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The characterization of peptide arrays on gold surfaces
designed for the study of peptide-antibody interactions
using surface plasmon resonance (SPR) imaging is described. A two-step process was used to prepare the
peptide arrays: (i) a set of parallel microchannels was
used to deliver chemical reagents to covalently attach
peptide probes to the surface by a thiol-disulfide exchange reaction; (ii) a second microchannel with a wraparound design was used as a small-volume flow cell (5
µL) to introduce antibody solutions to the peptide surface.
As a demonstration, the interactions of the FLAG epitope
tag and monoclonal anti-FLAG M2 were monitored by
SPR imaging using a peptide array. This peptide-antibody
pair was studied because of its importance as a means to
purify fusion proteins. The surface coverage of the FLAG
peptide was precisely controlled by creating the peptide
arrays on mixed monolayers of alkanethiols containing an
amine-terminated surface and an inert alkanethiol. The
mole fraction of peptide epitopes was also controlled by
reacting solutions containing FLAG peptide and the noninteracting peptide HA or cysteine. By studying variants
based on the FLAG binding motif, it was possible to
distinguish peptides differing by a single amino acid
substitution using SPR imaging. In addition, quantitative
analysis of the signal was accomplished using the peptide
array to simultaneously determine the binding constants
of the antibody-peptide interactions for four peptides. The
binding constant, Kads, for the FLAG peptide was measured and found to be 1.5 × 108 M-1 while variants made
by the substitution of alanine for residues based on the
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binding motif had binding constants of 2.8 × 107, 5.0 ×
106, and 2.0 × 106 M-1.

Peptide arrays are emerging as an effective tool for the study
of binding recognition events between biologically active peptides
and other biomolecules, such as protein, DNA, and RNA. Immobilized arrays of peptides have been used for several applications including the identification of important residues in proteinprotein recognition,1,2 the study of peptide-DNA interactions,3 the
enzymatic modification of peptides,4,5 and the characterization of
peptide motifs important to cell adhesion.6,7 Many of these
advances have been accomplished using multiplexed peptide
arrays fabricated by SPOT synthesis.8 In this method, the parallel
synthesis of many peptides is performed at discrete locations on
a cellulose membrane. Protein interactions with the immobilized
peptides are then detected by labeling either the immobilized
peptide or the target biomolecule with a fluorescent or radioactive
tag. To enhance protein recognition and screening capabilities to
(1) Reineke, U.; Kramer, A.; Schneider-Mergener, J. Curr. Top. Microbiol.
Immunol. 1999, 243, 23-36.
(2) Portefaix, J.-M.; Thebault, S.; Bourgain-Guglielmetti, F.; Del Rio, M.; Grainer,
C.; Mani, J.-C.; Navarro-Teulon, I.; Nicolas, M.; Soussi, T.; Pau, B. J.
Immunol. Methods 2000, 244, 17-28.
(3) Reuter, M.; Scheider-Mergener, J.; Kupper, D.; Meisel, A.; Mackeldanz,
P.; Kruger, D. H.; Scroeder, C. J. Biol. Chem. 1999, 274, 5213-5221.
(4) Hilpert, K.; Hansen, G.; Wessner, H.; Schneider-Mergener, J.; Hohne, W.
J. Biochem. 2000, 128, 1051-1057.
(5) Wenschuh, H.; Volkmer-Engert, R.; Schmidt, M.; Schulz, M.; SchneiderMergener, J.; Reineke, U. Biopolymers 2000, 55, 188-206.
(6) Zhang, S.; Yan, L.; Altman, M.; Lassle, M.; Nugent, H.; Frankel, F.;
Lauffenburger, D. A.; Whitesides, G. M.; Rich, A. Biomaterials 1999, 20,
1213-1220.
(7) Houseman, B. T.; Mrksich, M. Biomaterials 2001, 22, 943-955.
(8) Reineke, U.; Volkmer-Engert, R.; Schneider-Mergener, J. Curr. Opin.
Biotechnol. 2001, 12, 59-64.
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the level required for large-scale proteomic measurements, the
further development of functional peptide chips is necessary.
In support of this endeavor, surface plasmon resonance (SPR)
imaging can be used to quantitatively study protein-peptide
interactions with peptide arrays made on chemically modified gold
surfaces. SPR imaging is an ideal surface-sensitive optical technique to detect the interactions of antibodies with peptides because
fluorescent or radioactive labeling, which may adversely affect
antibody structure, is not required. The utility of SPR imaging to
the label-free study of reversible protein adsorption interactions
was previously demonstrated in a series of protein-DNA
measurements.9-11 For example, the binding interactions of the
mismatch binding protein, Mut S, and the single-stranded binding
protein to DNA arrays have been studied,9,10 and the sequencespecific transcription regulation proteins, OmpR and VanR, have
been investigated using DNA arrays.11
The fabrication of robust arrays of peptides immobilized on
gold films is a crucial element for the measurement of peptideantibody interactions by SPR imaging. Only noble metals can be
used as array substrates for SPR imaging measurements; therefore, the commercially available arrays made by SPOT synthesis
techniques on membranes or by parallel synthesis on plastic pins
cannot be used.1,12 Instead, in this paper, we employ a selfassembled monolayer (SAM) of an ω-functionalized alkanethiol
as the foundation of the peptide array, followed by chemical
modification of the SAM to tether peptides to the surface. The
chemical modification of SAMs has been used previously in our
group in reaction schemes developed for the covalent attachment
of DNA molecules.13,14 Two methods were used to control the
peptide surface coverage. The first approach involved the reaction
of two-component solutions of alkanethiols with the gold surface
to form mixed monolayers of the reactive amine-terminated
alkanethiol and an inert carboxylic- or hydroxyl-terminated alkanethiol before chemically attaching the peptide. In the second
methodology, mixtures of FLAG peptide and the noninteracting
peptide HA or cysteine were reacted at the final step of the
immobilization process.
In conjunction with the surface attachment chemistry, microfluidics were used both to immobilize peptides in an array format
and to deliver small volumes of antibodies to the surfaces using
poly(dimethylsiloxane) (PDMS) microchannels. These efforts
follow our recent application of PDMS microchannels for the
fabrication of DNA arrays for SPR imaging.15 The peptide arrays
were fabricated by a two-step process: (i) parallel microfluidic
channels constructed from PDMS were used to immobilize
multiple peptides onto a chemically modified gold chip in a series
of lines; (ii) subsequently, target antibody solutions were delivered
(9) Frutos, A. G.; Brockman, J. M.; Corn, R. M. Langmuir 2000, 16, 21922197.
(10) Brockman, J. M.; Frutos, A. G.; Corn, R. M. J. Am. Chem. Soc. 1999, 121,
8044-8051.
(11) Smith, E. A.; Erickson, M. G.; Ulijasz, A. T.; Weisblum, B.; Corn, R. M.
Langmuir, in press.
(12) Maeji, N. J.; Bray, A. M.; Valerie, R. M.; Seldon, M. A.; Wang, J. X.; Geysen,
H. M. Pept. Res. 1991, 4, 142-146.
(13) Brockman, J. M.; Frutos, A. G.; Corn, R. M. J. Am. Chem. Soc. 1999, 121,
8044-8051.
(14) Smith, E.; Wanat, M. J.; Cheng, Y.; Barreira, S. V. P.; Frutos, A. G.; Corn,
R. M. Langmuir 2001, 17, 2502-2507.
(15) Lee, H. J.; Goodrich, T. T.; Corn, R. M. Anal. Chem. 2001, 73, 55255531.
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Table 1. Peptide Sequences and Antibodies Derived
from Epitope Tagsa and Measured Binding Constants
peptide

sequence (N- to
C-terminus)

associated
antibody

F1
F2
F3
F4
HA

CSGDYKDDDDK
CSGDAKDDDDK
CSGDYADDDDK
CSGDYKDADDK
CSGYPYDVPDYA

M2
M2
M2
M2
12CA5

Kads (M-1)

C0.5θ
(nM)

1.5 ( 0.5 × 108
2.0 ( 0.5 × 106
5.0 ( 2.4 × 106
2.8 ( 0.8 × 107

6.5
500
200
35

a Peptide sequences are modified at the N-terminus with the
sequence CSG. The thiol functionality on the terminal cysteine is used
to chemically attach the peptide to the surface. The serine and glycine
act as a spacer between the active sequence and the cysteine. The
underlined amino acids indicate alanine substitutions for residues in
the original sequence, F1.

to the peptide “line array” through a second PDMS microchannel
used as a small-volume flow cell (5 µl). Performing peptide
attachment chemistry reactions within the microchannels facilitates the creation of multicomponent arrays and eliminates the
need to use harsh chemicals to protect and deprotect the
background during the peptide immobilization process.
SPR imaging measurements were then used to monitor the
adsorption of antibodies onto the peptide arrays. As an example,
we demonstrate the sequence-specific interaction of anti-FLAG M2
in solution with four surface-bound peptides. Langmuir isotherms
of anti-FLAG binding to the four different peptides based on the
biding motif of the FLAG fusion tag were also measured to
determine the adsorption coefficients of four epitopes on one chip.
EXPERIMENTAL CONSIDERATIONS
Materials. N-Succinimidyl S-acetylthiopropionate (SATP, Pierce),
2,2′-dipyridyl disulfide (DPDS, Aldrich), 11-mercaptoundecylamine
(MUAM, Dojindo Laboratories), 11-mercaptoundecanoic acid
(MUA, Aldrich), 11-mercapto-1-undecanol (MUD, Aldrich), Nhydroxysuccinimidyl ester of methoxypoly(ethylene glycol) propionic acid MW 2000 (PEG-NHS, Shearwater Polymers Inc.),
dithiothreitol (DTT, Aldrich), sodium chloride (Aldrich), potassium chloride, sodium dihydrogen phosphate monohydrate, disodium hydrogen phosphate dihydrate (Fluka), potassium dihydrogen phosphate (J.T. Baker Chem. Co.), and anti-FLAG M2
(Sigma) were used as received without any further purification.
All rinsing steps were performed with Millipore-filtered water and
absolute ethanol. Peptides were synthesized at the University of
Wisconsin Biotechnology Center using an Applied Biosystems
Synergy 432A. Purity was determined with MALDI-TOF mass
spectrometry and HPLC, and the peptides used in these experiments had a minimum purity of 90%. The peptide sequences along
with the associated monoclonal antibodies are listed in Table 1.
Array Fabrication. Thin gold films (45 nm) with an underlayer
of chromium (1 nm) were vapor-deposited on SF10 glass slides
(Schott glass) using a Denton DV-502A evaporator and were used
for all SPR imaging experiments. PDMS polymer was used to
fabricate microchannels by curing the polymer on 3-D silicon
master wafers at 70 °C as described previously.15-17 Peptide
(16) Duffy, D. C.; McDonald, J. C.; Schueller, O. J. A.; Whitesides, G. M. Anal.
Chem. 1998, 70, 4974-4984.
(17) Effenhauser, C. S.; Bruin, G. J. M.; Paulus, A.; Ehrat, M. Anal. Chem. 1997,
69, 3451-3457.

change reactions with fluorescently labeled peptides was estimated
by measuring the fluorescence of a DTT solution used to cleave
the disulfide bonds immobilizing the peptides onto the surface.14
A peptide monolayer was formed by reacting a 1 mM solution of
fluorescein-labeled F1 peptide (see Table 1 for sequence) on a
chemically modified gold-coated slide. The slide was then soaked
in a 1 M DTT solution for 1 h. The fluorescence emission at 517
nm was measured with a Hitachi F-4500 fluorescence spectrophotometer for each cleaved peptide solution. The peptide surface
coverage estimated by this method should be regarded as an
upper limit, because the gold-coated substrates used for these
fluorescence measurements were assumed to be morphologically
smooth.

Figure 1. Schematic diagram illustrating the chemical attachment
of peptides on gold surfaces. FLAG peptides were modified with a
terminal cysteine for direct attachment onto a self-assembled monolayer on gold via a sulfhydryl-disulfide exchange reaction. The FLAG
sequences contained an SG spacer between the cysteine and the
FLAG sequence to maximize antibody accessiblity to the immobilized
peptide.

immobilization steps were performed within PDMS microchannels
constructed from a silicon master displaying parallel channels
(300-µm width, 1.4-cm length, and 700-µm spacing). Further details
can be found within the text and in Figures 1 and 2. Peptides
were immobilized for 3 h in phosphate buffer (pH 7.4, 10.1 mM
Na2HPO4, 1.8 mM KH2PO4, 14 mM NaCl, 2.7 mM KCl). A flow
cell for sample delivery to the line array was constructed from a
single PDMS microchannel (500-µm width, 14.2-cm total length,
35-µm depth). The channel was constructed to wrap around the
chip surface with 500-µm spacing between folds, which are aligned
perpendicular to the line array. Solutions were delivered to the
surface through the microchannels by a simple aspiration-based
differential pressure pumping system. The peptide array was
regenerated by exposing the surface to 100 mM triethylamine,
pH 11.2, for 5 min to remove adsorbed antibody from the surface.
The peptide could be regenerated and exposed to antibody
solutions for five cycles before nonspecific protein adsorption
resulted in degradation of the peptide array.
SPR Imaging Measurements. The SPR imaging experiments
were performed on an SPR imager apparatus (GWC Instruments),
which used near-infrared excitation from an incoherent source.18
Immobilized peptides were exposed to antibody solutions in
phosphate buffer with a total sample volume of 5 µL delivered
through the wraparound PDMS flow cell. All SPR images were
taken under equilibrium conditions, 10 min after antibody introduction into the microfluidic channel. Images were collected using
V++ Precision Digital Imaging Systems, version 4.0 software and
further analyzed using the software package NIH Image V.1.6.1.
Fluorescence Wash-Off Measurements. The surface density
of peptide monolayers prepared by surface thiol-disulfide ex(18) Nelson, B. P.; Frutos, A. G.; Brockman, J. M.; Corn, R. M. Anal. Chem.
1999, 71, 3928-3934.

RESULTS AND DISCUSSION
I. Creation of FLAG Epitope Peptide Arrays. Peptide
sequences based on the FLAG peptide tag were studied as a model
system for peptide-antibody interactions. This hydrophilic eightamino acid peptide is frequently fused to proteins for two
purposes: (1) for the detection of proteins, where the tag provides
a means to identify proteins in cell-based systems allowing the
study of protein functions and cellular locations,19-22 and (2) for
protein purification, where the peptide tag is used to selectively
bind to an associated antibody allowing purification from cell
extracts.23,24 The interaction of FLAG peptide and anti-FLAG M2
has been well-characterized, and the amino acids essential to
binding have been previously identified25,26 making this antigenantibody pair ideal for showing the feasibility of SPR imaging for
label-free quantitative analysis of adsorption interactions on multipeptide arrays. We studied variants of the FLAG peptide based
on the binding motif of the antibody-peptide interaction. Four
FLAG variants were immobilized on one array and were used to
demonstrate the utility of SPR imaging to distinguish peptides
differing by a single amino acid and to identify the essential
residues in an antibody-peptide binding motif.
A. Surface Attachment Chemistry. Peptides were covalently
immobilized on gold surfaces using reaction schemes previously
developed for the attachment of thiol-modified DNA.14 Briefly, the
NHS ester of SATP was reacted with an amine-terminated
alkanethiol monolayer of MUAM, resulting in the formation of a
protected thiol surface. A free sulfhydryl surface was formed, upon
removal of the protection group, with a hydroxylamine solution
containing DTT. The sulfhydryl surface was then reacted with
dipyridyl disulfide to create a pyridyl surface. Next, peptides
modified with a terminal cysteine were attached to this surface
via a thiol-disulfide reaction (see Figure 1).
B. Peptide Array Fabrication. A two-step fabrication method
was used to create the peptide arrays. As shown in Figure 2a,
(19) Berrymen, D. E.; Mulero, J. J.; Hughes, L. B.; Brasaemle, D. L.; Bensadoun,
A. Biochim. Biophys. Acta 1998, 1382, 217-229.
(20) Lewis, S. E.; Listenberger, L. L.; Ory, D. S.; Schaffer, J. E. J. Biol. Chem.
2001, 276, 37042-37050.
(21) Eckhardt, M.; Gotza, B.; Gerhardy-Schahn, R. J. Biol. Chem. 1999, 274,
8779-8787.
(22) Zhang, F. F.; Pajor, A. M. Biochim. Biophys. Acta 2001, 1511, 80-89.
(23) Bouchard, B. A.; Furie, B.; Furie, B. C. Biochemistry 1999, 38, 9517-9523.
(24) Pearson, D. L.; Reimonenq, R. D.; Pollard, K. M. Protein Expression Purif.
1999, 17, 49-56.
(25) Slootstra, J. W.; Kuperus, D.; Pluckthun, A.; Meloen, R. H. Mol. Diversity
1996, 2, 156-164.
(26) Zhang, L.; Hernan, R.; Brizzard, B. Mol. Biotechnol. 2001, 19, 313-321.
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Figure 2. Schematic drawing showing fabrication of a peptide array on a gold surface. (a) A set of parallel PDMS microchannels was used
to immobilize peptides onto a gold film, (b) A second PDMS microchannel was used as a small-volume sample cell (5 µL) to deliver target
molecules (e.g., antibody) to the peptide line array. (c) SPR difference image showing the adsorption of anti-FLAG M2 onto a two-component
peptide array.

peptides were immobilized within a set of parallel microfluidic
channels constructed from PDMS to create a “line array” of
different peptide monolayers on a gold substrate. In a second step
(see Figure 2b), a second PDMS channel with a wraparound
design was used to deliver a small volume (5 µL) of antibody
solution to the peptide line array. The surface chemistry described
in section A was performed within the first set of parallel channels
to create a pyridyl-terminated disulfide surface. Then different
peptide solutions (1mM) were delivered through the channels and
reacted with the pyridyl-terminated surface for 3 h to covalently
attach the peptides to the gold surface. The microchannels used
to create the peptide arrays were 300 µm wide with 700-µm
spacing so that a maximum of 10 different species could be
immobilized for simultaneous analysis by SPR imaging. By
changing the spacing and width of the microchannels, it is possible
to immobilize up to 100 different peptides on one 1.8 cm × 1.8
cm chip.
Once the peptide immobilization was complete, the parallel
microchannels were removed and the amine moieties on the
surface surrounding the immobilized peptide lines were reacted
with PEG-NHS. The PEG surface provided a background with
respect to the peptide array that is resistant to the nonspecific
adsorption of proteins. Polarization modulation Fourier transform
infrared spectroscopy (PM-FT-IR) measurements demonstrated
that while the N-terminus and lysine residues of the peptides
contain amine functionalities, PEG-NHS reacted with relatively few
of them, in comparison with the alkanethiol background, and
consequently did not negatively modify the peptide structure to a
significant extent (supporting FT-IR data are not shown).
After the background of the peptide of the array was prepared,
a second microchannel was used as a small-volume flow cell to
introduce antibody solutions to the surface (Figure 2b). This
microchannel was placed perpendicular to the peptide line array
resulting in discrete intersections, where antibody solution
5164
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contacts the peptide array, defined by the flow path. A maximum
number of intersections are created by this approach while the
total sample volume is 5 µL.
SPR imaging experiments were used to monitor the adsorption
of the antibodies to the peptide array (Figure 2c). Images of a
peptide array made by this fabrication process were taken before
and after the introduction of 100 nM anti-FLAG M2 through the
PDMS microchannel and subtracted to produce the SPR difference
image shown in Figure 2c. The array was composed of two peptide
epitopes immobilized in alternate channels onto the gold surface,
and differential antibody binding to the two peptides was observed
based on the sequence specificity of the antibody-peptide
interaction.
C. Optimization of Peptide Arrays for Antibody Binding
Measurements. Optimization of the peptide arrays for SPR
imaging measurements of antibody binding has components in
two essential areas: (i) optimization of the surface attachment
chemistry for the peptide epitopes and (ii) optimization of the
surface density of the peptides. Specifically, the surface attachment
chemistry was optimized by studying the effect the addition of
spacer residues to the F1 peptide sequence had on anti-FLAG M2
binding. The surface density of the peptides was modified by two
different methods that targeted the initial and final steps of the
peptide immobilization process, respectively.
Spacer Residues and Peptide Accessibility. The oriented
attachment of peptides was accomplished through the addition
of a terminal cysteine. The terminal cysteine was coupled to the
peptide sequence of interest with spacer residues, to maximize
the availability of the peptide to antibody. Short uncharged spacers
have often been inserted between a peptide tag and a protein for
the purpose of increasing accessibility of the target to the tag when
fusion proteins were purified.27-29 Peptides containing the F1
sequence listed in Table 1 were synthesized without a spacer, with
a serine-glycine (SG) spacer, and with an SGSG spacer and

Figure 3. SPR difference image showing the binding of a 100 nM
solution of anti-FLAG M2 to a peptide array composed of peptides
containing the F1 sequence (refer to Table 1) modified with either an
SGSG spacer, an SG spacer, or no spacer. The most antibody
adsorption was observed at the peptide with the SGSG spacer.

immobilized onto an array. Figure 3 shows an SPR difference
image taken after the introduction of 100 nM anti-FLAG M2
solution to the surface. The line profile distinctly shows the
increase in antibody adsorption onto peptides containing spacers.
The addition of an SG spacer increased the SPR response by 179%
from the original sequence, whereas the addition of an SGSG
spacer resulted in an increase of 238%. Subsequent peptide
immobilizations were performed using peptides incorporating an
SG spacer to enhance the SPR signal observed while minimizing
the addition of amino acids added to the short peptide sequence.
Control of Peptide Surface Density. The attachment of
peptides to the gold surface is composed of two coupling
reactions: (i) the formation of the amide linkage to the amineterminated MUAM surface to create a free thiol and (ii) the
conversion of this thiol into a disulfide linkage to the cysteine of
a modified peptide. The surface coverage of a full peptide
monolayer was measured by fluorescence wash-off experiments
of fluorescently labeled peptides to be 1.5 × 1013 molecules/cm2
(see Experimental Section), while the number of alkanethiol
molecules in a packed monolayer was determined by others to
be 4 × 1014 molecules/cm2. 30,31 To account for the order of
magnitude difference between the alkanethiol monolayer and the
peptide surface coverage, two methods were explored to vary the
peptide surface coverage based on the two steps of the peptide
immobilization strategy. The first method involved controlling the
surface coverage of the amine-terminated monolayer using mixed
monolayers to change the initial step of the attachment chemistry.
The second method explored the reaction of mixed peptide
solutions to control the peptide surface coverage through the
disulfide linkage.
(27) Kaltenboeck, B.; Heard, D.; DeGraves, F. J.; Schmeer, N. J. Clin. Microbiol.
1997, 35, 2293-2298.
(28) Luo, D.; Geng, M.; Schultes, B.; Ma, J.; Xu, D. Z.; Hamza, N.; Qi, W.;
Noujaim, A. A.; Madiyalakan, R. J. Biotechnol. 1998, 65, 225-228.
(29) Kjeldsen, T.; Pettersson, A. F.; Hach, M. Biotechnol. Appl. Biochem. 1999,
29, 79-86.
(30) Nuzzo, R. G.; Zegarski, B. R.; Dubois, L. H. J. Am. Chem. Soc. 1987, 109,
733-740.
(31) Jung, L. S.; Campbell, C. T. J. Phys. Chem. B 2000, 104, 11168-11178.

Figure 4. Comparison of the change in percent reflectivity upon
anti-FLAG adsorption (100 nM) onto F1 peptide arrays fabricated on
mixed monolayers containing various percentages of MUAM in MUA
(O) and MUAM in MUD (b). Representative error bars have been
included for these measurements. The dotted and solid lines are
included as an aid to the eye.

Mixed alkanethiol monolayers were used to reduce the amine
surface coverage and thereby change the surface density of
immobilized peptides. Mixtures were made of MUAM and an
alkanethiol terminated with either a carboxylic acid (MUA) or a
hydroxyl group (MUD). These alkanethiols were selected as
diluents since neither MUA nor MUD can be chemically modified
to attach peptides to the surfaces using the reaction scheme
described above. Arrays of mixed monolayers were fabricated on
gold thin films using a set of parallel PDMS michrochannels. Twocomponent alkanethiol solutions with different ratios of MUAM/
MUD or MUAM/MUA were introduced into the microchannels
to create a line array of different SAMs. These sets of SAMs were
then used to create peptide arrays by performing the rest of the
chemical modification steps within the microchannels.
SPR imaging measurements were used to measure antibody
adsorption onto the peptide arrays. Figure 4 shows the results
from SPR imaging experiments where a peptide array created with
mixed alkanethiol monolayers was exposed to 100 nM anti-FLAG.
The changes in percent reflectivity were plotted as a function of
the solution composition of alkanethiol exposed to the gold surface
to create the peptide lanes. A maximum in the change in percent
reflectivity (∆% R) due to antibody adsorption was observed on
peptide array elements composed of greater than 50% MUAM for
both MUAM/MUD and MUAM/MUA solution mixtures.
In a second set of experiments, we controlled the mole fraction
of peptide epitopes on the array by the attachment of mixed
solutions of peptides via the thiol-disulfide exchange reaction (see
Figure 1). Peptide attachment was performed with solutions
containing mixtures of either F1 and HA peptides (refer to Table
1 for sequences), or mixtures of F1 and cysteine. The HA
sequence, a peptide tag derived from the influenza hemagglutinin
protein,32,33 was chosen as a noninteracting peptide, because antiFLAG does not bind to the HA sequence and it has an associated
antibody. F1 and HA were mixed in solutions with mole fractions
(32) Niman, H. L.; Houghten, R. A.; Walker, L. E.; Reisfeld, R. A.; Wilson, I. A.;
Hogle, J. M.; Lerner, R. A. Proc. Natl. Acad. Sci. U.S.A. 1983, 80, 49494953.
(33) Wilson, I. A.; Niman, H. L.; Houghten, R. A.; Cherenson, A. R.; Connoly,
M. L.; Lerner, R. A. Cell 1984, 37, 767-778.
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Figure 5. Line profile showing the adsorption anti-FLAG M2 (50
nM) onto a peptide array composed of F1 peptide diluted into the
noninteracting HA peptide in mole fractions ranging from 0.29 to 1.00
F1. The graph inset shows the antibody surface coverage obtained
when the array is exposed sequentially to anti-FLAG (b) and 10 nM
anti-HA (O).

of F1 peptide ranging from 0.29 to 1.00 and immobilized onto the
surface in a line array format.
Figure 5 shows line profiles obtained from SPR imaging
experiments after the exposure of the peptide line array to
antibody solutions. Exposure of the array to a 50 nM solution of
anti-FLAG resulted in antibody binding that correlated to the
composition of the array elements, with low coverages of immobilized F1 resulting in less antibody adsorption than higher
F1 coverages. A similar relationship between anti-HA binding and
the composition of the peptide array element was obtained in the
converse experiment, where 10 nM anti-HA was introduced to
the peptide array. An additional SPR imaging experiment was
perfomed using peptide arrays fabricated by immobilizing solutions of FLAG and cysteine in varying ratios. The linear relationship between antibody adsorption and the mole fraction of FLAG
was always observed for FLAG arrays made from mixtures of
either HA or cysteine.
The inset in Figure 5 depicts the quantitative relationship
between the surface coverage and the molar ratio of peptides
reacted with the surface. These data were obtained by integrating
the line profile to determine the change in percent reflectivity at
each array element. This value was converted to surface coverage
based on the signal measured for fully packed HA and FLAG
peptide monolayers after maximum antibody binding, which was
determined to be repeatable from array to array. If the HA and
FLAG peptides were immobilized with equivalent reaction efficiencies to the surface, the surface coverage at 50% would
correspond to 0.5 mole fraction of FLAG to HA. However, the
HA and FLAG lines intersect at ∼60% FLAG in HA, suggesting
that immobilization efficiencies might differ slightly for the two
peptides.
Using the results from these two surface dilution experiments,
we can conclude that (i) the first surface attachment reaction limits
the surface density of the peptides, and (ii) there are no steric
hindrance effects due to antibody-antibody interactions. Figures
4 and 5 demonstrate that modifications to the first and second
steps of the peptide immobilization process cause differing
5166
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changes to the surface coverage of the peptide arrays, as can be
seen in the patterns of anti-FLAG M2 adsorption onto the peptide
arrays. The linear relationship between antibody adsorption and
the percentage of FLAG immobilized in Figure 5 implies that there
are few antibody-antibody interactions on these monolayers.
More specifically, a system where steric hindrance limits the
antibody surface coverage would be associated with a curve that
reaches a maximum in antibody adsorption with increasing peptide
surface coverages. Consequently, the maximum antibody coverage
observed on peptide arrays created with mixed alkanethiol
monolayers, shown in Figure 4, cannot be attributed to antibodyantibody interactions and is instead the result of a chemical peptide
attachment effect. Two explanations can account for this behavior;
either the MUA and MUD alkanethiols adsorb preferentially to
the gold surface or one of the peptide attachment chemical
modification steps reacts nonlinearly as a function of amine surface
coverage.
To determine which of these explanations is correct, additional
measurements of the mixed monolayers were performed using
PM-FT-IR. PM-FT-IR measurements of surfaces exposed to either
a 100% MUA solution or a 50% MUA in MUAM solution showed
that there is an equivalent decrease in the intensity of the
carboxylic acid stretch associated with the surface exposed to a
decreased MUA concentration. This demonstrates that preferential
alkanethiol adsorption onto the gold surface did not account for
the leveling of peptide coverage in Figure 4. Additional PM-FTIR experiments were performed to determine which of the surface
modification steps affected the peptide coverage on the mixed
monolayers. Spectra were taken of surfaces prepared with 50%
MUAM in MUD, 50% MUAM in MUA, and 100% MUAM after
reaction with SATP. The spectra of the SATP attachment chemistry showed that the intensity of the amide I and amide II bands
due to the formation of an amide linkage were comparable for
the full monolayer of MUAM and the mixed monolayers (data
not shown). Since the intensity of the amide bands can be used
to compare the relative amount of SATP immobilization on the
three surfaces, this proves that the SATP modification step is not
linearly related to the amine surface coverage and this nonlinearity
results in the curvature of the SPR antibody binding signal in
Figure 4.
In addition, dilution of the peptide monolayer can be used to
quantitatively reduce the measured change in percent reflectivity
due to antibody adsorption when necessary. Changes in percent
reflectivity less than 10% have been previously found by SPR
imaging to be linearly proportional to changes in the index of
refraction, correlating to the number of molecules adsorbed onto
the surface.34 Since antibodies have large molecular weights,
antibody adsorption onto the peptide surface may cause changes
in the index of refraction greater than 10%. In these cases, the
peptide surface coverages can be precisely reduced (refer to
Figures 4 and 5) to maintain levels of antibody binding within
the linear range of SPR.
II. SPR Imaging Measurements of FLAG Peptide Arrays.
As a demonstration of the utility of these peptide arrays, we
examined the binding of anti-FLAG M2 to an array composed of
four different peptide epitopes based on the binding motif of the
(34) Nelson, B. P.; Grimsrud, T. E.; Liles, M. R.; Goodman, R. M.; Corn, R. M.
Anal. Chem. 2001, 73, 1-7.

Figure 6. SPR difference image showing the binding of 100 nM solution of anti-FLAG M2 to a peptide array. The line profile shows the
differential binding of antibody to the original sequence (F1) and peptide variants produced by replacing one of the original residues with alanine
(F2, F3, F4). The peptide sequences are listed in Table 1.

antibody-peptide interaction. The critical residues from the FLAG
binding motif are given by Asp-Tyr-Lys-X-X-Asp-X-Lys, where X
denotes nonessential residues.25,26 The original FLAG sequence
is identified as F1. Variants were made by single alanine substitutions for amino acids derived from the original sequence. F2 and
F3 contained alanine substitutions for the residue 2 tyrosine and
residue 3 lysine, respectively. F4 was made by substituting alanine
for the residue 5 aspartic acid, which was not identified as part of
the binding motif.
Differential binding of anti-FLAG M2 to an array of FLAG
peptides is shown in the SPR image in Figure 6. The line profile
taken across one of the columns in the image clearly shows the
difference in binding to each of the peptide lanes. The most SPR
signal was observed for F1, the original peptide. The F4 sequence
had the next highest signal. Since this peptide contained an alanine
substitution for a nonessential amino acid, higher binding would
be expected for F4 than for F2 or F3. The latter peptides, which
contained alanine substitutions for amino acids in the binding
motif, resulted in the least amount of antibody adsorption. At low
concentrations, very little binding was observed at the F2 and F3
peptides while the F1 and F4 peptides were comparable and had
a higher response. These data confirm that SPR imaging can be
used to distinguish sequences with a single amino acid substitution and qualitatively discriminate between amino acids either
important or superfluous to the antibody-peptide interaction.
A quantitative evaluation of the signal was obtained by
simultaneously measuring the adsorption constants of antibodies
onto peptides immobilized in an array format. This was accomplished by integrating the line profile of the peptide elements
at increasing antibody concentrations. Data obtained in this way
are shown in Figure 7 where the SPR signal resulting from
antibody adsorption is plotted as a function of anti-FLAG M2
concentrations ranging from 1 to 150 nM. Anti-FLAG M2 solutions
were introduced to the surface, in 5-µL aliquots, in order of

increasing concentration. Measurements were obtained without
the removal of antibody between concentrations, since the basic
solutions used to denature the antibodies and remove them from
the surface resulted in eventual degradation of the sample.
Multiple aliquots were used for low-concentration samples to
prevent stoichiometric limitations, since the surface coverage of
peptides was larger than the quantity of antibodies present in a
5-µL sample. The detection limit for the FLAG and anti-FLAG M2
binding pair was found to be 0.5 nM. Data from the F1 peptide
were fit using a Langmuir adsorption isotherm (solid line) with
an adsorption coefficient, Kads, of 1.5 × 108 M-1. The adsorption
coefficient can be used to determine the concentration at 50%
surface coverage (C0.5θ), which can be directly compared to
solution measurements of equilibrium dissociation constants.
From our measurements, the F1 peptide was determined to have
a C0.5θ of 6.5 nM, which corresponds well to a literature report of
an equilibrium dissociation constant (Kd), of 3.0 nM for the
solution interaction of anti-FLAG M2 with a FLAG fusion protein
displayed on a rat oocyte.35
Adsorption isotherms were also measured for the F4, F2, and
F3 peptides on the same chip. The dashed line (Figure 7) shows
the calculated Langmuir fit for the F4 peptide resulting in an
adsorption coefficient of 2.8 × 107 M-1. This value is less than
the F1 adsorption coefficient, suggesting that some contribution
to the peptide-antibody interaction was made by the residue 5
(35) Firsov, D.; Schild, L.; Gautschi, I.; Merillat, A. M.; Schneeberger, E.; Rossier,
B. C. Proc. Natl. Acad. Sci. U.S.A. 1996, 93, 15370-15375.
(36) Boldicke, T.; Struck, F.; Schaper, F.; Tegge, W.; Sobek, H.; Villbrandt, B.;
Lankenau, P.; Bocher, M. J. Immunol. Methods 2000, 240, 165-183.
(37) Bracci, L.; Lozzi, L.; Lelli, B.; Pini, A.; Neri, P. Biochemistry 2001, 40, 66116619.
(38) Monnet, C.; Laune, D.; Laroche-Traineau, J.; Biard-Piechaczyk, M.; Briant,
L.; Bes, C.; Pugniere, M.; Mani, J.-C.; Pau, B.; Cerutti, M.; Devauchelle, G.;
Devaux, C.; Granier, C.; Chardes, T. J. Biol. Chem. 1999, 274, 3789-3496.
(39) Houseman, B. T.; Huh, J. H.; Kron, S., J.; Mrksich, M. Nat. Biotechnol.
2001, 20, 270-274.
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Figure 7. Langmuir isotherm fits for the adsorption of anti-FLAG M2 onto an array containing F1 peptide (b) and F4 peptide (O) using
concentrations ranging from 1 to 150 nM. The ∆% R upon antibody adsorption to the peptide array is calculated by integration of the line profiles
for the F1 and F4 peptides. The calculated Langmuir adsorption isotherms for F1 and F4 peptides are shown by a solid and a dashed line,
respectively. The calculated adsorption coefficients (Kads) were found to be 1.5 × 108 M-1 for F1 and 2.8 × 107 M-1 for F4.

aspartic acid that was not made by the substituted alanine.
Adsorption constants were estimated by Langmuir fits for the F2
and F3 peptides to be 2.0 × 106 and 5.0 × 106 M-1, respectively.
The significant decrease in the adsorption coefficients is due to
the adverse impact that an alanine substitution of an essential
amino acid has on the antibody binding interaction. This experiment demonstrates that quantitative comparisons can be made
between peptides containing single amino acid substitutions.
CONCLUSIONS
In this paper, we have developed a methodology for creating
peptide arrays on chemically modified gold films using microfluidics for the study of peptide-antibody interactions with SPR
imaging. The peptide arrays made by this process are robust and
can be used for up to 30 solution cycles over several days. These
arrays can be easily adapted to simultaneously study hundreds
of peptide-protein interactions. These experiments also demonstrate that we can use SPR imaging of peptide arrays in the future
to study linear epitope mapping of antibody-antigen interactions
and enzymatic modifications of peptides. For example, these
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peptide arrays can be employed to characterize antigen-antibody
pairs for the development of peptide tags4,36 and for the identification of active peptide mimotopes against the original antigen that
serve as a basis for novel drug development strategies.37,38
Furthermore, the ability to monitor single amino acid substitutions
with SPR measurements of antibody binding makes these peptide
arrays amenable to the study of sequence-specific kinases and
phosphatases using the immobilized peptides as model substrates.39
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