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Universal Gradient Substrates for “Click” Biofunctionalization**

By Nathan D. Gallant, Kristopher A. Lavery, Eric J. Amis, and Matthew L. Becker*

Biomimetic surfaces are engineered to present ligands for
specific receptors, thereby controlling cell–material interac-
tions to elicit a desired response. The presentation of these
bioactive ligands strongly influences the cell response, and
threshold concentrations are often necessary to support adhe-
sion or trigger signals that encourage tissue formation.[1–3] Ex-
tensive work has focused on optimizing the various aspects of
ligand immobilization to enhance material-directed cell func-
tion.[4,5] Alternatively, these surface-engineering approaches
can be used to design measurement or screening tools for cell
response to serially manipulate immobilized biomolecules.
Combinatorial methods provide useful strategies to accelerate
the discovery, development, and optimization of innovative
materials products.[6,7] To facilitate research on biomimetic
and tissue-engineered medical products, we have developed a
novel and versatile method for fabricating continuously
variable concentration gradients of surface-conjugated bio-
molecules. This technology utilizes graded UV oxidation of
self-assembled monolayers (SAMs)[8–10] and, upon further de-
rivatization, converts the resulting carboxylate gradient into
an increasing density of alkyne functionalities appropriate for
“click-chemistry” surface conjugation of biomolecules.[11–13]

Thus, any appropriately engineered bioactive ligand (e.g., pro-
tein or peptide) that possesses an accessible azide group can
be immobilized onto the surface-concentration gradient,
which we have therefore named a “Universal Gradient Sub-
strate for Click Biofunctionalization”. The copper(I)-cata-
lyzed Huisgen cycloaddition reaction has been highlighted
recently in numerous material science applications,[12,14,15] and
is proving invaluable for the facile preparation of highly func-

tional macromolecules[15–18] and the surface immobilization of
biomacromolecules.[19–26] Its versatility can be directly attrib-
uted to its high degree of conversion, complete chemical spec-
ificity, and the adaptability of the reaction to numerous aque-
ous and mixed solvent conditions.

This combinatorial approach coupled with high-throughput
analysis techniques such as automated fluorescence microsco-
py forms the basis of a platform for screening the ligand-den-
sity dependence of cell response to biomaterials. In the cur-
rent study, this technology was used to fabricate a gradient of
a glycine–arginine–glycine–aspartate–serine (GRGDS) linear
peptide. Cell adhesion to adsorbed proteins or adhesive
motifs engineered on surfaces is critical to biomaterials, tissue
engineering, and biotechnological applications.[27] One use of
this versatile technology is as a testing platform for investigat-
ing cell adhesion to surfaces functionalized with adhesive
motifs derived from the native extracellular matrix (ECM).
The arginine–glycine–aspartate (RGD) tripeptide sequence
found in many ECM proteins is a primary binding site for cell
adhesion and is recognized by a number of integrin recep-
tors.[28,29] The design, fabrication, and characterization of an
RGD cell adhesion gradient as a test application for cell
response measurements to bioactive surface gradients is
described.

Our approach to the fabrication of bioactive surface gradi-
ents has been to develop and characterize a functional gradi-
ent substrate to which a variety of species can be attached.
First, linear gradients in surface energy were created on sili-
con wafers or glass slides.[8,9,30] SAMs made from n-octyldi-
methylchlorosilane were deposited onto clean oxide surfaces
(Fig. 1), and the SAM-coated slides were placed on a motor-
ized stage beneath the slit aperture of a UV lamp. A range of
UV exposure times was obtained by decelerating the motion
of the stage.[9] The rise in UV exposure time led to increasing
amounts of ozone-derived oxidation of the n-octyldimethyl-
chlorosilane SAM, generating a gradient in surface energy
across the slide.[8,30] The oxidation of the terminal methyl
groups of the SAM is kinetically controlled, enabling one to
tailor wettability, adhesion, and electrical properties of the
monolayers in a gradient or pattern by manipulating the resi-
dence time of the substrate beneath the UV lamp. The expo-
sure-time–dependent oxidation results in numerous species
being produced, including alcohols, aldehydes, and carboxylic
acids, whose relative concentration profiles as a function of
temporal and spatial exposure have been described pre-
viously.[8]

Surface energy gradients that ranged in advancing water
contact angle from 15° to 103° were created on a single slide
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(Fig. 2A). In this instance, the prescribed conditions yielded a
monotonically increasing amount of terminal acid groups in
one direction. SAMs that possess surface-energy gradients
have previously demonstrated their value for examining
numerous physical and biological phenomena.[10,30–32] It is this
concentration gradient of acid groups that forms the founda-
tion for further functionalization and biomacromolecule
immobilization. Subsequent derivatization steps preserved
the monotonic change in surface energy, and similar results
were observed on Si wafers and glass cover slips.

In the final fabrication step of our Universal Gradient
Substrate, a bifunctional propargyl-derivatized linker was at-
tached to the acid gradient by using standard amidation meth-
ods to yield a surface possessing an increasing concentration
of alkyne groups (Fig. 1C). The propargyl gradient surface
acts as a versatile substrate to which any azido-derivatized
species can be attached by using click chemistry.[11,12,15,33] This
reaction scheme is particularly amenable to peptide applica-
tions, because the respective functional groups are incorpo-
rated into normal synthetic schemes and neither azides nor
alkynes occur naturally in amino acids ensuring desired link-
age orientation.

An RGD peptide surface-concentration gradient was fabri-
cated to assess the utility of this approach as a measurement

tool, and to investigate the dependence of RGD density on
cell adhesion and spreading. Cell adhesion to RGD has been
studied extensively on discrete samples;[1,34–36] however, by
taking a combinatorial approach we are able to survey the cell
response to a wide range of RGD densities on single-gradient
substrates, and utilizing this approach affords opportunities to
elucidate transition regions or other phenomena that could go
undetected in a discrete format.

Many methods have been used to quantify peptide density
on the surfaces of discrete samples, but standard techniques
do not translate well to continuously variable gradient sub-
strates because position and resolution are critical for map-
ping the local concentration. We used X-ray photoelectron
spectroscopy (XPS) to measure the elemental surface concen-
trations as a function of position along the gradient. The nitro-
gen-to-carbon ratios were used to extract the fraction of alkyl-
silane-RGD linkages per area on the surface. Finally, from the
SAM density[37] and peptide molecular mass we were able to
calculate the actual immobilized peptide concentration
(Fig. 2B). Because of the reproducibility of the surface-energy
gradient and the efficiency of the cycloaddition reaction we
expected the range of peptide densities to increase monotoni-
cally before reaching a saturation limit at the high-graft-den-
sity end, related to the availability and accessibility of reactive
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Figure 1. Fabrication of a Universal Gradient Substrate for Biofunctionalization, and subsequent GRGDS peptide immobilization by click chemistry.
A) SAMs are subjected to variable UV-ozone treatment to generate B) a monotonically increasing carboxyl density gradient. A difunctional linker con-
verts the acid species into C) an alkyne gradient available for further biofunctionalization via click chemistry. D) An RGD azido-peptide is covalently
immobilized into the gradient by triazole cycloaddition. DMAP: 4-methylaminopyridine; DIC: diisopropylcarbodiimide; DMSO: dimethylsulfoxide.



sites and the size and charge of the biomolecule. However, for
the given conditions the measured RGD peptide density dis-
played a nearly linear progression, spanning a range of
approximately 0 to 140 pmol cm–2.

Smooth muscle cells (SMC) were cultured on the gradients,
and automated fluorescence microscopy[30,38] was used to as-
sess adhesion, spreading, and morphology (Fig. 3). Prior to
seeding, GRGDS peptide gradient surfaces were passivated
with a PEO–PPO–PEO triblock copolymer (Pluronic F68;
PEO: poly(ethylene oxide), PPO: poly(propylene oxide)) and
blocked with bovine serum albumin (BSA). These physisorp-
tion surface treatments were necessary to minimize nonspeci-
fic protein adsorption from serum, so the effect of the immo-
bilized RGD on cell adhesion could be assessed. A-10 cells, a
putative vascular SMC line isolated from rat thoracic aorta,
were seeded (3000 cells cm–2) on gradient substrates in 2 %
(v/v) serum containing media and incubated for 6 h before
rinsing to remove nonadherent cells, followed by fixation. The

number of adherent cells increased as a function of position
along the gradient (Fig. 3B). The fourfold enhancement we
observed correlated to the increasing RGD density of the
gradient substrate. In comparison, SAM gradients without
immobilized RGD exhibited an approximately twofold, but
nonlinear, increase in adherent cells. This increase may be
attributed to the limited ability of Pluronic to effectively
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Figure 2. Surface energy and RGD peptide density vary as a function of
position along the gradient. A) Deionized water advancing contact angle
(mean ± S.D., n = 6) for each fabrication step depicted in Figure 1. The
lines connecting the contact angle data are only used for clarity. B) Plot
of the surface-conjugated RGD peptide density (mean ± S.D., n = 5) and
its linear regression (dashed line).

Figure 3. Cell adhesion and morphology vary with surface-conjugated
RGD peptide density. A) Cells were fluorescently labeled, and automated
microscopy combined with image analysis software was used to count
the number of cells and quantify areas and aspect ratios. B) The number
of cells adhering to SAM (�) or RGD (�) conjugated gradients
(mean ± S.E., n = 4) increases with position. A second axis (top) was de-
rived from the linear regression in Figure 2, and added to indicate cell
adhesion as a function of approximate RGD density. The concentration
axis (top) does not apply to the control SAM gradient (�), and the line
fit equations for both peptide and control substrates are given as a func-
tion of position. C) Cell areas (�) and aspect ratios (�, mean ± S.E.,
n > 45) versus position and RGD concentration (top axis, derived from
linear regression in Fig. 2) show different trends.



passivate nonspecific protein adsorption at the more hydro-
philic end of the gradient. Cell spreading and aspect ratios
exhibited opposing trends with increasing surface-bound
RGD (Fig. 3C). SMC were the most spread and circular at
intermediate densities (ca. 45 pmol cm–2). Interestingly, all
three measured trends (adhesion, spreading, and shape) ap-
peared to saturate beyond 30 mm, but since the underlying
RGD peptide density did not reach its maximum surface con-
centration until 40 mm the underlying causes for the uniform
cell response transitions were not obvious, and may warrant
further investigation.

In summary, we demonstrate that versatile surface-density
gradients can be reproducibly fabricated, and that the bioac-
tive species of interest are easily attached via click-chemistry
cycloaddition reactions. The fabrication and characterization
of a Universal Gradient Substrate to which an unlimited vari-
ety of bioactive species can be attached offers a versatile plat-
form to probe biological hypotheses where ligand concentra-
tion and orientation are important. As a first application, we
have incorporated a density gradient of an adhesive RGD
peptide within a nonfouling background, and observed that
cell attachment was enhanced as the density of immobilized
RGD increased. This demonstrates the ability to modulate a
response such as cell adhesion with a bioactive peptide-func-
tionalized gradient substrate, and is an example of the broad
utility of this technology as a tool for screening surface-direct-
ed cell function. We believe that this technology for fabricat-
ing continuously variable density gradients of bioactive mole-
cules has a wide range of potential uses in biomaterials
research.

Experimental

Cells and Materials: A-10 smooth muscle cells (CRL-1476, ATCC,
Rockville, MD) were maintained for less than 20 passages in Dulbec-
co’s Modified Eagle’s Medium (DMEM) supplemented with 10 %
(v/v) fetal bovine serum (FBS), 100 units mL–1 penicillin, 100 lg mL–1

streptomycin, and 2 mmol L–1
L-glutamine (all from Invitrogen, Carls-

bad, CA). Texas red C2-maleimide and DAPI (4′6-diamidino-2-
phenylindole) dyes were also from Invitrogen. Unless listed other-
wise, all solvents and reagents were purchased from Sigma–Aldrich
(St. Louis, MO) and used as received. Fmoc-protected amino acids
and preloaded solid-phase Wang resins were purchased from Nova-
Biochem (San Diego, CA). All glassware, stir bars, needles, reaction
vessels, and syringes were oven-dried for at least 24 h, and the glass-
ware was flame-dried under vacuum prior to use.

Fabrication of the Universal Gradient Substrate: Well-defined octyl
dimethylsilyl (ODS) SAMs were prepared by chemical vapor deposi-
tion (CVD). Glass cover slips (24 mm × 60 mm, No 1 , VWR) or sili-
con wafers (n-type [111], Wafer World, West Palm Beach, FL) were
cleaned by air-plasma treatment (40 W, 5 min) to remove organic
contaminants. The cleaned substrates were incubated in a glass desic-
cator under reduced pressure with octyl dimethyl chlorosilane
(Gelest, Morrisville, PA) in toluene (1:4, v/v) solution at 100 °C for
72 h. Formation of complete ODS-SAMs was confirmed by the in-
crease in advancing water contact angle from 15° to 103°. SAMs were
stored under vacuum at room temperature.

Graded UV-oxidation was achieved with a computer-driven trans-
lation stage programmed to decelerate the SAM-coated substrate be-
neath a 190 nm UV wand-source projected through a slit aperture

(2 mm wide) cut into the lamp housing [9,30]. The ascending resi-
dence time (0 s to 6 s, 0.1 mm steps, 400 steps) of UV-ozone exposure
increasingly oxidized the SAM, gradually converting the hydrophobic
(CH3-terminated) layer to hydrophilic (OH- and COOH-terminated)
species [8], which could be used as initiation sites for further function-
alization. Finally, the carboxyl groups were converted to acetylene
functional species by the covalent attachment of a bifunctional linker
(see Supporting Information). 2-Amino-2′-[(2-hydroxy ethyl propar-
gyl ether)amino]ethylene glycol diethyl ether, was attached to the sur-
face carboxylate groups by using standard carbodiimide chemistry
(Supporting Information), yielding a substrate with a continuously
variable density gradient of alkyne groups.

Click Surface Conjugation of GRGDS Azo-Peptide: The functional
species (GRGDS-azide, Supporting Information) was attached by
adding a 4:1 H2O:DMSO solution with 40 mmol L–1 sodium ascorbate
and 20 mmol L–1 CuII sulfate to a glass 15 cm petri dish containing 8
alkyne-gradient derivatized glass cover slips. This was followed by the
sequential addition of the azido-derivatized peptide in DMSO. The
solution was stirred for 48 h at 50 °C. The reaction solution, which
turned a dark blue because of oxidation, was removed and the cover
slips were washed three times each with 18 MX cm H2O and ethanol,
followed by drying with a nitrogen stream.

Contact Angle Measurements: The advancing contact angle of water
on the prepared surfaces was measured at 25 °C using water as the
probe fluid by operating a drop shape analysis system (DSA 10 Mr2,
Krüss, Germany). The standard uncertainty of contact angle measure-
ments at each point along the gradients was determined by the stan-
dard deviation between three independent measurements per dis-
tance on each of two samples prepared under identical conditions.

X-Ray Photoelectron Spectroscopy: XPS measurements were per-
formed by using a Kratos AXIS Ultra DLD spectrometer. The em-
ployed X-ray source was monochromated aluminum, scanning over a
binding-energy range of 0 to 1100 eV with a dwell time of 100 ms.
Each spectrum was collected over a 300 lm × 700 lm sample area.
The analyzer pass energy was 160 eV for the survey spectra and
40 eV for the high-resolution C1s, N1s, and O1s scans. Fits to the C,
N, and O1s peaks were performed over a range of 280 to 292 eV, 396
to 404 eV, and 528 to 538 eV, respectively. Peak areas were fitted by
using a Levenberg–Marquardt algorithm assuming a linear back-
ground. Based on the reaction chemistry, the expected ratios of nitro-
gen to carbon for each fabrication step were determined. For a given
position, the fraction of total alkylsilane sites at which the functional-
ization and RGD linking conversion occurred within the XPS scan
area was calculated by determining the local ratio of nitrogen to car-
bon. Finally, the extent of RGD linkage to the surface was converted
to density based on the peptide molecular weight and the original
alkylsilyl brush density [37].

Automated Microscopy Measurements of Cell Adhesion and Mor-
phology: Prior to experiments, the A-10 vascular SMC media was
changed to reduced serum (2 % by volume FBS) media for 24 h. A-10
SMC were seeded (3000 cells/cm2) on gradient and control substrates
in 2 % (by volume) serum and allowed to adhere for 6 h prior to fixa-
tion and nuclear and membrane staining [38]. Cell number, cell area,
and aspect ratio were determined by automated fluorescence micros-
copy [30] with a Leica DMR 1200 upright microscope equipped with
a computer-controlled translation stage (Vashaw Scientific, Inc., Fre-
derick, MD). Image Pro software (Media Cybernetics, Silver Spring,
MD) controlled the stage and image acquisition as well as image-anal-
ysis algorithms. Gradients were imaged in a 6 × 40 grid, where 6 im-
ages were collected on the axis perpendicular to the gradient and
40 images were collected at 1 mm intervals on the axis parallel to the
gradient. Two fluorescence images were captured at each grid posi-
tion: i) a red-channel image for Texas red C2-maleimide-stained cell
bodies, and ii) a blue channel image of DAPI-stained cell nuclei. The
red cell-body images were used for determining cell area and mor-
phology, and the blue cell-nuclei images were used to determine cell
number. The aspect ratio of an object (single cell) was calculated as
the ratio between the major axis and the minor axis of the ellipse
equivalent of the object. Each equivalent ellipse has the same area,
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first, and second degree moments as the respective object and the
aspect ratio is always ≥ 1. Each captured image had an area of
0.356 mm2, and a total area of 85.4 mm2 was imaged on each gradient.
Clean, untreated glass slides were used as control surfaces and scored
to confirm uniform cell seeding.
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