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Abstract: Solid-phase assays play a crucial role today in biological studies. These assays are based on the immobilization of
probe molecules on a surface, which are able to capture specifically soluble receptors. In particular, peptide microarrays have
emerged as powerful tools in a variety of applications. In this context, optical techniques that allow imaging of nanometer-thick
biomolecular films, and thereby the characterization of microarrays, are of great interest. For this purpose, we used a recently
disclosed wide-field optical imaging technique of surface nanostructures called Sarfus, which is based on the use of a standard
optical microscope and antireflection substrates. We demonstrate here that this technique allows the imaging of the protein layers
that result from the specific capture of antibodies by arrayed peptide probes with a spatial resolution of 0.45 um. The relationship
between the thickness of the antibody layer and peptide or antibody concentration was examined. Copyright © 2007 European

Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Peptide microarrays are analytical devices that permit
the detection of a large number of analytes in biological
samples [1-3]. They are composed of a planar solid
substrate covered by an array of peptide probe
molecules. The probes are immobilized on the surface
at well-defined positions, typically as spots with a
diameter usually between 50 and 250 um. The detection
of the captured molecules can be done using mainly
optical [4], electrical [5], or mechanical [6] methods.
Fluorescence, which is certainly the most frequently
used detection technique in this field, usually requires
the derivatization of the biological samples or of
specific reagents with a fluorescent dye [7]. The
diversity of interactions that can be studied using
these miniaturized analytical devices has generated
many applications such as the serodiagnosis of
infectious diseases [8,9], high-throughput cell adhesion
assays [3], or the evaluation of protein kinase activity
[10]. In this context, methods allowing the imaging
of nanometer-thick films are of great interest for
the characterization and optimization of microarray
fabrication. Such quality control can be carried out
using ellipsometry [11-15]. Here we demonstrate that a
recently disclosed wide-field optical imaging technique
of surface nanostructures called Sarfus allows the
rapid imaging of protein films formed by the specific
capture of antibodies by arrayed peptide probes, and
thereby can be used for the characterization of peptide
microarrays.
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The Sarfus technique is based on the use of
a standard optical microscope and antireflection
substrates. Optical microscopy is a well-established,
low-cost, and widely used technique for probing surface
structures and studying thin-film properties. The image
contrast in reflection microscopy can be increased by
using reflected differential interference contrast (DIC)
[16]. A way to further increase the image contrast is to
use a substrate that reflects light only if the surface is
covered by a thin film. However, such antireflecting
properties have been observed only with normal
incidence of light and therefore could not be combined
with optical microscopes for contrast enhancement.
Ausserré and Valignat [17,18] have recently described
a novel substrate that has antireflecting properties
when working at non-normal incidence with polarized
light. As a consequence, these substrates (called
Surfs) are compatible with the optical microscope. The
antireflecting property is lost as soon as some material
is present on the surface. As an example, we have
recently reported the use of the Sarfus technique for the
characterization of micropatterns of silica nanoparticles
(dia. 27 nm) on a polycarbonate substrate [19].

In this work, we have evaluated for the first time
the capability of the Sarfus technique to image and
measure the biomolecular films that are formed on the
surface from the specific binding of the immobilized
peptide probes by soluble targets. Well-known tag
peptides derived from influenza hemagglutinin (HA)
[20] or myc protein (myc) [21] and their corresponding
murine antibodies were used in this study. The
tag peptides were microarrayed either on amine-
modified Surf substrates (Sa substrates) or amine-
modified microscope glass slides (Sb substrates)
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Figure 1 HA 1 and myc 2 peptide printing on amine-modified Sa or Sb surfaces using a noncontact microarrayer and incubated
with murine anti-HA or anti-myc antibodies. Sa microarrays were analyzed directly with an optical microscope after the incubation
with the antibodies. Sb surfaces were further incubated with goat anti-murine IgG antibodies labeled with tetramethylrhodamine
for fluorescence detection. The Sb microarrays were analyzed at 532 nm using a standard fluorescence microarray scanner.

using a noncontact piezoelectric microarrayer. The
surfaces were incubated with different concentrations
of anti-HA or anti-myc antibodies. Sa substrates were
directly observed with an optical microscope and the
influence of peptide or antibody concentration on the
microspot thickness was examined. Sb substrates
were used as a control for specificity. Sb substrates
were incubated with anti-HA or anti-myc antibodies
and tetramethylrhodamine-labeled goat anti-murine
antibodies, respectively, to be analyzed with a standard
fluorescence microarray scanner.

RESULTS AND DISCUSSION

HA 1 (32 amino acids) and myc 2 (36 amino acids)
peptides were synthesized on the solid phase using
standard Fmoc/tert-butyl chemistry [22] and purified
by RP-HPLC. The peptides were dissolved at different
concentrations from 0.5 to 100 uM (six concentrations)
in a sodium acetate buffer and printed on amine-
modified Sa or Sb surfaces using a noncontact
piezoelectric arrayer (three drops, 1 nl overall). Amine-
modified silica surfaces are good substrates for peptide
or protein immobilization by physisorption [23,24],
and therefore are often used for the preparation
of peptide or protein microarrays [8,25,26]. The
variation of the microspot thickness due to the
capture of antibodies from the aqueous medium
by the immobilized peptides was not expected to
exceed few nanometers [27-30]. Consequently, the
Sa,b substrates were covered by an amine layer
of regular thickness and low roughness. This was
achieved by treating silica substrates with HySO,4/H204
and 3-aminopropyltrimethoxysilane in 10% aqueous
MeOH successively as described elsewhere [25]. This
procedure yields a regular 2-nm amine layer that
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displayed an rms roughness of about 1nm as
determined by atomic force microscopy (AFM).

The Sa,b microarrays were incubated with commer-
cially available anti-HA or anti-myc murine antibodies
in the presence of Tween 20 and 2% bovine serum albu-
min (BSA), and washed successively with PBS, water,
and ethanol (Figure 1). Sa substrates were imaged
using the Sarfus technique before and after incuba-
tions with the antibodies. Sb microarrays prepared on
microscope glass slides required a second incubation
step with goat anti-murine IgG antibodies labeled with
tetramethylrhodamine to reveal the primary murine
antibodies captured by the immobilized peptide. Flu-
orescence detection was performed at 532 nm using a
standard confocal microarray scanner.

Figure 2 illustrates the method used to quantify the
thickness of the microspots. A typical Sarfus image
of a microspot of peptide HA 1 (100 uM) incubated
with anti-HA antibodies (10 ug/ml) at 0.45 um lateral
resolution is shown in Figure 2(A). The size of the image
is 365 x 284 um. The thickness of the layers present on
the substrate can be visualized using a false-color scale
as shown in Figure 2(B). Correspondence between the
layer thickness and color was obtained using a stair-
like sample built on a Surf substrate. The preparation
and properties of this sample is described in detail
elsewhere [17]. The stair is made of seven silica steps
whose heights with respect to the oxide layer are 2.0,
10.1, 18.3, 22.3, 30.7, 37.6, and 41.4 nm. Observation
of this stair sample with the Sarfus technique allows the
calibration of the instrument. Figure 2(C) corresponds
to a 3D view of the spot. Figure 2(D) gives the thickness
of the layer on the substrate along the doted line
shown in Figure 2(B), which goes twice through the
center of the microspot. The microspot (~250 pm in
diameter) appears as a plateau on the surface with
a height of about 3 nm with respect to the amine
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Figure 2 Sarfus image of a microspot of peptidle HA 1 printed at 100 uM on a Surf substrate silanized with
3-aminopropyltrimethoxysilane and incubated for 1 h at 37°C with murine anti-HA antibodies (10 pg/ml in PBS containing
0.05% Tween 20 and 2% BSA). (A) Microscope image at 20x objective magnification. The size of the image is 365 x 284 um and
the lateral resolution 0.45 pm. (B) Same image as in A but using a false-color scale to better visualize the optical thickness of the
different layers. (C) Sarfus 3D representation of the microspot. (D) Optical thickness of the layers along the dotted line shown in B
(extracted profile). The dotted line goes twice through the center of the microspot and four times through the step at the boundary
between the bare substrate and the periphery of the microspot. The mean height of the step is about 3 nm.

substrate. The profile defined by the dotted line in
Figure 2(B) allows measurement four times the step at
the boundary between the substrate and the microspot
as shown by the marks in Figure 2(D). The thickness
of the microspot is defined as the mean of these four
measurements. Each peptide concentration was printed
in triplicate and all the incubations were also performed
in triplicate. Thus, the thickness of a microspot is
determined by 36 measurements.

Sa microarrays were first analyzed after washing
and saturation in the presence of BSA (Figure 3). In
this case, the height of the spots was found to be
usually negative. For example, the height of peptide HA
microspot at 5 pM was —0.15 nm relative to the amine
substrate. These results can be explained by a reduced
adsorption of BSA on the surface already covered by
peptide molecules compared to the amine-modified
surface around the peptide microspot. Since the size of
peptide molecules (about 4 kD) is significantly smaller
than that of BSA (66 kD), differential adsorption of BSA
between the peptide microspot and the bare substrate
can lead to negative heights. In contrast to the myc 2
peptide, the thickness of the HA 1 microspot increased
significantly with peptide concentration. This difference
could be due to the greater hydrophilicity of the myc
2 peptide (15 polar and 9 hydrophobic amino acids)
compared to HA 1 peptide (6 polar and 12 hydrophobic
amino acids), leading to the partial desorption of the
former during the washing step.

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

0.5
g
'
g 0 l— T =3 T 1
g 25 50 75 100
05 )
-1 /UM

Figure 3 Peptide HA 1 (A) and myc 2 (O) printed on
amine-modified Surf substrates at different concentrations
from O to 100 uM. Sa microarrays were washed with PBS
containing 0.05% Tween 20 and 2% of BSA and analyzed
using the Sarfus technique. The optical thickness n.e. (nm)
relative to the bare substrate is given as a function of
peptide concentration. The data correspond to the median
and interquartile range for three spots.

We next examined the capture of purified antibod-
ies by the arrayed peptide probes on Sa substrates.
Figure 4(A) and (C) shows the peptide HA 1 (100 uM)
microspot incubated with anti-HA or anti-myc anti-
bodies (250 pg/ml in PBS), respectively, at 0.45 um
lateral resolution. Analogously, Figure 4(B) and (D) cor-
responds to peptide myc 2 microspot incubated with
anti-HA or anti-myc antibodies, respectively. A spot
is clearly visible when a peptide was incubated with
its specific antibody, i.e. peptide HA 1 with anti-HA
antibody (Figure 4(A)) or peptide myc 2 with anti-myc
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Figure 4 HA 1 and myc 2 peptides printed at 100 uM on amine-modified Sa substrate using a noncontact arrayer (three drops,
~1 nl). The microarrays were incubated for 1 h at 37°C with anti-HA (A, B) or anti-myc (C, D) antibodies (250 pug/ml) diluted in
PBS containing 2% BSA and 0.05% Tween 20. The substrates were imaged using an optical microscope in Sarfus configuration.

antibody (Figure 4(D)), whereas no significant change
could be observed for the HA 1 microspots in the
presence of anti-myc antibody (Figure 4(C)) or for the
myc 2 microspots in the presence of anti-HA antibody
(Figure 4(B)). These results demonstrate that the Sar-
fus technique permits the rapid imaging of the protein
layers formed by the specific binding of antibodies to
arrayed peptide probes.

We next examined the effect of peptide or anti-HA
antibody concentration on the height of the HA 1
or myc 2 microspots. The peptides were printed at
six different concentrations in triplicate from 0.5 to
100 pM. The anti-HA antibody concentration was varied
from 0.01 to 10 ug/ml. Each antibody concentration
was tested in triplicate, and the data presented in
Figure 5 correspond to the median and interquartile
range of the microspot heights with respect to the
amine-modified substrate. The spot heights were found
to be highly reproducible (Figure 5).

Negative microspot heights were observed for HA
1 peptide printed at 1 uM irrespective of the anti-HA
antibody concentration tested (Figure 5). However, the
specific binding of anti-HA antibodies (10 ug/ml) to the
HA 1 microspots could be detected using Sb substrates
and fluorescence detection (data not shown). Thus,
at 1 uM peptide concentration, the surface density
of peptide/antibody complexes is probably not high
enough to give a layer thicker than the surrounding

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

BSA layer. The molecular weight of BSA and IgG is 66
and 150 kD, respectively. Because of the difference
in size between BSA and IgG, the formation of a
dense layer of IgG molecules on a peptide microspot
is expected to give positive microspot heights, even
though the surface surrounding the microspot is
saturated with BSA. This was indeed observed for HA
1 peptide concentrations above 5 uM. The microspot
height of the HA 1 microspots incubated with anti-HA
antibody reached a plateau for a peptide concentration
above 10 uM irrespective of the concentration of
antibody used, a phenomenon that can be attributed
to the saturation of the surface by peptide molecules
above this concentration. Interestingly, the relationship
between the anti-HA antibody concentration and HA
1 (50 uM) microspot height was found to be linear
(Figure 5, r? = 0.98).

The altitude of the peptide myc 2 microspots is also
presented in Figure 5. In contrast to HA 1, the heights
of the myc 2 microspots in the presence of anti-HA
antibodies at 10 ug/ml were not significantly different
from those obtained after washing with BSA/Tween
20, demonstrating that the increase in optical height
observed for HA 1 microspots was due to the specific
capture of anti-HA antibodies by the immobilized HA 1
peptide.

Sb microarrays combined with fluorescence detection
confirmed the specificity of the antibody capture for all

J. Pept. Sci. 2007; 13: 451-457
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Figure 5 Effect of anti-HA antibody and peptide concentration
values correspond to the difference between the optical heights

(HA 1 or myc 2) on the height of the microspots. The n.e.
of the spots and of the layer between the spots. (A) Peptide

HA 1: continuous line, peptide myc 2: dotted line. Anti-HA antibody: © 10 ug/ml, 2.5 ug/ml (x), 0.001 pg/ml (O), none (OJ).
(B) Relationship between peptide HA 1 microspot height and anti-HA antibody concentration (HA 1 : 50 pM). The data correspond

to the median and interquartile range for three microarrays (spots

the peptide or antibody concentrations tested. Figure 6
compares the height of peptide HA 1 microspot printed
at 50 uM (Sa substrate) and the fluorescence signal
of the microspots obtained using the Sb substrate.
The error in the layer thickness is significantly
lower than that in the fluorescence signal, especially
for the highest concentrations tested. The microspot
fluorescence was found to decrease at high antibody
concentrations. However, the height of peptide HA
1 microspot increased even for the highest antibody
concentration tested, suggesting that the decrease of
microspot fluorescence is probably due to the self-
quenching of the rhodamine dye.

CONCLUSIONS

We have demonstrated that the Sarfus detection tech-
nique, based on the use of a microscope equipped with
cross-polarizers and Surfs as contrast-enhancing sub-
strates, allows rapid imaging at 0.45 um resolution of a
protein layer formed by the specific binding of antibod-
ies to arrayed peptide probes. The relationship between
the layer thickness and antibody concentration was

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 6 Comparison between Sarfus detection (Sa, x) and

fluorescence detection (Sb, [J) at 532 nm using a standard
microarray scanner. Peptide HA 1 (50 uM) was incubated
with different concentrations of anti-HA antibodies from 10
to 10000 ng/ml in PBS containing 0.05% of Tween 20 and
2% BSA. The data correspond to the median and interquartile
range for three microarrays (spots in triplicate).

found to be linear. This novel technique, which allows
the rapid label-free and wide-field optical imaging of
protein layers, can be used for the characterization of
polypeptide microarrays as described in this work and,
more generally, should be of great interest for those
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interested in the interaction of peptides or proteins
with surfaces.

MATERIALS AND METHODS

Surface Fonctionalization

Standard Surfs (SiOs surface) were purchased from Nanolane
(France). Surfs and microscope glass slides were cleaned
using a freshly prepared piranha solution (H2SO4/HgOa2,
1/1 by vol, 1h). The substrates were washed with water
(5 x 3 min) and methanol (3 min) and then treated for 30 min
under sonication with 3% 3-aminopropyltrimethoxysilane in
5% aqueous methanol/water solution. The supports were
then washed successively with methanol, water (twice), and
methanol, and finally annealed for 15 min at 110°C.

Peptide Synthesis

The sequence of the HA 1, H-SGYPYDVPDYAGYPYDVPDYA
GYPYDVPDYAS-NH3, is derived from HA, a surface glycopro-
tein required for infectivity of the human influenza virus. The
sequence of the myc 2, H-SEQKLISEEDLNGEQKLISEEDLNA
EQKLISEEDLG-NHg, is derived from the human c-myc pro-
tein. The peptides were synthetised in an automated peptide
synthesizer (Pioneer, Perseptive Biosystems Inc., MA, USA)
using the standard Fmoc/tert-butyl strategy.

Synthesis of peptides was performed on a 0.1 mmol scale
on a Rink Amide resin (Fmoc-PAL-PEG-PS, Perseptive Biosys-
tems, MA, USA). Following peptide elongation, the peptide was
deprotected and cleaved during 2 h at room temperature using
TFA/water/triisopropylsilane (9.5/250/250 pl). The peptide
was precipitated in diethyl ether/n-heptane, 1/1 v/v, and then
purified by RP-HPLC on a 120 A 5 um C18 Nucleosil column
using a linear water/acetonitrile gradient containing 0.05%
TFA by vol (6 ml/min, detection 230 nm) to give 54 mg of HA
1 and 15 mg of myc 2 after lyophilization.

HA 1: RP-HPLC purity: 92% (C18 Nucleosil, 0-80%
acetonitrile containing 0.05% TFA in 60 min, 1 ml/min,
detection at 215 nm, 50°C). Capillary electrophoresis purity:
>95% (5 kV, phosphate buffer). MALDI-TOF: [M + H]* caled
monoisotopic: 3748.6; found: 3748.6.

myc 2: RP-HPLC purity: 89% (C18 Nucleosil, 0-80%
acetonitrile containing 0.05% TFA in 60 min, 1 ml/min,
detection at 215 nm, 50°C). MALDI-TOF: [M + H]t calcd
4074.41; found: 4074.1.

Printing of the Microarrays

Peptides were dissolved at 0.1 mM, 0.05 mM, 0.01 mM, 10 uM,
5uM, 1 uM and 0.5 uM in 0.1 M pH 5.5 sodium acetate buffer
and printed in triplicate (three drops of 300 pl, 1 nl overall)
on amine-modified Sa or Sb substrates using a Perkin-Elmer
BioChip Arrayer 1 (Perkin-Elmer, Wellesley, MA, USA). The
microarrays were stored at room temperature in a closed box
under nitrogen until use.

Incubations
The experiments were performed in triplicate.

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

PBS-A is a 0.01 M phosphate buffered saline pH 7.2
containing 0.05% of Tween 20. PBS-B was prepared by adding
2% w/v of BSA to PBS-A.

The surfaces were saturated for 5 min at 37°C with
PBS-B. After three washings with PBS-A, the microarrays were
incubated 1 h at 37 °C and under coverglass with murine anti-
HA (120 pl, monoclonal antiboby HA.11, Eurogentec, Belgium)
or anti-myc antibodies (120 pl, monoclonal anti-myc antibody,
Invitrogen, CA, USA) diluted from 1/100 to 1/500000 in
PBS-B. Sa substrates were washed three times with PBS-A,
distilled water and absolute ethanol and dried in air. Sb
substrates were washed three times with PBS-A and incubated
for 1 h at 37°C with tetramethylrhodamine-conjugated goat
antibodies against murine IgG (1/100 in PBS-B). The slides
were then washed three times in PBS-A, distilled water, and
absolute ethanol and dried in air.

Sarfus Analysis

Optical observations on Standard Surfs were carried out using
a Leica DMR-HC reflection optical microscope (Leica Microsys-
tem, Wetzlar, Germany) equipped with cross-polarizers and
DIC. Three-dimensional visualization and thickness measure-
ments of the overlayers were performed by comparing col-
ors and intensities in the sample image (Sarfusoft software
by Nanolane) with those of a calibration standard made of
nanometer-thick silica steps on a Surf (Nanolane, France).

Fluorescence Analysis

The glass slides were scanned with an Affymetrix 418 array
scanner (MWG, Santa Clara, California, USA). The scanner
sensitivity was fixed at 50% laser power and 70% PMT.
The data were analyzed using the Perkin-Elmer ScanArrays
Express software (Perkin-Elmer, Wellesley, MA, USA).
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