces such as GRGDSP (the specific ligangifgy, GRGESP (an inactive sequence),

and NTFR.

Introduction of clinical active stealth liposomes, delivery systems need
to include site-directed surface ligands.

Over the past decade we have witnessed an explosion in o, approach focuses on designing and engineering
research aimed at creating new and improved drug delivery peptide-amphiphiles that specifically target fractalkine, a
systems driven by a strong need in clinical practice. noye| adhesion molecule on the surface of endothelial cells.
Advances in materials science and biotechnology are permit-gr4ctalkine (neurotactin, GXL1) is a recently discovered
ting the development of new physical and chemical methods chemokine present on activated endothelium, epithelium,
of drug delivery. Currently, the main problems associated yengritic cells, and neurofis? It contains a unique C3C
with systemic drug administration are the necessity of a large mtif, with three amino acids between the first two cysteines.
drug dose to achieve high local concentration, adverse sidej, contrast to chemokines that are only present in soluble
effects due to high drug doses, even biodistribution through- form, fractalkine can exist in two forms: either as a
out the body, and lack of specific affinity for the pathological - membrane-bound molecule, where it is anchored to vascular
site* Drug targeting can bring a solution to all these g celis by an extended mucin stalk (Figure 1A) linked to
problems. a transmembrane domain (not shown in Figure 1A), or as a

For two decades the liposome has been portrayed as “thefreely diffusible form (soluble fractalkine). Due to its unique
magic bullet”. A targeting ligand would be immobilized at molecular structure, fractalkine exhibits all the chemokine
the liposome surface, so that it would specifically bind only activities that the other chemokine molecules have and in
to the target tissué.Liposomes have been investigated addition it acts as an adhesion molecule for leukocytes.
extensively and long-circulating liposomes (stealth lipo- Previous studies have shown that the binding of fractalkine
somes) have recently gained increased attention as systemigjith its receptor (C¥CR1) is of high affinity with a
drug delivery vehicles as a result of regulatory approval of dissociation constantkg) of 30—740 pM1°-14 The wide
several liposome-based pharmaceutical products for parenterrange ofKq4 values in the literature is probably due to the
al administratior?: For improvement in site-specific delivery  yse of different experimental systems and assay meftiods.

Fractalkine and its receptor (GER1) may suggest a new
*To whom correspondence should be addressed: e-mail kokkoli@ mechanism of leukocyte adhesion and extravasation at the
cems.umn.edu; fax (612) 626-1185. leuk t dothelial cell interf d defi ¢ t
T University of Minnesota. eukocyte-endothelial cell interface and define new targets
*University of Massachusetts. for development of antiinflammatory agents. More impor-
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A - B In this study bioartificial membranes that mimic the surface

N ] chemokine extracellular \]NTFRpe otide of a liposome are constructed from mixtures of NTFR
domain loope peptide-amphiphiles and DPPC phospholipids. The peptide-

3 amphiphile structure includes a dialkyl ester tail that can be

extracellular domain = N-Terminus ! :
: manipulated to allow control over the length{Ca glutamic

of fractalkine
_ acid (Glu) linker, a -(CH),- spacer, and a headgroup that
- o contains the bioactive sequence. The tails serve to align the
L peptide strands and provide a hydrophobic surface for self-
1"‘"’ association and interaction with other hydrophobic surfaces.
E— The affinity of fractalkine for the synthetic NTFR peptide-
Figure 1. (A) Schematic representation of the extracellular domain amphiphile was investigated with an atomic force microscope

of fractalkine (not drawn to scale). The chemokine domain is sitting

on top of a mucin stalk. (B) Schematic representation of the CXa- (AFM), as this technique is an effeCthQ tool in c.:haract.e.nzmg
CR1 fractalkine receptor (not drawn to scale). The location of the drug delivery system&.For this, fractalkine was immobilized
NTFR peptide on the N-terminus is shown. directly onto the silicon nitride AFM tip and forces were

o o measured between the immobilized fractalkine and bioarti-
tantly, within the vascular system fractalkine is expressed fijcial membranes composed of different concentrations of

only at sites of infection or inflammation; thus it can serve NTER peptide-amphiphiles and DPPC. Specificity was
as a specific target moiety for drug delivery targeting. Our gstaplished by comparing data to the interaction forces
approach will utilize fractalkine as the target site and a petween other adhesion receptors and their ligands. The
peptide that mimics a fragment of the OR1 fractalkine timate goal of this work is to design a drug delivery system

receptor as the magic bullet. that will target only fractalkine and not other adhesion
The N-terminal regions of several chemokine receptors receptors present at the healthy or inflamed endothelium.
are involved in chemokine binding and specificity?! For Therefore, as a first step it is important to show that the

example, chimeric receptors in which the N-terminus of one NTFR bullet will bind only to the target and not to other
chemokine receptor is replaced by that of another have beernreceptors expressed on the surface of endothelial cells.
shown to exhibit specificity dictated by the N-terminal Integrins were chosen as a control system as they are
fragment!®181% In addition, the N-terminal segments of adhesion receptors expressed by healthy and inflamed
chemokine receptors alone may impart significant affinity endothelial cells. For this experiment the receptor of choice
for the ligand'’ These observations have prompted the use was theas; integrin. Bioartificial membranes made out of
of N-terminal receptor-derived peptides to model the interac- GRGDSP (the ligand for thes3 integrin) or GRGESP (an
tion between chemokines and their receptors. Testing of theinactive peptide) peptide-amphiphiles were used to collect
N-terminal peptides of CCR3, CXCR1, and €2R1 by adhesion forces with immobilizedk3; receptors. Adhesion
NMR titration have shown binding to eotaxin or eotaxin-2, measurements studied with experimental tools such as the
interleukin 8 (IL-8), and the chemokine domain of fracta- AFM depend on the loading rate and the number of bonds
lkine, respectively? 2° For the study involving the C;CR1 involved. That is why comparisons between different systems
receptor, a peptide was used that corresponded to residuemeasured with different tips involving different number of
2—19 of the N-terminus of C3CR1 (the NTFR peptide  bonds and at different loading rates are discouraged. Com-
corresponds to residues-20 of the N-terminus of C¥ parisons should be made across different systems only if the
CR1), and its binding with only the chemokine domain of measurements involved correspond to a similar number of
the fractalkine molecule was shown to be relatively weak bonds (thus it is easier to compare single-molecule bonds)
(micromolar to millimolary* compared to the affinity of the  and at the same loading rate. In the present study all meas-
whole receptor CYCR1 for the whole fractalkine molecule, urements, with the fractalkine system and the integrin system,
which is in the range of 36740 pM1%14 A recent study  have been performed at the same loading rate and with tips
demonstrating that CCR1 tyrosine sulfation increases that have similar radii. However, variability from one tip to
fractalkine binding showed that the affinity of the whole another is expected as the nominal radius of the tips can
fractalkine molecule for the N-terminal peptide corresponding vary from 5 to 40 nm according to the manufacturer’s
to residues +20 was high, withKqy = 6.6 nM, and was  specifications. Therefore, qualitative comparisons between
increased approximately 10-fold when the peptide was different tips remain valid; however, quantitative comparisons
sulfated with a SEH, group added to the tyrosine residue should be made only between measurements performed with
(Tyr-14) with K4 = 0.79 nM14 the same tip. For this reason all measurements were
For the development of a fractalkine-targeted drug delivery performed with three different tips, which may have different
system we will focus on the N-terminus of @3R1, the radii, to demonstrate variations from one tip to another.
fractalkine receptor. The design is based on the hypothesis Force measurements were performed at a constant loading
that a peptide-amphiphile that mimics a fragment of the rate of 60 nN/s and the adhesive interactions were studied
N-terminus of the fractalkine receptor (NTFR peptide- atthe collective level, when each adhesion event corresponds
amphiphile) will recognize and specifically bind to fracta- to the rupture of multiple biomolecular bonds. It would be
Ikine, thus localizing only at sites of inflammation or desirable to identify the number of individual bonds involved
infection. Figure 1B gives a schematic representation of the in each adhesion event. However, this is not trivial. One
CX3sCR1 receptor and the location of the NTFR peptide. would need to know the geometry of the system, that is, the
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exact radius of the AFM tip, and the percentage of fractalkine surfaces hydrophobic. The second layer with peptide-
surface coverage for every tip. Unfortunately, the exact radius amphiphiles was deposited in the down stroke. Transfer ratios
of the AFM tip is not known and there is no easy way to for both layers were calculated to be in the range-@18
calculate the fractalkine surface coverage for every AFM indicating that monolayers were deposited on mica surfaces
tip considering its small radius. Thus, a more reliable way with minimal disruption. The resulting supported bilayer
to determine the number of individual bonds involved in each membranes were transferred into glass vials under water.
adhesion event would be to perform single-molecule force Care was taken to avoid exposing the surface to air, as they

spectroscopy in order to identify the force quantum for a
single receptorligand pair and from that to deduce the

number of bonds involved in each adhesion event. In addi-

rearrange to form multilayers.
AFM characterization of the LB films was done with a
Digital Instruments Nanoscope Ill system equipped with a

_tion,single-molecgle AFM measu_rements can be carried outfluid cell for tapping mode (Digital Instruments, Santa
in a range of loading ranges to give a measure of the spon-Barbara, CA). Images were obtained in tapping mode in DI

taneous dissociation (off rate) reaction ratg), as this is

a parameter of prime interest for any biological ligand
receptor system. We, for example, have determine#dte

for the as8:-GRGDSP system, and the results from the AFM
study were in agreement with solution off rates reported for
the asf; integrins?® However, the present paper focuses on
collective (multiple) interactions at a fixed loading rate, and

water, pH 7, by use of standard 1@@n V-shaped silicon
nitride AFM cantilevers with pyramidal tips (Digital Instru-
ments) of nominal radius -540 nm and nominal spring
constant 0.58 N/m. The amplitude set point was kept as high
as possible to minimize the influence of sample properties
on the topographic contrast.

Fractalkine Immobilization. Fractalkine molecules were

in general, an increase in the adhesion force measured hergymaobilized on AFM cantilevers by functionalizing the AFM

corresponds to an increase in the affinity of the system.
Our results demonstrate that the receptor mimicking

tips with a monoclonal antihistidine antibody that specifically
recognized the polyhistidine epitope tag at the end of the

peptide-ampiphile (NTFR peptide-amphiphile) can serve as mucin domain of fractalkine, thus presenting the chemokine

a bullet for fractalkine targeting and can effectively func-
tionalize the exterior of liposomes for targeted drug delivery

domain of fractalkine at the interfaé.For this, AFM
cantilevers were first washed with ethanol and then placed

applications. Current work in our lab focuses on engineering ynder a low-wavelength UV light in the presence of water

stealth liposomes [liposomes covered with poly(ethylene
glycol)] that will utilize the NTFR peptide-amphiphile as a
bullet to specifically target fractalkine expressed on the
surface of inflamed endothelial cells.

Materials and Methods

Preparation and Characterization of Bioatrtificial Mem-
branes. DSPE (1,2-distearoydnglycero-3-phosphatidyle-
thanolamine) and DPPC were obtained from Avanti Polar
Lipids, Inc. (Alabaster, AL). The peptide headgroup NTFR
(GIn-Phe-Pro-Glu-Ser-Val-Thr-Glu-Asn-Phe-Glu-Tyr-Asp-
Asp-Leu-Ala-Glu-Ala) corresponds to residues?) of the
N-terminus of CXCR1 (SWISS-PROT accession humber
P49238). The peptide amphiphiles 1{5-Glu-C,-NTFR,
(C16)2-Glu-C,-GRGDSP, and (6)2-Glu-C,-GRGESP were
synthesized according to literature protoé8lshese peptide-
amphiphiles will be referred as NTFR, GRGDSP, and
GRGESP, respectively, in the remainder of the text.

vapor for 30 min. After cleaning, cantilevers were washed
with phosphate-buffered saline (PBS) (Life Technologies,
Rockville, MD) and incubated overnight with a 1@/mL
solution of monoclonal antihistidine antibody (R&D Systems,
Minneapolis, MN) in 50 mM Tris-HCI (pH 9.5) at 4C.

The cantilevers were then washed with PBS and incubated
with human fractalkine (1.2Bg/mL in PBS) with a carboxy

tail polyhistidine epitope tag (R&D Systems, Minneapolis,
MN) for 2 h at room temperature. The cantilevers were
washed with PBS and used immediately.

osf: Integrin Immobilization. Purified human osf,
integrins were purchased from Chemicon International (Te-
mecula, CA) and immobilized according to the protocol that
was described elsewhete.

Adhesion Force MeasurementsSurface force measure-
ments were performed on a commercial AFM, a Nanoscope
[l (Digital Instruments, Santa Barbara, CA), in contact mode
at a loading rate, defined as the spring constant of the
cantilever times the velocity of the piezo, of 60 nN/s, by

Pure peptide-amphiphiles were dissolved at approximatelyuse of standard 20@m V-shaped silicon nitride AFM

1 mg/mL in a 99:1 chloroform/methanol solution and stored

cantilevers with pyramidal tips (Digital Instruments) of

at 4°C. The solution was heated to room temperature prior nominal radius 540 nm and a nominal spring constant of

to use. LangmuirBlodgett (LB) technique was used to
create supported bioactive bilayer membranes. LB film
depositions were done on a KSV 5000 LB system (KSV
Instruments, Helsinki, Finland). All the depositions were
done at 4145 mN/m, which is well below the collapse

0.06 N/m. Data were recorded as the two surfaces, the sample
surface and the probe tip, were brought into contact and then
pulled apart. The adhesion force or the “pull-off” force is
defined as the minimum force required to separate two
surfaces. All adhesion force measurements were carried out

pressure of 63 mN/m. The pH of the water subphase, whenat room temperature and at pH 6.3. To minimize the drift

necessary, was adjusted to 10 by adding 30%,OHH

effects, AFM was warmed for at least half an hour before

Deposition speed for both the up and down strokes was 1an experiment. AFM force data were converted to ferce

mm/min. Freshly cleaved mica disks of radius 7.5 mm were

distance curves by the DI-AFM software (Nanoscope ).

used as substrates for the supported bilayer membranes. Th&éhe hydrodynamic drag force was included on all force
DSPE layer was deposited first at the upstroke to make micameasurements.
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Figure 2. Structure of the NTFR peptide-ampbhiphile.
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Figure 4. Effect of deposition pressure and pH of the water subphase
on adhesion between immobilized fractalkine and NTFR amphiphiles
measured in DI water at pH 6.5—7. Data correspond to the average
value of 75—100 force measurements on each surface. The error
bars show standard deviations and reflect the fact that the number
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3

\\\k/\ of pairs that interact every time the two surfaces are brought into

20 \ oS contact can vary from one measurement to another. Deposition

15% NTFR R conditions do not seem to affect adhesion, within the standard

10 1 85% DRPC -359 NTFR * deviation of measurements, with the exception of IT = 45 mN/m and

65% DPPC 50% NTFR “~75% NTFR .
, | 100%oeeC “\\50%DPPC__ 25% DPPC pH = 10, where there is a small decrease.
o 0.5 1 15 2 25 3 35 4

Area (nnimolecule) case of NTFR-DPPC mixtures. This hump has also been
Figure 3. Surface pressure—area isotherms of NTFR peptide- observed on the isotherms of NTFR peptide-amphiphiles with

amphiphiles and DPPC on a DI water subphase at pH 10 and room
temperature.

mixtures of lipidated short poly(ethylene glycol) (PEG120)
molecules’® Previous studies have shown that peptide-
amphiphiles with long headgroups undergo a phase transition
A schematic diagram of the NTFR peptide-amphiphile is as their headgroups change conformations from a globular
shown in Figure 2. As a first attempt the NTFR peptide was or folded conformation to an extended one when compressed
connected to the spacer at its N-terminus. Future designsinto monolayers at the atwater interface, which appears
will connect the NTFR peptide to the spacer at its C-terminus. as a “hump” on the LB isother##:3
The NTFR peptide-amphiphiles need to be able to assemble The effect of deposition parameters, such as pressure and
with the DPPC phospholipids in order to be incorporated in pH, on the adhesion strength of the NTFRactalkine
the membrane of liposomes with minimal disruption. The system is shown in Figure 4. For that, pure NTFR membranes
assembling properties of the NTFR peptide-amphiphile with were deposited at different combinations of deposition
different mixtures of DPPC were characterized by measuring pressure II) and water subphase pH and forces were
pressure-area LangmuirBlodgett isotherms (Figure 3). A collected between these surfaces and immobilized fractalkine
Langmuir isotherm of an amphiphile at the -awater at pH 6.5-7 (so that all measurements were performed at
interface can be considered a two-dimensional analogue tophysiological range). Two different pressures and pHs were
pressure-volume isotherms in three-dimensional space. For used. The deposition pressure of 45 mN/m corresponds to
the pure NTFR isotherm, a large expanded phase wasthe condensed phase and the deposition pressure of 20 mN/m
detectable at 3.6 ntfmolecule that underwent a noticeable to the expanded phase. Two different pH values of 7 and 10
transition at 1.38 nAtmolecule and was compressed into a were used for the water subphase. With the exception of
condensed phase at surface pressures larger than 25 mN/raurfaces that were prepared at a deposition pressure of 45
before it collapsed above 60 mN/m. For the NFHRPPC mN/m and pH 10, which showed a small decrease in
mixtures, the surface pressure gradually increased as theadhesion, all other surfaces gave comparable adhesion
NTFR—DPPC monolayers were compressed, and at surfacestrength within the standard deviations of the measurements.
areas of 0.330.38 nn¥/molecule no further compression was Therefore a preparation method was followed where the pH
possible and the mixed monolayers collapsed at a maximumof the water subphase was kept at 7 and the deposition
surface pressure of 6663 mN/m (72 mN/m for the pure  pressure was at 45 mN/m that corresponds to a solidlike well-
DPPC). The value of 0.330.38 nn#/molecule is in agree-  ordered monolayer.
ment with that of closely packed taité.Therefore, this The affinity of fractalkine for the synthetic NTFR peptide-
number serves as a confirmation that pure amphiphiles areamphiphile was investigated by measuring their adhesion
successfully placed on the interface. The high collapse force. Retraction AFM forcedistance curves, after the
pressures indicate the presence of highly ordered and stabldractalkine-100% NTFR surfaces were in contact, are shown
monolayers. These data confirm that NTFR, DPPC, and theirin Figure 5. Figure 5A shows two kinds of force profiles.
mixtures possess high assembly properties. Curve 1 shows a single peak and therefore in this case all
Figure 3 shows that there is a “hump” on the isotherms bonds involved in this adhesion event break simultaneously.
of the peptide-amphiphiles that is more pronounced in the Curves 2 and 3 in Figure 5A show a stepwise profile. In

Results and Discussion
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30 A is equal tokd ., wherek; is the elasticity of the system. A
25 § value of 0.37 nm was used fgrwhich is the contour length
20 of a peptide residu#. If the persistence length was also

allowed to vary in the fitting, theh= 0.374+ 0.02 nm. Four
different peaks were measured and the fits to the data gave
the following valuesl. = 28.8+ 5.3 nm,ks; = 51.7 £

054 6.2 pN/nm;Lc; = 57.4+ 4.4 nm,ks; = 49.7+ 18.1 pN/nm;

Force (nN)
5

1 Distance (nm)

Les = 72.6+ 1.7 nm,ks3 = 63.6 + 26 pN/nm; andL¢4 =
83.4 £ 2.9 nm, kg = 95.7 £ 38.9 pN/nm. In a force
extension curve the first fit represents the length of the
molecule before any unfolding occu¥sThe first fit to our
data gave a contour length bf; = 28.8+ 5.3 nm, which

25 corresponds to the length of the folded fractalkifeTFR
complex. The length of fractalkine is 29 Afand the length

of the NTFR peptide is approximately 6.6 nm (18 amino
15 acids x 0.37 nm/amino acid). The fit to the second peak

%10 gave a contour length of., = 57.4 + 4.4 nm, which
5 corresponds to an increment of approximately 28.6 nm from
Distance () the first peak and is due to the unfolding of a protein domain.
nce .
The length of 28.6 nm corresponds to the stretching of
100 120 140 77 amino acids and we speculate that this may be due to the
N unfolding of fractalkine’s N-terminal chemokine module that
0 has 76 amino acidsThe third peak gave an increment of
Figure 5. (A) Retraction force—distance curves between immobilized approximately 15.2 nm from the second peak and corre-
fractalkine molecules on the AFM tip and NTFR peptide-amphiphile sponds to the unfolding of 41 amino acids of the stalk region,
bilayer membranes measured in DI water at pH 6.5—7 and at a and the fourth peak added 10.8 nm to the length of the
loading rate of 60 nN/s. Curves 1 and 2 have been measured with | hich ds t ' dditi | stretch of 29
the same tip and surface. (B) Force extension curves for the comp ex,_w ICh corrésponds to an additional stréic O
fractalkine—NTFR complex. These two curves were collected with amino acids. Thus, the last two peaks showed stretching of
the same tip and surface in DI water at pH 6.5—7 and at a loading a total of 70 amino acids from the mucin domain, which is

rate of 60 nN/s. The dotted lines are the modified WLC fits to the

! less than the total number of 241 amino acids in the stalk
experimental data.

region® The elasticity of the folded fractalkireNTFR

this case the ligandreceptor pairs do not break at once but €OmMplex was found to b&,; = 51.7 & 6.2 pN/nm. The
in multiple steps, thus producing a stepwise return to zero elasticity of the system is a measure of its extensibility and

force. These separation profiles are independent of the tip€@n e thought as the spring constant of the system. A direct
used. For example, curves 1 and 2 were collected with the COrrelation between the elasticity of the system and the
same tip and surface. Thus, the same tip can give rise to amolecular spring constant of a single recepttgand pair -
single peak or multiple peaks, indicating that every time the 1S difficult to obtain since the number of bonds involved is
tip and surface are in contact a different number of pairs Unknown.
can interact that may or may not break simultaneously. The AFM adhesion forces between fractalkine molecules
fact that at every adhesion event the number of bondsimmobilized on the AFM tip and membranes of NTFR
involved is not constant gives rise to the standard deviations peptide-amphiphiles mixed with DPPC demonstrated strong
in the adhesion forces reported in this study. A small adhesion for the synthetic NTFR molecule, but the fracta-
percentage of force measurements (about 4%) showedkine—DPPC adhesion was minimal (Figure 6). The adhesion
stretching of the fractalkineNTFR complex. Two force  was increased for surfaces that had both NTFR and DPPC
profiles that demonstrate stretching are shown in Figure 5B. phospholipids, especially for the concentration of 75%
Four different models of polymer elasticity were used to fit NTFR—25% DPPC, compared to 100% NTFR. Since the
the data: the wormlike chain (WLGCY,the freely joined DPPC alone did not show any adhesion with the fractalkine,
chain (FJC}8 the modified WLC?® and the modified FJC  we speculate that the increased adhesion in the case of the
model#° The best fit to the data was given by the modified 75% NTFR-25% DPPC surfaces is due to the shorter DPPC
WLC model (dotted lines in Figure 5B): providing more space for the NTFR headgroup to bend and
expose the full sequence at the interface versus the 100%
1kgT\V2  E NTFR interfaces, which were more compact. This result is
X(F) = LC[l_E(ﬁ) *s @ in agreement with previous work that showed that the
presence of a shorter molecule at the interface can provide
wherex is the extensionF is the external forcel. is the more space for the peptide-amphiphile headgroup to bend
contour length, which is equal @, nis the total number of  and expose the binding sequence, thus increasing the
statistical segmentéjs the persistence length (the length of adhesior#® However, as the DPPC concentration increased
the statistical segmentlg is the Boltzmann constant, is to 50%, the adhesion was still higher compared to the 100%
the temperature, arfdlis the elastic stretch modulus, which  NTFR surface but smaller compared to the 75% NF-R
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12 ) — (CHy), spacef] and the DPPC headgroup was found to be
o 1.154 0.15 nm for solid-phase monolayéfsSmall dark
| wmer areas of an average depth of 8#%.92 nm were observed
on the 100% NTFR monolayer that was deposited at pH 10
(Figure 7D). We speculate that these areas correspond to
06 - 1 missing peptide-amphiphile molecules within the monolayer
i since the total theoretical length of the fully extended NTFR
04 . peptide-amphiphile was calculated to be 8.88 nm (7.36 nm
J | for NTFR headgroup plus 1.52 0.1 nm for a C-16 chain
thickness in a solid-phase monolaifer
e To test the specificity of the NTFR peptide-amphiphile
100%NTFR  75%NTFR25%DPPC SO%NTFRSO%DPPC  100%DPPC for fractalkine, adhesion forces were collected between
Figure 6. Adhesion measurements between immobilized fractalkine fractalkine and an adhesion receptor that is also expressed
and different surfaces measured in DI water at pH 6.5—7. Each on the surface of endothelial cellss(3; integrins) and
column is the average of 30—50 measurements on each surface. The o ! o
error bars show standard deviations and reflect the fact that the membranes composed of 75% NTFR and 2_5/0 DPPC (the
number of pairs that interact may vary from one measurement to surface composition that demonstrated the highest adhesion
another. Fractalkine does not bind to the DPPC surfaces. Mixtures in Figure 6). Figure 8 shows that the mean adhesion force
of 75% NTFR~25% DPPC give an increase in adhesion compared of NTFR for fractalkine is about-34-fold stronger compared
to pure NTFR. . . .
P to the mean force measured for dgh; integrin. In addition,

250 DPPC. The observed decrease in adhesion from 7594ractalkine does not bind to surfaces that have only DPPC
NTFR-25% DPPC to 50% NTFR50% DPPC could be ~ Phospholipids, as shown in Figure 6.

due to the possibility that the higher concentration of DPPC ~ To confirm that the strength of adhesion measured between
at the interface increased the chances for fractalkine toNTFR and the integrin is not comparable to the specific

interact with the DPPC and thus for the overall adhesion to interaction between thes/: receptor and its ligand (GRGD-

decrease since the DPPC molecules did not show any affinity SP), forces were collected betweerp: integrins and the
for fractalkine. following surfaces: GRGDSP, GRGESP (an inactive pep-

he fide, used as a negative control to demonstrate lack of

supported bioartificial membranes constructed from NFFR ~ SPecificity for the integrins), NTFR, and 75% NTFR5%
DPPC mixtures and verify miscibility of these amphiphilic I_DPPQ Figure 9 demonstrates that the_ NT—RBﬂl interac-
molecules. Figure 7 presents topography and phase AFMUON is much smaller than the specific GRGDSES,
images of pure NTFR surfaces and NTFRPPC mixtures mteracnqq apd is of the same value or smaller than t_he
that were deposited at pH 7 and 10. All images were taken nonspecific interaction m_easur_ed between the inactive
at room temperature in tapping mode in DI water at pH 7. SRGESP andisfs. In addition, Figures 8 and 9 show that
Phase imaging provides clearer observation of fine featurest® NTFR-fractalkine adhesion is comparable to the interac-
often not revealed by topography and can also act as a realHio" Of the adhesion receptogf; with its ligand GRGDSP.
time contrast enhancement technique. Additionally, phase

imaging can detect variations in composition, friction, Conclusions

viscoelasticity, and other properties within the sample, but

it cannot provide accurate information about the height of  In this study we have designed and engineered a peptide-
the objects. AFM images of the 100% NTFR (Figure 7A), amphiphile that specifically targets fractalkine, an adhesion
75% NTFR-25% DPPC (Figure 7B), and 50% NTFRB0% molecule expressed on the surface of inflamed endothelial
DPPC (Figure 7C) surfaces deposited at pH 7 showed thatcells. For the development of a fractalkine-targeting peptide-
the surfaces are smooth and in addition the absence of anyamphiphile we focused on the N-terminus of {OR1, the
features on the phase images of the mixed NFERPC fractalkine receptor. The design was based on the hypothesis
monolayers demonstrated that the NTFR and DPPC formedthat a peptide-amphiphile that mimics a fragment of the
well-mixed interfaces at these concentrations. For compari- N-terminus of the fractalkine receptor (NTFR peptide-
son, AFM images of the 100% NTFR, 75% NTFR5% amphiphile) will recognize and specifically bind to fracta-
DPPC, and 50% NTFR50% DPPC surfaces deposited at Ikine.

pH 10 are shown in Figure 7BF, respectively. Cross- Bioartificial membranes were constructed from mixtures
sectional analysis of the height images for 75% NF28% of NTFR peptide-amphiphiles and DPPC phospholipids, and
DPPC (Figure 7E) and 50% NTFR0% DPPC (Figure 7C)  the affinity and specificity of fractalkine for the synthetic
indicated that the height differences between the shorterNTFR peptide-amphiphile were investigated with an AFM.
(DPPC) domains, shown with a dark color, and the taller Fractalkine was immobilized directly onto the silicon nitride
(NTFR) domains, shown with a light color, are 3.460.50 AFM tip, and forces were collected between the immobilized
nm, which is within the upper limit of the 6.2 nm height fractalkine and bioartificial membranes composed of different
difference between the NTFR and DPPC for fully extended concentrations of NTFR peptide-amphiphiles and DPPC.
headgroups. The NTFR headgroup was calculated to be Results demonstrated that the adhesion measured was
approximately 7.36 nm [18 amino acids 0.37 nm/amino independent of the deposition conditions used to prepare the
acid plus 0.7 nm for the length of the (Glu) linker and bioartificial membranes for the range of conditions that was

Fadh (nN)

0.2

0

AFM was used to characterize surface topography of t
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Figure 7. Height (left) and phase (right) images (tapping-mode AFM in DI water at pH 6.5—7) of NTFR—DPPC mixtures, deposited at room
temperature. All images are 10 x 10 um with the exception of image F, which is 15 x 15 um. Third-order flattening was applied to all the
images. (A) 100% NTFR deposited at pH 7. (B) 75 mol % NTFR and 25 mol % DPPC deposited at pH 7. (C) 50 mol % NTFR and 50 mol %
DPPC deposited at pH 7. (D) 100% NTFR deposited at pH 10. (E) 75 mol % NTFR and 25 mol % DPPC deposited at pH 10. (F) 50 mol %
NTFR and 50 mol % DPPC deposited at pH 10. (G) 15 nm scale bar for all height images. (H) 5° scale bar for all phase images.
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Figure 9. Adhesion measurements between immobilized asf; inte-

Figure 8. Adhesion measurements between surfaces with 75%
grins and different surfaces in 1 mM MnCl; solution at pH 6.5—7.

NTFR—25% DPPC and AFM tips functionalized with asf; integrins

or fractalkine. The measurements with the integrins were performed
in 1 mM MnClI, solution at pH 6.5—7, as Mn?* ions have been shown
to activate isolated osp; integrins.*> Measurements with fractalkine
tips were collected in DI water at pH 6.5—7. Each column is the
average of 30—50 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. The NTFR

Data correspond to the average value 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. asf; integrins bind strongly to their specific ligand,
GRGDSP. The integrins do not bind to the inactive GRGESP surface,
NTFR, or 75% NTFR—25% DPPC surfaces.

binds preferentially to fractalkine.

the NTFR-DPPC surfaces is due to the shorter DPPC
examined. Therefore, a protocol was followed that allowed ,5iecules giving the NTFR headgroup space to bend and
the preparation of membranes at a physiological pH and agynose the full bioactive sequence at the interface, which
high enough pressure that gave rise to solidlike well-ordered 4,o\vs increased adhesion to fractalkine.
interfaces.

The NTFR-fractalkine force profiles gave rise to a single
or multiple peaks that were independent of the tip used and .
demonstrated that the number of bonds involved in every another _adhe3|on recep tor gxpresseq on the surface of
adhesion event can vary and that multiple bonds may breakendothehal cells, theisf integrin. Adhesion measurements

simultaneously or in multiple steps. A small percentage of were co!lected between the. ?nt(.egrin and the following
force profiles (about 4%) demonstrated stretching of the surfaces: GRGDSP (the specific ligand &f;), GRGESP

NTFR—fractalkine complex. A total of four different peaks (& inactive peptide that served as a negative control), NTFR,

were measured, and fits to the modified WLC model showed and 75% NTFR-25% DPPC. A comparison of these

that the first peak corresponded to the length of the NFFR measurements to the interaction of fractalkine with 75%
fractalkine complex, the second peak to the unfolding of NTFR=25% DPPC surfaces demonstrated that the NTFR

fractalkine’s chemokine domain, and the third and fourth Peptide-amphiphile binds preferentially to fractalkine with
peaks to the unfolding of portions of the mucin stalk. an affinity that is comparable to they5,~GRGDSP specific

A ratio of 3:1 NTFR:DPPC phospholipid gave the highest nteraction.
fractalkine adhesion, even better than 100% NTFR (a detailed Our results demonstrate that the receptor-mimicking NTFR
analysis on the effect of the DPPC concentration on the peptide-amphiphile self-assembles with phospholipids and
NTFR—fractalkine adhesion was beyond the scope of this gives a strong interaction with fractalkine. Upon further
study). Since the DPPC molecules did not show any adhesiontesting, the NTFR could be used as a magic bullet for
with fractalkine, we propose that the increased adhesion for selective drug delivery to fractalkine.

The specificity of the NTFR for fractalkine was examined
by comparing the NTFRfractalkine interaction to that of
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