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Active Spatiotemporal Control of Arg-Gly-Asp-Containing Tetradecapeptide
Organomercaptans on Gold with In—Plane Electrochemical Potential Gradients

Introduction

Cellular adhesion to the extracellular matrix (ECM) influences
the shape, growth, motility, and metabolism of céfi3.One
goal of research in this laboratory is to control cell migration
by manipulating the chemical environment presented by the
ECM. Gradients of ligands for cell membrane receptors, such
as the integrins, are the directing force in cellular haptotaxis in
nature?—° being able to modulate the average speed of cell
locomotion, for examplé®15 Systematic variation of cell-
substratum adhesion strength has most commonly been achieve
by moderating the surface density of ECM protélifis which
the tripeptide sequence arginine-glycine-aspartic acid (RGD) is
a common motif competent to induce recognition of the ECM
protein by cell membrane receptors from the integrin super-
family.16-1° However, much of the previous work on ECM
effects has addressed the effect of spatially uniform ligand
density distributions of on-cell-substratum interactions. Clearly,
the creation and quantitative characterization of nonuniform
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Surface immobilized peptides and proteins containing the tripeptide sequence Arg-Gly-Asp (RGD) are of
interest because of their ability to bind to members of the integrin superfamily of cell-surface receptors and
thereby direct cellular haptotaxis. Two-component counterpropagating gradients of organothiols terminated
with an RGD-containing tetradecapeptide and the cell-adhesion-resistant thiol, mercaptoundecanol (MUD),
were electrochemically generated by coupling in-plane electrochemical potential gradients with the
electrosorption reactions of organothiols to vary the composition laterally. One- and two-component gradients
formed from model alkanethiols and peptide-terminated thiols as a function of local composition were probed
by spatially resolved electrochemical stripping analysis and Fourier transform infrared external reflection
spectroscopy (FTIR-ERS), using the IR spectra to map the local composition and the shift in desorption peak
potential, E%es to assess the degree of surface heterogeneity. The measured lateral composition profiles,
I'(x), are well-described by a linear potential gradient model. However, because the two-component gradients
are formed in a two-step process, in which a full monolayer of the first component is desorbed in a spatially
dependent manner, there is a lower density of adsorbate molecules remaining in the transition region due to
partial desorption of organothiols leading to less organized molecular packing.

changing the exposure time to laser irradiafiband a microf-
luidic system has recently been used to generate surface and
solution gradients of laminin in order to study neuronal
growth?25:26

Recently, spatiotemporal control over surface composition
has been achieved in our laboratory by coupling dynamically
controllable electrochemical potential gradients with electrosorp-
tion reactions of organothiols to vary the composition profile
of one- or two-component SAMs lateraRy.3! This develop-
Hwent opens the way to control the lateral distribution of
nterfacial properties by melding compositional tailoring with
surface patterning. The advantage of the electrochemical ap-
proach is that the positions and widths of the gradients are
readily controllable in both space and time, even after initial
formation. Gradients in surface potential are formed by the
injection of an in-plane current in a thin (5 nsnd < 80 nm)
Au film according to

xip(l)

RGD distributions with controlled characteristics will be key V(X)) =V, + [ == 1)
to enhanced understanding of cellular adhesion and motility. ° A

Creating well-defined gradients in surface composition to
study cell adhesion and motility has proven to be a substantial

where V(x) is the local surface potential, is the offset

experimental challeng® The approach taken here exploits the potential,i is the injected currenf is the cross-sectional area

fact that SAMs formed by the adsorption of alkanethiols on
Au are structurally well-defined and allow wide flexibility in
attaching and patterning ligands. Several methods have bee

of the Au film, andp(l) is the local film resistivity at position
I. The position and width o¥/(x) can be controlled by tuning
nVo andi, respectively. In principle, any electrochemical reaction

demonstrated that use SAMs to generate gradients in surface”@" be mapped directly onto the surface of the working

properties, including photoimmobilization of peptides on SAMs
and reaction-cross diffusidd2R-Phycoerythrin gradients have
been created using a heterobifunctional photolinking agent by

electrode, because reactions only occur at spatial locations where
the local potential is favorable. For example, applying a potential
gradient, which spans the reductive desorption and oxidative
adsorption potentials of a SAM of a thiol, RSH, results in a

*To whom correspondence should be addressed. E-mail: bohn@ Surface composition profild;rsi(X), which proceeds from bare
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Au on one end to full coverage of thiol at the other end. This
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strategy creates a composition gradient in one component, thethiol, 1, and 11-mercaptoundecanol (MUD), the latter being
originally adsorbed organothiol RSH. Then immersing the one- resistant to protein adsorptiéf.3 FTIR reflection spectroscopy
component gradient in a solution containing a second thiol, is used to map the variations in composition as a function of
R'SH, results in adsorption of'BH on the exposed bare Au  position for comparison between the biologically active gradients
area to form a two-component gradient which contains primarily of 1 and the model gradients characterized electrochemically.
RSH at one end, BH at the other, and counterpropagating
gradient concentrationg,rsn(X) = 1 — T'rs(X), Of the two Experimental Section
components in the intermediate areas. Changing the terminal
group, therefore, allows fabrication of two-component systems  Materials. The RGD-containing thioll, was synthesized by
with spatially graded chemical and physical properties. The peptide coupling mercaptoundecanoic acid to the amine terminal
placement of the transition region between the two componentsof the tetradecapeptide,,N-GGGGGAGRGDSPAA-COOH,
is dependent on the value of desorption peak poterifaks synthesized at the University of lllinois at Urbana-Champaign
for the first thiol, RSH. Biotechnology Center. The measured molecular mass was
To better understand what factors affect the range and spatiall285.9 Da. 11-Mercaptoundecanol (MUD), hexadecanethiol
dispersion properties of achievable composition distributions, (HDT), and 3-mercaptopropanoic acid (MPA) were purchased
it is important to characterize the spatial variation of chemical from Aldrich. KOH, Optima grade methanol (MeOH), and
and physical properties in the transition region. Contact angle 2-propanol were purchased from Fisher Scientific. Absolute
measurement and sulface plasmon reflectometry imaging haveethanol (EtOH) was purchased from Aaper Alcohol and Chemi-
been used to map the wettability and resonance variation of cal Company. All reagents were used as received.

hexadecanethiel3-mercaptopropanoic acid (HBIMPA) gra- either glass slides, for FTIR study, or single-polished silicon
dients have been acquired by pulsed-forced-mode atomic force(100) wafers, for electrochemical stripping analysis of gradients.
microscopy (AFM) with chemically derivatized AFM ti8In Prior to metal deposition, slides and wafers were cut intoc12

addition, aromatic thiols and amine-terminated thiol gradients 5o mm pieces and cleaned in a freshly prepared Piranha solution

have been spatially profiled by surface-enhanced Raman(4:1 H,SQ,/H,0, Caution: Piranha solution is aigorous

spectroscopy and fluorescence microscopy, respecti#éhyn oxidant and should be used with extreme caujidihe slides

all of these investigations both the chemical composition and g wafers were then rinsed thoroughly with double-deionized

physical properties vari(_ad as predicted by a combination of eq H,0 and 2-propanol and blown dry with,NThe samples were

1 and the Nernst equation. then immediately transferred to the evaporation chamber.
The present investigation focuses first on characterizing the chromium (1 nm) was evaporated to promote adhesion of Au

packing structure variation of alkanethiol gradients, and then 5 poth glass and silicon substrates, followed by evaporation

developing RGD-containing gradients wh_ich are m.apped.by of 50 nm of Au. Samples were stored under Béfore use.
FTIR-ERS. On the basis of the electrochemical potential gradient Gradient Formation. SAMs of 1 and HDT were prepared

formation protocol, one can expect that molecular packing will by immersing Au films in either 2aM 1 in 1:1 EtOH/HO for
vary through the transition region. Electrochemical stripping 24 h or a 1 mMEtOH solution of HDT for 1 h, respectively. A

analysis is used to probe the lateral variation of packing Strucwrebipotentiostat (Pine Instruments model AFCBPI) employing a

for both one-compongnt anq tvx{o-componen'g grad|ents. BecauseAg/AgC| reference electrode and a Pt mesh counter electrode
the reductive desorption stripping peak positiBhyes of thiol

. e oS was used to apply the desired electrochemical potentials to the
fr?el\r/lns; cgfﬁﬁgfasctlignp?frtsocvittﬁ ifii‘gvfh;ﬂtgizugg:fct?\fethe two ends of the working electrode in deaerated 0.25 M KOH/
interaction$?3E0escan be used to probe the degree of ordering MeOH. The in-plane electrochemical potential presented by the

and the variations of molecular packing in electrochemicall Au film has been shown previously to be a linear function of
. variations X Pe 9 y position?® Typically, SAMs of HDT andl were electrolyzed
derived composition gradients. Initially, model two-component

. . X for 1 and 30 min, respectively, to achieve one-component
giralcg)e r:r? dcgmﬁgzﬁgiﬁf é_ﬁg?&;g?g;)r(gsgﬁgicgggh:\(ﬂ) :Q/ZDT gradients. After electrolysis, the samples were quickly removed

from the electrolyte solution, rinsed with MeOH, and reim-
0 ) H
3) SAMs were formed, and"es was mapped through the mersed in a solution of a second thiol (MUD or MPA) for 1
transition region.

. . min to form two-component gradients. Gradien m f
To apply the electrochemical potential method to create to form two-component gradients. Gradients composed o

gradients of molecules which control haptotaxis, it is necessary YMUD and HPT/MPA were prepared |.n this manner,
to understand in detail how composition varies spatially, and  El€ctrochemical MeasurementsCyclic voltammetry was
especially how the electrochemical and structural properties of Performed by scanning between 0 and.3 V at 100 mV/s vs
the gradient constituents vary laterally. To this end, experiments & AG/AgCI reference electrode and a Pt mesh counter electrode
are reported here which characterize structural order in the " 0-25 M KOH/MeOH electrolyte, after purging the cell with
gradient transition region by spatially mappiEesas a function A" for 10 min. For electrochemical stripping analysis of
of position and assess our ability to form two-component grao_llents, each gradient sample was diced into 10 pieces, and
gradients of an RGD-containing tetradecapeptide-terminated €Y¢lic voltammetry was performed on each piece.

FTIR External Reflection Spectroscopy.Fourier transform

infrared external reflection (FTIR-ERS) spectra were acquired

H
HS(HgC)mGGGGGAG\[rH i N,\rrk] i ﬁ(” using a Digilab FTS-60A spectrometer (Bio-Rad, Cambridge,
o H 5 N o ’Hr“ Q MA) equipped with a Harrick Scientific “Seagull” reflection
OH 0N j/LOH accessory set to 82and a liquid nitrogen cooled MCT detector
NH © o and housed in a Npurged enclosure. Spectra were acquired
Holi” NH, from 1024 co-added scans at a resolution of 4€mAll spectra

were baseline corrected for accurate comparison. All the
1 electrochemical and FTIR-ERS measurements of gradients were
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Figure 1. Spatially resolved CVs of a one-component HDT gradient _1300 mv (solid);—600 to—1200 mV (dotted):~700 to—1000 mV
prepared with a 20 mV mn in-plane potential gradient in 0.25 M (dashed).

KOH/MeOH. The position labeled 7.5 mm corresponds to an excised

sample of the gradient in which the center of the sample was originally E
7.5 mm away from the bare Au end. E(X)=E,+ LX_ (3)
1+ o
repeated three times. The results shown here represent one
random measurement of the three times. whereE, is the base potentiaaxis the normalized maximum
. . peak potentialxo is the inflection point of the slope region,

Results and Discussion andr is a spatial rate constant related to the slope. The width

Cyclic Voltammetry of One-Component Gradients.When of the gradient\W, is determined from the full width at half-

an alkanethiol SAM on Au is immersed in KOH solution and maximum of the derivative of the fit functionlE(x)/dx. Thexo

the potential is swept to the limiting potential imposed by solvent and W values can be interconverted between potential and
reduction (ca—1.5 V vs. Ag/AgCl), a reduction peak appears Physical space values using the width of the applied potential
in the range—0.7 to —1.4 V vs Ag/AgCI3"~3 The peak is  window, AV, and the total length of the film.

assigned to the reductive desorption of the thiolate,kaS™ At spatial locations corresponding to local applied potentials,
V(x), more negative than ca-1050 mV no desorption peak
AuSGH, X +e —Au+ XCH,S 2 was observed, indicating that all the HDT had desorbed from

the Au surface at positions whekéx) is significantly more

The potential at which this reaction is observed depends on negative than thEqe{ of a full HDT monolayer. In the transition
surface coverage and on the degree of ordering in the alkanethiokegion =750 mV to —1050 mV; 27.5 to 17.5 mm in Figure
SAM. The stripping peak positiofges Which varies with chain 1), the HDT desorption waves are broad and not as well-defined
length,n, also depends on the strength of the-/&iinteraction as in a full HDT monolayer, consistent with a high degree of
and chain-chain attractive interactions. Porter et®alhave structural disorder for the HDT in this region. Incomplete HDT
developed an electrical double layer model of alkanethiol SAMs desorption in the transition region results in partial monolayers,
to explain differences iE%es and found that thinner or less  which in turn produce broad electrochemical desorption peaks
densely packed layers desorb at less negative potentials. when profiled. For sample pieces whérg) is more positive

The formation of one-component gradients by applying an than ca.—750 mV (ca. 35-50 mm along the position axis in
in-plane electrochemical potential gradient to an alkanethiol Figure 1), the desorption peaks are well-defined, and the peak
SAM on Au is expected to result in variations of molecular potentials are identical to those of the full HDT monolayer.
order and packing in the transition region due to the incomplete Finally, the direction of the shift irE%es is exactly what is
reductive desorption in this region. Figure 1 shows a series of predicted by the Porter model. At gradient positions corre-
cyclic voltammograms (CVs) as a function of position along a sponding to the most negative gradient formation potentials,
50-mm hexadecanethiol (HDT) gradient prepared with a 20 mV V(x), the post-gradient stripping potenti&Pyes is less negative,
mm~1in-plane potential gradient. To acquire spatially resolved consistent with a less dense HDT layer.
CVs the gradient sample was cut into 10 pieces each 5 mm Cyclic Voltammetry of Two-Component Gradients. In the
wide, and each piece was studied individually. Each piece wasbiologically active gradients it is desirable to have two disparate
characterized by the spatial position of the center of the piece functional groups, so that cellular adhesion may be laterally
and by the potential applied to the center position during the varied in a controlled fashion. Two-component gradients were
original gradient formation process. To avoid edge effects the prepared by immersing the one-component gradient samples in
two end pieces were not measured. Stripping analysis was alsa solution of a second thiol for a short time, allowing the second
employed to characterize other HDT gradients prepared with thiol to adsorb in the exposed Au areas. For initial studies the
applied potential windows of different widths, as shown in HDT—MPA system was chosen, because the differing surface
Figure 2. In all of these experiments the transition region is energies-HDT is terminated with a hydrophobie CH3 group
characterized by fitting the desorption peak potential as a and MPA is terminated with a hydrophilie COOH moiety—
function of spatial positiorror equivalently to the potential  facilitate characterization. Also the different chain lengthg, C
applied during the stripping phase of the gradient formation vs G, result in a large difference iBged, —1040 mV and—-950
protocol,V(x)—to a sigmoidal function of the form mV for HDT and MPA SAMs, respectively, with HDT SAMs
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gradient formed with a 20 mV mm in-plane potential gradient in Figure 5. Spatially resolved CVs of a two-component HBVIPA

0.25 M KOH/MeOH. Position 7.5 mm corresponds to the MPA end, gradient formed from a gradient potential window-6700 to—1000

and 42.5 mm corresponds to the HDT end. mV in 0.25 M KOH/MeOH, with the immersion of the initial HDT
gradient in 1 mM MPA confined to 30 s. Position 7.5 mm corresponds

‘ ‘ ‘ o ' to the MPA end, and 42.5 mm corresponds to the HDT end.

-900-1 ‘. B potential window 700 to —1000mV) to accentuate the
P transition region. Figure 5 shows the effect of immersing the
HDT gradient in MPA for shorter times (30 s). The desorption
waves in the transition region are broader than those on the
two pure-component ends of the gradient, &ggP shifts from
the MPA value to HDT value more slowly than in gradients
prepared at longer MPA immersion times, cf. Figure 3, i.e. the
slope in the transition regiomEqed/dV(X) = 4.1 mV mV1, is
L smaller than that for the same window in Figure 4, 8.6 mV
mV~1 At the shorter MPA adsorption times the HBWMPA
-400 600 -800 1000 _12'00 exchange process does not proceed as far, biasing the MPA
Gradient Potential (mV) (vs. Ag/AgCl) population toward those molecules which just adsorb on the
Figure 4. Stripping peak potentials with different applied potential exposed Au. area..Thus,_the HDT and MPA in the transition
windows as a function of gradient formation potential (position) for €gion remain relatively disordered and less densely packed due
HDT—MPA two-component gradients formed from potential windows to the short MPA adsorption time.
of different widths and center potentials300 to—1300 mV (solid); Taken together, the spatially resolved electrochemical strip-
—500 to—1100 mV (dotted);~700 to —1000 mV (dashed). ping analysis experiments demonstrate that the reductive de-
sorption behavior of alkanethiol SAMs faithfully follows the
yielding more negative desorption potential by ca. 100 mV due composition profiles of one- and two-component gradients of
to the contributions of interchain interactions to the enthalpy thiols. Furthermore, taking into account the factors which affect
of desorption. Thus, the in-plane composition variations in the E4Q, such as chain length and interchain interactions, allows

-950

Ep (mV) (vs. Ag/AgCl)

-1000

-1050]

transition region can be probed electrochemically. both composition and molecular packing to be followed
Figure 3 shows the cyclic voltammograms of HDT/MPA simultaneously, albeit at relatively poor spatial resolution, 0.5

counterpropagating gradients prepared with a 20 mV-fim cm.

plane potential gradient. The values Bfed as a function of Formation of Peptide—MUD Gradients. In the work

position (potential) are shown in Figure 4 demonstrating that described above two-component alkanethiol gradients with
the gradient centers remain relatively unchanged for applied different terminal groups and chain lengths were formed and
potential windows widths ranging fromaV = 300 to 1000 mV. successfully mapped by electrochemical stripping analysis. To
These observations are consistent with the linear potential generate biologically active gradients, thiols terminated with
gradient model implied in eq 1 which predicts that the gradient surface ligands involving cell adhesion promotets, and
center will remain constant in potential space, even though it inhibitors, MUD, were used. These terminal groups have been
might move in physical space as the potential window is offset, shown previously to be competent to control the attachment
as it is for the last of the AV windows in Figure 4. Finally the  and morphology of endothelial cells and fibroblasts. Spatially
transitions shown in Figure 4 for the two-component HDT/MPA  resolved electrochemical stripping analysis has proven extremely
gradient are noticeably sharper than those in Figure 2 for the useful in studying the composition and packing structure as a
one-component HDT gradient. This is expected, because MPAfunction of spatial position in alkanethiol gradients. However,
not only adsorbs in the exposed Au regions, it also exchangeswhen gradients were formed from peptitiethe large size of
with HDT, the latter reaction being especially facile in regions the molecules and the low surface coverage resulted in a small
of low HDT surface population. and broad desorption peak (not shown), thereby limiting the
To test the hypothesis further gradients were also fabricated utility of stripping analysis. Fortunately Fourier transform
using different MPA adsorption times with a narrow applied infrared external reflection spectroscopy (FTIR-ERS) is well-
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Figure 6. (a) FTIR-ERS spectra of a two-component MYD gradient produced with a gradient potential window-6900 to —1500 mV.
Position 2.5 mm corresponds to the MUD end and 47.5 corresponds loethe. (b) Integrated area of 1670 chiband as a function of gradient

potential (position).

TABLE 1. Gradient Center Values

potential potential gradient gradient

potential range window window center width

gradient (mvV) width (mV) center (mV) (mV) (mV)
MUD—I —900 to—1500 600 —1200 —1296 81
MUD—I —1000 to—1450 450 —1225 —1279 121
MUD—I —1100 to—1400 300 —1250 —1266 125
MUD —20%l —900 to—1500 600 —1200 —1243 42
MUD—20%! —1050 to—1350 300 —1200 —1256 93

suited for the characterization of alkanethiol SAMs orf®and

of 1. This shift between the center potential of the gradient and

is an especially good choice for direct chemical mapping of the corresponding peak potential measured from CV is com-

these gradients of MUD and peptide because the terminal

functional groups give different infrared absorption spectra.
Figure 6 shows the FTIR-ERS spectra of two-component

gradients of peptid& and MUD. Separate spectra of pure SAMs

monly observed and is expected, because the gradient formation
process is static while cyclic voltammetry is inherently dynamic.

Compared with HDT/MPA gradients (Figure 4), the center
of the MUD—1 gradient transition region is more negative than

of 1 and MUD (not shown) illustrate that in the region of the the comparable region for HDT/MPA. Part of the explanation

amide | and amide Il bands MUD exhibits only a weak, broad,

is undoubtedly thaEgd(HDT) = —1040 mV is more positive

undifferentiated absorption. Amide | and Il bands were observed than theEged(1) = —1147 mV by ca. 100 mV. The most likely

at 1670 cm® and 1550 cm?, respectively, on both pure SAM
of peptidel and on MUD-1 gradients at the peptide end.

reasons for the rest of the discrepancy in transition potential
are kinetic in origin. Accounting for the difference between the

No bands were observed from this spectral region in either the dynamic nature of the cyclic voltammetry experiments from

MUD SAM or the MUD end of a MUD-1 gradient. Thus, these

which Eged values are obtained and the static nature of the

two bands can be used to probe the surface density of peptidespatially dependent stripping protocol, the observed difference

1. The spectra as a function of position for the MYDgradient

could result from the difference in the electron-transfer rates

is shown in Figure 6(a). The transition region is characterized between the alkanethiol HDT and the peptide-derivatized thiol

by fitting the intensity as a function of potential to eq 3,
replacing potential term&(x), En, andEmaxWith corresponding
intensity termsl(x), lp, andInax The spatial resolution, ca. 5
mm, is comparable to that in the electrochemical stripping

1. This is a reasonable conjecture in light of previous observa-
tions that gradients of aromatic thiols need much longer stripping
times than comparable alkanethiélsThis line of reasoning
would posit a smaller desorption rate farthan HDT; thus

measurements above, but in the FTIR-ERS measurements it isequiring longer times and/or more negative potentials to desorb
limited by the need to use a large angle of incidence in order to 1 from the surface.

achieve significant field amplitude at the interface. Obviously

The gradient formation characteristics are determined by the

both amide | and Il bands decrease in intensity as the local distribution of local electrochemical potential(x), as given

potential,V(x), shifts negatively, i.e. toward the MUD end of
the gradient (smaller position values in Figure 6(a)). Figure 6(b)
shows a plot of the integrated area of the 1670tband as a
function of the gradient potential/(x). The transition region
begins at a potential corresponding roughly to the stripping
potential of peptidel, —1147 mV vs Ag/AgCl. Furthermore,

by eq 1. By varying the width of the potential windowyV,
experimentally one can learn how the gradient formation
characteristics change as the local potentgk), is moved
relative to the physical frame of the active region. Whevi
decreases while keeping the physical length of the gradient
constant, the potential drop per unit length/dx, decreases,

the gradient center occurs negative of the stripping peak potentialmeaning that the transition region occupies a larger physical



Spatiotemporal Control of 1- and 2-Component Gradients J. Phys. Chem. B, Vol. 107, No. 46, 20082583

0251 ! ! ! ! L MUD, as a function of spatial position (Figure 8). Clearly the
integrated area of,dCH,) does not change significantly. At
first this is surprising, given the disparate numbers-aiH,—
moieties in the two adsorbates. However, the surface selection
rule states that only-CH,— groups in which the dynamic

B dipole, uqip, is oriented with a component perpendicular to the
Au surface may couple effectively with the incidgnpolarized

n electromagnetic field® Thus, the greater number efCH,—

groups inl may be offset by a disordered structure in which a

large fraction produce dynamic dipoles oriented preferentially

parallel to the Au surface. Furthermore, this vibration overall
is significantly weaker than the amide | vibration, so any
differences as a function of position would be superimposed

0 10 20 30 40 50 on a smaller total signal.

Position (mm)

Figure 7. Integrated areas of the amide | band (1670 nas a Conclusions

function of position for MUD-1 gradients. Three gradients with larger Th | hemical ial di hod id
saturation integrated areas were obtained from an initial 10G4aM e electrochemical potential gradient method provides a

with the following gradient potential windows:900 to —1500 mV convenient route to two-component counterpropagating com-
(solid line, solid circles);—1000 to —1450 mV (dotted line, solid position gradients. Particularly useful is the ability to control
triangles); —1100 to —1400 mV (dashed line, solid squares). Two the composition profile laterally. Because the two components
gradients with smaller saturation integrated areas were obtained fromcan be chosen to have terminal solvent-accessible functional
an initial 20%1—80% MUD SAM with the following gradient potential ; ;
windows: ~900 to - 1500mV (50 Ine open crclesy- 1050 1o 9"OuPS Which vary widely, hese surfaces can exert contil over
—1350mV (dashed line, open triangles). The inset shows the latter two . . >
mixed composition gradients at different scaling. interface. For example, formation of HDT/MPA gradients results
in structures in which both surface energyGHs; vs. —COOH
. . ' ' . . termination) and molecular packing (as measured through the
14x10° I local Eqed) are anisotropic functions of lateral position. More
complicated terminal moieties were explored through the
formation of gradients of tetradecapeptitien the presence of
107 r the protein adhesion-resistant MUD species. These gradients
L proved to be easily formed, and spatially resolved Fourier
transform infrared external reflection spectroscopy was utilized
to map functional group surface coverage of this gradient. The
4 - spatial intensity profiles were well described by the sigmoidal
function in eq 3, from which the center potential and transition
region width could be recovered. The gradient center was found

?II

0.20—

0.15

0.10

Integrated Area

0.05

0.00

12 -

Integrated Area
(o]
1

0, ; ; ; . - to shift in physical space, but not in potential space, and the
0 10 20 30 40 50 rate of compositional changel'/dx, in the transition region
Position (mm) was easily controlled when the width of the applied potential
Figure 8. Integrated areas of the asymmetric methyleng(CH,), window, AV, was changed. These results are consistent with
band at 2921 cmt as a function of position for MUB1 gradients the quasi-linear potential gradient model in eq 1. The successful
formed from different gradient potential windows900 to—1500 mv attainment of tunable composition gradients of a ligand for the

(solid circles);—1000 to—1450 mV (solid triangles);-1100 to—1400

mV (solid squares). important integrin superfamily of heterodimeric membrane

receptors has important implications for the study of cellular

area of the film, although its width in potential space is motility and haptotactic behavior. We will report the results of
’ these investigations separately.

unchanged. To test these hypotheses, experiments were per-
formed in whichAV was adjusted while characterizing the
spatial properties of the—MUD gradient by FTIR-ERS, as
shown in Figure 7. It is apparent that in-Q00% MUD-1
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