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Abstract

Surface chemistry of topographically patterned grooved samples with ridges of 150 nm width, adsorbed with self-assembled
monolayers (SAMs) of alkanethiols on gold, have been characterized by near edge X-ray absorption fine structure (NEXAFS)
spectroscopy. Analysis reveals that NEXAFS may discriminate between different chemistries adsorbed to the tops, sidewalls

and grooves of the patterns.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

With the development of biotechnologies, an
increasing number of studies have been run on the
fabrication and characterization of biomimetic sur-
faces. Such surfaces are made of inorganic mate-
rial functionalized by organic molecules, playing the
role of linker between organic and inorganic media.
These molecules are usually self-assembled monolay-
ers (SAMs) tethered by a specific ending group. These
surfaces, which can be chemically (Endler et al., 2003;
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Lopez et al., 1993; Arnold et al., 2004), topographi-
cally (Den Braber et al., 1998; Flemming et al., 1999;
Karuri et al., 2004; Foley et al., 2005; Teixeira et al.,
2003), and chemically and topographically (Britland
et al., 1996; Mrksich et al., 1996) nanopatterned are
critical to the field of tissue engineering for exam-
ple. Previous work done by this group has shown that
nanoscale topography is a biologically relevant stim-
ulus by showing changes in adhesion (Karuri et al.,
2004), differentiation (Foley et al., 2005), orientation,
and alignment (Teixeira et al., 2003) of cells to chemi-
cally uniform, topographically patterned surfaces con-
sisting of grooves and ridges with feature sizes ranging
from 70 nm to 2 wm. In addition, materials displaying
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chemical surface patterning demonstrate that nanoscale
chemical patterning is also a relevant cellular stimu-
lus (Endler et al., 2003; Lopez et al., 1993; Arnold et
al., 2004; Koo et al., 2002). The use of self-assembled
monolayers, in particular, allows for chemical surface
modification strategies to be readily undertaken (Prime
and Whitesides, 1991).

Itis important that these chemically and topographi-
cally patterned substrates are well characterized to fully
explore the mechanisms of cell-substrate interactions.
Substrates topographically patterned at the nanometer
scale can readily be imaged by techniques such as a
scanning electron micrograph (SEM) and an atomic
force microscope (AFM), while flat nanoscale chem-
ical patterns can be imaged by near-field scanning
optical microscopy (NSOM) (Betzig and Trautman,
1992) or by the application of antibody-coated gold
beads, which can later be viewed using SEM (Polak
and Varndell, 1984). However, these methods are insuf-
ficient to characterize chemically and topographically
nanopatterned surfaces. In this paper we describe for
the first time a method that probes the structure of
a chemically and topographically patterned substrate
using near edge X-ray absorption fine structure (NEX-
AFS).

2. Materials and methods

2.1. Samples patterning and selective chemical
functionalization

Topographically patterned samples were fabricated
using X-ray lithography through a mask, as has been
described in previous papers (Cerrina, 1997; Khan et
al., 2001). Samples examined using SEM were found
to have the following dimensions: pitch=400nm,
groove =150nm and depth=280nm. Silicon wafers
were coated with 10 nm of Ti, then 20nm of Au by
evaporation. Although this coating is not perfect on the
surface, the Ti and Au are present everywhere, on the
tops, sides and grooves as can be seen on Fig. 1.

Chemically and topographically patterned sub-
strates were fabricated using the microcontact print-
ing technique as described in Fig. 1. Briefly, a
flat PDMS stamp is made by crosslinking Sylgard
184 on an unpatterned silicon wafer silanized with
CF3(CF2)5(CH2)2SiCls. The cured flat PDMS stamp

is swabbed with a 2mM ethanolic solution of hex-
adecanethiol (HDT) (Sigma-Aldrich) (Kumar and
Whitesides, 1993). This stamp is dried under nitro-
gen and pressed onto the surface. After the stamp is
removed, the flat gold surface is immersed for 6 h in
a 2mM ethanolic solution of 11-mercaptoundec-11-yl
penta (ethylene glycol) (EGs) (The EG5 was synthe-
sized in the lab following the procedure indicated by
Pale-Grodemange et al. (1991). Chemically uniform
surfaces are made by immersion in one of the solutions
described above. In the first case where the sample is
chemically patterned, we have tested whether the EG5
interchanged the HDT from the top of the patterns
as it is suggested by anterior work by Biebuyck and
Whitesides (1993) (Hahner et al., 1992). To do so, we
adsorbed fluorescent fibronectin (Sigma—Aldrich) on
the sample. After the HDT and PEG5 functionaliza-
tion, the sample is rinsed three times 10 min with DI
water, then three times 10 min in DPBS (BioWhitaker,
Walkersville, MD). The sample is then left 1h in a
10~3% fibronectin solution before being rinsed three
times 10 min in DPBS and finally three times 10 min
in DI water. The sample is blow dried with nitrogen.
As the PEGs prevents the adsorption of proteins, the
fibronectin should adsorb selectively on the tops of
the patterns. The use of fluorescent fibronectin allows
the detection of the protein with a fluorescent micro-
scope. If the PEGs was substituting the HDT, no protein
should be adsorb on the sample. The Fig. 2 shows the
result of such an experiment. Photos (a) and (c) have
been taken on two different samples without and with
proteins, respectively, using a white light to illumi-
nate the sample while photos (b) and (d) have been
taken on, respectively, the same samples but with a
light at 520 nm (excitation at 488 nm). On (a) and (c)
we clearly see the patterns but there is no apparent
difference between the photos that would indicate the
presence of protein or not on the surfaces. In contrast,
when using a light at 520 nm, i.e. to probe the fluores-
cence of the protein, the photo (b) appears completely
dark, as expected by the absence of proteins on the sur-
faces. This photo also indicates that the patterns cannot
be seen at this wavelength. On photo (d), we clearly
recover the patterns indicating first the selective adsorp-
tion of the proteins on tops of the patterns, and second
that the EGs has not substituted the HDT. In the case
where this substitution had occurred no fluorescence
would be observed.
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Fig. 1. Fabrication of topographically and chemically patterned Si wafers. Topographically patterned samples with a pitch of 400 nm, a groove
width of 150 nm and a depth of 280 nm are obtained with X-ray lithography subsequently coated with 10 nm Ti and 20 nm Au (shown in SEM
cross-section). The chemical functionalization is obtained by application of a flat PDMS stamp coated with HDT to the silicon wafer patterned
resulting in the coating of the tops of the pattern. EGs is then adsorbed to the sidewalls and bottom of the pattern by immersion in ethanolic EGs

solution.

2.2. NEXAFS experiments

Carbon-edge NEXAFS spectra were taken at the
Synchrotron Radiation Center of Madison, Wiscon-
sin, on the Hermon beam line (port 33). Spectra were
taken in total yield mode, with a resolution better than
0.2eV. The base pressure in the chamber was lower
than 10~19 Torr and all measurements were performed
atroom temperature. Spectra were recorded by rotating

the sample around an axis perpendicular to the photon
beam such that the angle of incidence of photons varies
from 0° (normal incidence, electric field (E-vector) par-
allel to the surface) to 60° (grazing incidence, E-vector
nearly perpendicular to the surface) with respect to the
sample surface normal. The light was at least 90% lin-
early polarized. Spectra were normalized to a clean
gold reference signal evaporated on silicon to remove
the transmission function of the optics and to a mesh
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Fig. 2. Photos of chemically and topographically nanopatterned surfaces taken with a fluorescent optical microscope. HDT has been transferred
from a PDMS stamp to the tops of the patterns while PEGs has been subsequently adsorbed on the sidewalls and grooves. Photos (a and c) have
been taken on two different samples without and with proteins, respectively, using a white light to illuminate the samples while photos (b and
d) have been taken on, respectively, the same samples but with a light at 520 nm (excitation at 488 nm) to probe the fluorescence.

signal measured simultaneously to remove beam fluc-
tuations. We also ensure that the surface patterning is
oriented such that the patterns are oriented parallel to
the axis of rotation, resulting in the change of illumi-
nation showed in Fig. 3(a). When this is not the case
(i.e., the patterns are arrayed perpendicular to the axis
of rotation), the tops and grooves are illuminated at all
angles, and the spectra are identical to those of a flat
surface (data not shown).

3. Results and discussion
3.1. The method

The method proposed in this paper exploits the
properties of the NEXAFS technique to characterize
the chemistry of nanostructured surfaces. NEXAFS
probes molecular orbitals by the excitation of a core
level electron into an unoccupied molecular orbital.
Three main properties of NEXAFS are used here: first,

X-ray absorption spectra gives a signature of the spe-
cific chemical bonding environment. Second, the X-
ray absorption signal is proportional to the number of
atomic bonds illuminated by the beam, which means
we can directly correlate the effective illuminated area
(Fig. 3(a and b)) to the resulting spectra. Finally, X-ray
spectra are polarization (E-vector) dependent. The Cg
edge has been probed here for both HDT and EGs in
the energy range between 280 and 320 eV. We propose
that by using the angular dependence of the NEXAFS
signal to obtain the chemical “signature” of ordered
layers of molecules adsorbed to flat surfaces, we will
be able to calculate model spectra for patterned sam-
ples. A comparison of this rebuilt spectra with those
experimentally obtained will give us information as to
the structure and orientation of the thiols on patterned
samples.

The model spectra are based on the following
assumptions: for a given angle 6 on a topographically
patterned surface, there will be some areas illumi-
nated by the beam, while other regions are cast into
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Fig. 3. (a) Representation of relative regions of illumination at various incident beam angles. At normal beam incidence, the tops and bottoms
only are illuminated. At intermediate angles, the top remains illuminated, while varying percentages of the grooves and sidewalls are shadowed.
At glancing angles where 6 approaches 90°, the tops alone are illuminated. (b) Effective illuminated areas of sidewalls, grooves and tops with
respect to the photon angle of incidence, given as a percentage of the total illuminated area, as calculated for a substrate with the dimensions

described.

shadow (Fig. 3(a)). The illuminated tops and grooves
of the patterned sample will be described by a spec-
trum taken on a flat sample with the same angle of
incidence 6 and the sidewalls by a spectrum taken on
the flat sample with an angle of (z/2) —6. By com-
bining these values we arrive at a final spectrum that

takes all surfaces into account. This assumption is pos-
sible due to the azimuthal disorder of the molecules
adsorbed to multicrystalline gold (Hahner et al., 1992).
The formula used to reconstruct the spectra is indicated
in Eq. (1), where Sp represents the rebuilt spectrum,
Sk the flat spectrum and x1 and x, the percentage of



illuminated sidewalls and grooves, respectively. These
last are obtained by the convolution of the effective
illuminated area by the number of photons illumi-
nating this area. The sidewalls contribution is given
by x1 = Groove? x cos()/tan(6) and the groove contri-
bution by x» = (Groove-Depth x tan(6))? x cos(6). The
tops are given by (Pitch-Groove)? x cos(6). The results
are shown in Fig. 3(b) for the patterned sample charac-
teristics indicated previously.

Sp(0) = (1 — x1 — x2)SF(6) + x1SF(7/2 — 6)
Tops Sidewalls
+ x25¢(6) 1)
——

Grooves

To rebuild spectra from chemically and topographically
patterned substrates, we used spectra obtained on flat
chemically uniform surfaces of HDT and EGs, respec-
tively.

3.2. Flat surfaces of HDT and PEG5

The spectra for flat HDT and EGs are shown in
Fig. 4(aandb). The EGs spectra are consistent with that
of Zwahlen et al. (2003) (Biebuyck and Whitesides,
1993). HDT and PEGs are two very close hydrocar-
bon chains which differentiate from each other by their
ending part. NEXAFS measurements have been real-
ized on flat surfaces dipped in each of these two. For
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Fig. 4. NEXAFS spectra of HDT and EGs on flat gold surfaces at various incident beam angles. (a) HDT on flat gold; (b) EGs on flat gold; (c)
HDT spectrum subtracted from EGs show significant variation between the two spectra.



HDT, the spectra show the presence of two components
at 287.7¢eV (A) and 293.2eV (C). These two peaks
have a very strong angular dependence which indi-
cates an average preferred orientation of the molecules
on the surface as previously reported (Zwahlen et al.,
2003). These peaks have been attributed to the C-H
and C-C o* orbitals, respectively, associated with the
CH,—C group in the alkane chain. In addition to these
two strong peaks, measurements obtained on the PEGs
sample show the presence of an extra peak located
at 289.2eV (A’). We have attributed this peak to the
C—H molecular orbital in the CH,-0 group in PEGs
molecules. The two C-H molecular orbitals (A and
A) are slightly shifted due to a different molecular
environment. For both types of molecules, the peak
A presents a high angular dependence. Its intensity,
very high at 0° decreases as the angle of incidence
of the beam increases. The same observation can be
done for the peak C, but this time, the intensity of the
peak increases with the angle of incidence of the beam.
We should notice however that the angular dependence
of the PEGs’s peak C is lower than the HDT’s. The
peak A’ also presents a very small angular dependence.

The peak B present in both cases does not present
any angular dependence. The difference between these
two chemicals adsorbed on a gold surface is empha-
sized in Fig. 4(c) where three spectra obtained on the
two surfaces at 0, 20 and 40° have been subtracted.
The results show a very strong difference that indi-
cates that NEXAFS is sensitive enough to discriminate
between these two kinds of chemical species. Spectra
from Fig. 4(aand b) will be considered asasignature for
each angle of incidence of photons for the two chemi-
cals and will be used to rebuild the spectra on patterned
samples.

3.3. Topographically and chemically patterned
surfaces of HDT and HDT/PEGs5s

In the following, two kinds of samples have been
prepared. The first kind is patterned, and HDT is
adsorbed everywhere on the sample (HDT sample).
The second kind is also patterned, but this time HDT
is only adsorbed to the tops while PEGs is adsorbed to
the grooves and ridges (HDT/PEG sample). NEXAFS
spectra obtained on the first kind of samples are shown

Intensity (arb. units)

Pattern, HDT

——AfsyN T
a1

—~———— -

280 290 300

(a)  Photon energy ( eV )

280 290 300
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Fig. 5. (a) NEXAFS spectra of HDT obtained on topographically patterned samples. (b) Experimental (full circles) and model (empty squares)
spectra for a HDT/PEG topographically and chemically patterned sample. The subtraction between these two spectra (dotted line) shows that the
peak shapes are well predicted by the model. The subtraction between experimental spectra obtained on HDT topographically patterned samples
and modeled spectra for HDT/PEG topographically and chemically patterned samples (dashed line) indicate that the method is sensitive to the

chemistry even in the grooves and sidewalls of the patterns.



in Fig. 5(a). The peaks A and C have the same behavior
than in the case of the flat sample (Fig. 4(a)), but their
angular dependence is lower. This decrease is due to
a lost of the global molecular orientation induced by
the orientation of the molecules adsorbed on the side-
walls of the patterns. In the second set of measurements,
NEXAFS spectra were obtained on the HDT/PEG sam-
ples. The model (triangles) and experimental (circles)
spectra, respectively, modeled and measured at 20, 40
and 60° are compared in Fig. 5(b). The model spec-
tra, calculated using Eq. (1) and the HDT and PEGs
spectra shown in Fig. 4, predict the change in peak
shape that occurs at varying beam angles. For each
angle, the doted line curve is the subtraction between
the experimental and the model spectra showing a rel-
atively good matching between the two spectra. The
discrepancy that can be observed around the peak A
where the angular dependence is maximum probably
arises from a small sample disorientation due to our
experimental setup. To better show that this method is
sensitive to the chemistry of the adsorbed molecules we
show in Fig. 5(b) (dashed lines) the subtraction between
the spectra modeled for the HDT/PEG sample and the
experimental data obtained on the patterned HDT sam-
ple. One can clearly observe big discrepancies at both
A and C peaks.

These results bring up a number of crucial points.
First, NEXAFS offers a way to describe the surface
of topographically and chemically patterned samples
with dimensions as small as 150 nm. Also, this method
allows us to compare the structure and the chem-
istry of the molecules on the sidewalls, grooves and
tops of such surfaces. We can also conclude that the
average molecular orientation with respect to the sur-
face normal remains unchanged between the sidewalls,
tops, or grooves and that for each type of molecules,
their density is about the same everywhere on the
sample.

4. Conclusion

NEXAFS spectroscopy has been used in this study
to characterize patterned samples with a periodic struc-
ture of a few 100nm. The method described here
has allowed us to distinguish between different self-
assembled monolayers adsorbed to the tops and side-
walls/grooves of the patterns.
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