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Miniaturized, spatially addressable microchips of peptides and peptidomimetics are powerful tools for high-
throughput biomedical and pharmaceutical research and the advancement of proteomics. Here we report an
efficient and flexible method for the parallel synthesis of peptides on individually addressable microchips,
using digital photolithography and photogenerated acid in the deprotection step. We demonstrate that we are
able to synthesize thousands of peptides in a 1 cm2 area on a microchip using 20 natural amino acids as well
as synthetic amino acid analogs, with high stepwise yields and short reaction-cycle times. Epitope screening
experiments using a p53 antibody (PAb240) produced clearly defined binding patterns. The peptidomimetic
sequences on the microchip show specific antibody binding and provide insights into the molecular details
responsible for specificity of epitope binding. Our approach requires just a conventional synthesizer and a
computer-controllable optical module, thereby allowing potential development of peptide microchips for vari-
ous pharmaceutical and proteomic applications in routine research laboratories.

Historically, the development of solid-phase peptide synthesis1,2 has
made it possible to screen bioactive peptides and probe their interac-
tions with host molecules on a large scale. The increasing demand for
these applications has driven the development of highly parallel, auto-
mated, and miniaturized platforms, such as combinatorial peptide syn-
thesis, which present large and diverse peptide populations3–13. One
common method, referred to as split and mix (SAM)11, involves the
pooling and splitting of peptide-containing beads after each synthesis
cycle, resulting in a random sequence library with each bead represent-
ing one type of peptide. Although this method generates millions of
peptides, it is limited by fact that the sequence of the peptide on a par-
ticular bead generated using SAM is unknown before functional assays
and must be determined by either sequencing or using additional
encoding procedures. In an alternative method, reaction reagents and
amino acid monomers can be spotted (SPOT technique) onto a sup-
port surface, such as a cellulose membrane, creating spatially address-
able peptide arrays containing ∼ 100 sequences per cm2 (ref. 5).
Unfortunately, the popular cellulose membranes used for SPOT are
acid sensitive and lack mechanical stability in the synthesis process14–16.
Further miniaturization of these arrays (and thus reduction of the assay
sample volume) is difficult. Addressable peptide and oligocarbamate
microarrays have been generated6,17 by in situ synthesis, using pho-
tomasks and photolability-protected amino acids. Although promising
for high-density microchips, this process has practical limitations: pho-
tomasks are expensive and time consuming to produce and require a
high-grade clean-room environment; the preparation of the
monomers containing photolabile protecting groups is not a trivial task
and has only been shown for eight amino acids6; and the photochem-
istry used is less efficient than conventional t-butyloxycarbonyl (Boc)
or 9-fluorenylmethoxycarbonyl (Fmoc) chemistry18, resulting in poor
stepwise yield and low sequence fidelity19.

We describe here a method for the parallel synthesis of individually
addressable peptide microchips, which is efficient, versatile, and applic-
able not only to natural amino acids but also to other commercially
available synthetic monomer building blocks. Our synthesis is based on
conventional peptide chemistry with in-solution removal of acid-labile
protecting groups using photogenerated reagents and digital photolith-
ography20–23.We demonstrate that these peptide microchips are suitable
for epitope-binding assays to screen quickly and systematically for
sequences specific to the human p53 antibody PAb240 (refs 24, 25).
These experiments have led to a better understanding of the antibody
binding site at the molecular level.

Results
General synthesis scheme. Our method for parallel synthesis of pep-
tides relies on three components: (i) photogenerated acid precursors
for the removal of acid-labile protecting groups upon light irradiation,
(ii) conventional building blocks or monomers, and (iii) digital pho-
tolithography. The parallel synthesis of biopolymers on a microarray
requires a gating step in a reaction cycle so that the chain-growing event
can be spatially controlled6. In our method, this gating is accomplished
by photogenerated reagent (PGR), which activates the amino function-
al group (Fig. 1A), replacing the deprotection reagent trifluoroacetic
acid (TFA) used in conventional peptide synthesis. A photogenerated
acid precursor (PGA-P) undergoes a photolytic reaction to form an
acid (PGA, Fig. 1A)26,27. The synthesis begins on a Boc-protected
amino-linker surface held in a solvent-tight reactor. Each reaction site is
first filled with a PGA-P solution, such as a sulfonium salt20–23 in
dichloromethane (DCM, 10%). A computer-generated digital light
pattern is projected onto the microchip surface (Fig. 1B). At the selec-
tively irradiated sites, the PGA-P photoreaction yields acid, which
removes the Boc protecting group from the terminal amino group.
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Acid diffusion between reaction sites is prevented by a physical barrier,
such as a hydrophobic fluorocarbon alkyl monolayer film23. The reac-
tion cell is then washed using di-isopropylethylamine in DCM and
dimethylformamide (DMF), and a Boc-protected monomer, such as
Boc-Val-OH, in DMF and DCM is coupled with the deprotected sur-
face amino groups. Finally, the unreacted amino groups are capped
using acetic anhydride. The PGA-P irradiation and deprotection, cou-
pling, and capping steps are repeated until the desired peptide
sequences are synthesized.

A key component of our parallel synthesis, digital photolithogra-
phy, allows programmable light activation of chemical reactions23,28.
Its implementation involves computer compilation of the peptide
sequences to be synthesized and generation of light patterns used for
controlling a projector, such as a digital micromirror projector, cou-
pled with a Hg–Xe lamp as the light source. Regular digital mirror
projectors are suitable for visible-light projection at wavelengths
longer than 400 nm. Given this limitation, the PGA-P compounds
were selected to operate at 405 nm. During the deprotection step in
each synthesis cycle, the digital photolithographic unit automatically
shines light according to a predetermined pattern to cause acid to
form. A pentamer peptide library containing 20 different amino acid
monomers would require 100 light patterns or masks; therefore, digi-
tal photolithography has substantial advantages in affordability and
efficiency over photomasking.

Boc deprotection using PGA. Our approach involves light-modu-
lated in situ photolytic generation of reagents in solution, that can
subsequently be used under conventional reaction conditions. Boc
deprotection requires acidic conditions, which can be achieved using
PGA (Fig. 1A)26,27. In this work, we show for the first time that this
chemistry can be applied to the parallel synthesis of addressable pep-
tide microchips with reaction parameters that directly take into

account peptide surface properties, minia-
turized reaction scales (subnanoliter vol-
ume per reaction site), and in situ PGA
chemistry. In a typical reaction optimiza-
tion experiment, we applied a number of
different deprotection conditions, each
controlled by a digital light-projection 
pattern, to selected sites on a microchip at
separate steps. We followed the PGA depro-
tection reactions by coupling fluorescein
(FR) (FR 15%, glycine 85%, wt/wt) to the
deprotected amino acids. The resulting
intensities of the coupled FR correlate with
reaction efficiency22,29, given that artifacts
associated with this directly labeling
approach have been minimized30. In each
experiment, multiple deprotection condi-
tions were examined, including (i) different
PGA-P concentrations (see Supplementary
Fig. 1 online), (ii) different light irradiation
intensities (Fig. 2A), and (iii) different light
irradiation times (see Supplementary Fig. 2
online). The screening experiments found
∼ 50 mM concentrations sufficient for PGA
deprotection in DCM when used along
with thioxanthenones as photosensitizers
(compounds capable of transferring energy
through their interactions with PGA-P
under light irradiation). The optimal ratio
of PGA-P to photosensitizer was ∼ 1:2 (see
Supplementary Fig. 3 online).

Our on-chip experiments assessing PGA
reaction conditions revealed a nonlinear

relationship between the reaction efficiency and light irradiation inten-
sity, and a favorable shorter deprotection time with PGA as compared
with conventional deprotection on resin. In one experiment, the
microchip contained surface Boc-Val-Gly-Ahx (Ahx, aminohexanoic
acid) and a solution of PGA-P (Fig. 1A); the projected light intensities
of various spots were modulated by a gray scale, ranging from 0 to
100% at 11.6 mW/cm2 and 6 min irradiation. FR monomer was then
coupled to the deprotected amino groups, and the surface fluorescence
was measured (Fig. 2A). The nonlinear relationship shown is consistent
with general acid-catalyzed cleavage of the Boc group from an amine
and is preferred for minimal unwanted deprotection due to stray light
or acid diffusion, ensuring high-quality synthesis. In contrast, depro-
tection by direct removal of a photolabile protecting group from an
amino group exhibits an undesirable linear relationship with the light
intensity used29. The deprotection efficiency using PGA was also evalu-
ated as a function of irradiation time at a constant light intensity,
11.6 mW/cm2. Light projection was applied in durations of 1–10 min
to a microchip containing surface Boc-Val-Gly-Ahx and PGA-P solu-
tion; FR monomer was then coupled to the deprotected amino groups.
FR intensity reached a plateau after just minutes of irradiation (see
Supplementary Fig. 2 online), and further tests verified that the PGA
deprotection is complete in less than 6 min, in comparison to conven-
tional Boc deprotection on resin, which requires at least 15 min.
Moreover, our tests showed that coupling reactions require about 
10 min. This reduction in reaction cycle time translates into a substan-
tial shortening of the overall reaction time, making multi-step synthe-
sis of peptides on microchips feasible.

Peptide microchip synthesis. Our parallel synthesis of peptides on
microchips (2,000–4,000 features in a 1.5 cm2 area) containing pep-
tide and peptidomimetic sequences up to decamers achieved stepwise
yields comparable to those reported for conventional synthesis 

Figure 1. PGA deprotection. (A) Acid formation of a sulfonium salt in solution upon light irradiation.
(B) Schematics of the parallel synthesis using PGA deprotection as the gating step. (a) Synthesis
begins with linker moieties (zigzag lines) in isolated reaction sites on a microchip. Linkers have terminal
amino groups protected by acid-labile Boc groups (green squares). (b) The reaction sites are each filled
with a PGA precursor. On the basis of the sequences to be synthesized, predetermined digital light
patterns are generated; at each reaction cycle, one light pattern is projected onto the microchip surface.
At irradiated reaction sites, PGA (HSbF6) forms, and Boc groups are removed to give terminal amino
groups. (c) The Boc-protected amino acid, valine, is coupled to the deprotected terminal amino groups.
The PGA deprotection step shown in (b) is repeated but with different digital light projection patterns.
Coupling, capping (not shown), and deprotection cycles are repeated to give desired peptide and
peptidomimetic microchips.
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(Fig. 3A). Figure 3A shows a region of the
microchip, where peptides were synthesized
using 20 natural and 8 unnatural amino
acids. These peptides were derived from the
RHSVV epitope sequence for PAb240 anti-
body as identified from phage-display pep-
tide libraries24,25, corresponding to residues
213–217 of p53. The fluorescein isothio-
cyanate (FITC)–labeled antibody PAb240 
(1 µg/ml, 100 µl) was used in binding assays
for assessment of the results of synthesis. The
sites containing the RHSVVX sequences 
(Fig. 3A, row 4) fluoresced at intensities com-
parable to the positive binding of RHSVV to
PAb240 (Fig. 3A, rows 1–6) . These results
demonstrate that the PGA deprotection and
the incorporation of the Boc-protected
amino acids and their analogs produced the
sequences as designed, as we have previously
shown that the capping step can effectively
block the unreacted amino groups (Fig. 3A,
rows 7 and 8). Synthesis failure at the 
X-residue step (followed by capping) would
produce a dark spot. Furthermore, incorpo-
ration of D-serine and D-valine at epitope
positions completely inhibits the binding of
the antibody (Fig. 3A, rows 1–6, X = a or b),
indicating indirectly that racemization at Cα
is negligible.

Epitope binding assays. We carried out
FITC-PAb240 binding studies (Fig. 3) with a
peptide–peptidomimetic microchip, where
peptides were synthesized by incorporation of
28 different monomers in 45 synthesis cycles and containing 2,304
sequences comprising 281 unique sequences, with each sequence rep-
resented at least in triplicate (coefficient of variation <9% in overall
binding assays). These sequences were designed for mutational analy-
sis of the RHSVV epitope sequence, and positional scanning of p53 in
the region covering RHSVV. These mutation analyses confirm the
reported epitope sequence24,25 (Fig. 3A) and identify new recognition
elements for antibody binding (Fig. 3B, C). The binding assays indi-
cate that in addition to isoleucine and leucine residues, the amino acid
analogs 2-aminobutyric acid, norvaline, and norleucine (Abu, Nva,
and Nle, compounds f–h, Fig. 3B) can be substituted for naturally
occurring residues. The analysis of these results provides new insights
into the sequence of PAb240 epitope binding: (i) serine and valine can
only be L-stereoisomers (Fig. 3A, rows 1–3, column labeled with a/b);
(ii) arginine cannot be replaced by glycine or glutamine 
(see Supplementary Fig. 4 online); (iii) serine is highly selective and
cannot be replaced by any of the amino acids used (Fig. 3A, row 1);
(iv) the valine binding site is highly hydrophobic, as shown by its affin-
ity for several residues containing C2 to C4 alkyl side chains (Fig. 3A,
rows 2–6, X = I, L, f (Abu), g (Nva), and h (Nle)), whereas sarcosine,
β-alanine, alanine, and glycine show no binding (Fig. 3A, rows 2–6);
and (v) the valine binding site exhibits steric specificity. The Abu
residue is a valine analog missing one of the γ-methyls in the ethyl side
chain, and it retains ∼ 70% binding affinity as compared with valine in
either position. Nva and Nle, which contain linear propyl and butyl
side chains, exhibit reduced binding affinity. The longer the side chain,
the greater the reduction in binding. A cyclic alkyl side chain (cyclo-
hexyl, Cha) almost completely suppresses binding. A comparison of
RHSXV and RHSVX (X = Abu, Nva, or Nle) suggests that the alkyl
side-chain effect is more pronounced when X is next to the serine,
away from the end of the epitope sequence.

Positional scanning results (Fig. 4) show overlapping sequences
representing a 14 amino acid fragment (RNTFRHSVVVPYEP) corre-
sponding to residues 209–222 of p53. Sequences containing RHSVV
exhibited the highest affinity, and this motif binds four to five times
more strongly than RHSV or HSVV, which are C- or N-terminal
truncations of the epitope sequence. The binding affinities of RNT-
FRHSVVV (epitope RHSVV at the C terminus and close to the
microchip surface) and RHSVVVPYEP (RHSVV at the N terminus
and away from the microchip surface) are comparable (Fig. 4, left and
right panels). Positive binding to the RHSVVVPYEP sequence (Fig. 4,
right panel) indicates that the decamer peptides were successfully
synthesized. This sequence also contains a proline residue, which
tends to introduce a restrained-turn conformation in peptides. This,
however, has little effect on the binding of PAb240.

Discussion
The increased acceptance of the use of DNA microarrays and gene
chips for genomic analysis31 indicates the value of miniaturized, spatial-
ly addressable microarrays for high-throughput studies. However, pep-
tide microarrays, especially peptide microchips of square-centimeter
sizes, are currently beyond reach, despite the fact that peptides and pep-
tide analogs are among the most tested drug candidates and biological
intermediates. Therefore, it will be highly desirable to have access to
these potentially powerful tools, especially those flexible enough in
sequence design to allow the incorporation of a broad range of building
blocks. Peptide microarrays with such features could complement ran-
dom peptide phage libraries24,25,32–35, which can generate 106–1,015
peptides for functional assays, but are routinely limited to natural
amino acids and are commonly biased in sequence expression space.

We have described a simple and highly efficient method for parallel
synthesis that allows the creation of individually addressable peptide

Figure 2. Representative experiments for optimization of PGA deprotection. (A) Image and plot of
fluorescent intensity (by direct FR coupling to terminal amino group) as a function of light irradiation
intensity (6 min with irradiance from 1.2 to 11.6 mW/cm2, J/cm2 = s × mW/cm2). (B) The layout and the
image of fluorescent intensities of di-, tri-, or tetrapeptides terminated with FR or the acetyl group (Ac).
Specific sequences are numbered 1–9, corresponding to the marked circles. After mono-, di-, tri-, and
tetrapeptides were made, the terminal amino groups were deprotected and coupled to FR. Those
peptides capped with an acetyl group did not react. (C) Plot of average fluorescence intensities from
20 sets of redundant data points for sequences 1–9; the average stepwise yield is >98%.
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and peptide-analog microchips and enables rapid optimization of
sequence design and assay. The synthesis requires a computer-
controlled optically modulated synthesizer, which delivers PGA pre-
cursors and conventional Boc-protected monomers to the reactor and
activates reactions by programmable light irradiation at selected sites.
We prepared peptide microchips of diverse sequences and successfully
used them to screen antibody-binding epitopes. Our results are unam-
biguously confirmed by comparison to those of phage display24,25,
identifying the known RHSVV epitope sequence and leading to the
discovery of new peptidomimetic antibody-recognition elements. Our
systematic variation of the sequence designs, and especially the incor-
poration of unnatural amino acid analogs, permitted a better under-
standing of the specificity and selectivity of epitope residues in the
antibody-binding site. The approach demonstrated here enables mas-
sively parallel measurements of molecular complex formation and
dissociation under identical conditions, and thus is particularly well
suited to high-throughput screening assays that rely on relative quan-
titation measurements.

Our work demonstrates the application of photogenerated
reagents beyond the parallel synthesis of oligonucleotide microar-
rays23. In the long term, the use of photogenerated reagents in an oth-
erwise conventional reaction setting will form the basis of versatile
microarray chemistries. For instance, we have recently established
that Fmoc-protected amino acids can be removed by photogenerated
reagents36. Photogenerated acids and bases could be conveniently
used separately to allow orthogonal deprotection strategies involving
not only peptides, but also combinations of other chemical moieties,
such as DNA, RNA, peptoids, carbohydrates, or small molecules, a
feature difficult to achieve using monomers with photolabile protect-
ing groups37. The resulting microarrays could contain not only linear
hybrid polymeric sequences, but also branched and cyclic structures.

It would also be interesting to envision the incorporation of pho-
togenerated reagent precursors, such as an amine or an alcohol
precursor, into final library products. Investigations in these
areas may result in new, powerful, and versatile tools for
genomics, proteomics, and chemical research.

Experimental protocol
Microchip fabrication. Microchips were fabricated and derivatized with
linker molecule as described previously for DNA chips22,23. The linker on
the reaction surface was amino propylsilane (Gelest, Morrisville, PA),
which was coupled, in sequence, to Boc-Ahx and twice to Boc-βAla to give
surface-bound linker-Ahx-βAla-βAla, where Ahx-βAla-βAla serves as
spacer. The microchip plate was held in a flow-through reactor, which was
connected to a synthesizer (Applied Biosystems, (Foster City, CA) Expedite
8909) through Luer-lok joints.

Boc deprotection using PGA and peptide synthesis. The deprotection step
involved filling the reactor with a solution containing 10% (wt/vol) iodo-
nium salt in DCM (Secant, Boston, MA), and thioxanthenone photosensi-
tizer (Sigma-Aldrich, St. Louis, MO, 2 equivalents). The solution was
rapidly drained and left with uniformly distributed droplets on the reac-

tion surface. Through a desktop computer and a 500 W Hg–Xe lamp (model
66033, Oriel Instruments, Milwaukee, WI), a Digital Micromirror Device
(DMD, Texas Instruments, Dallas, TX) projected a pre-determined, collimated
light pattern (Fig. 1) onto the surface of the microchip plate. Light exposures
with various intensities or irradiation times for individual reaction sites were
programmed using the software DIGI-SYN (in-house program). The reaction
plate was then washed with 5% (vol/vol) diethylamine in DCM, acetonitrile, and
finally DCM. The coupling, capping, and side-chain deprotection reactions were
carried out according to standard peptide-synthesis procedures18.

Figure 3. PAb240 binding to the peptide and peptidomimetic
microchip for synthesis validation and antibody-epitope analog
discovery. (A) Position of PAb240 epitope within the human p53
sequence (CAA38095, Swissprot) and the fluorescent image of the
sequences containing 20 natural and 8 unnatural amino acids
indicated by labels on top of figure, following the order of 20 amino
acids (letters A–Y), Ø (no coupling reaction at this position), and
a–h (the eight synthetic monomers). Specific positions of these
incorporated residues are indicated by X (rows 1–8 on left).
Sequences in the column labeled with a and b contain D-serine (a)
and D-valine (b), with D-serine substituting for L-serine in row 1 and
D-valine in the X position in the rest of the sequences. (B) Chemical
structures of the eight unnatural amino acids and valine, isoleucine,
and leucine. (C) Fluorescent intensity plot of rows 2, 3, 5, and 6 from
image shown in (A).
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Figure 4. Results of positional scanning of the RHSVV epitope of p53
using PAb240 antibody binding. The sequence RNTFRHSVVVPYEP is
scanned with overlapping 4–10-mers. On the left side of the diagram, the
epitope is at the C terminus and close to the surface; on the right side, the
epitope is at the N terminus and away from the surface. Intensities
reported are the average of triplicate data sets; CV = 10%.
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Detection of terminal amine by fluorescent dye coupling. Microchips 
containing surface amino groups were treated with 4(5)-carboxyfluorescein
di-isobutyrate (4.6 mg, 9 µmol) in DMF mixed with Boc-Gly-OH (8.9 mg,
51 µmol), hydroxybenzotriazole (HOBt) (9.1 mg, 60 µmol), and N,N′-
diisopropylcarbodiimide (DIC) (10 µl, 60 µmol) for 10 min. After treatment
with 50% (vol/vol) ethylene diamine in anhydrous ethanol and washing with
absolute ethanol, surface fluorescence was excited using the same type of light
source as used in the PGA reaction and imaged using a cooled charge-
coupled device camera (Apogee, Tuscon, AZ). The reported intensity was
measured using the Image Pro Plus or Array Pro (Media Cybernetics, Silver
Spring, MD).

Example of combinatorial parallel synthesis. The experiment began with the
design of an array layout in which each reaction site had a specific sequence and
was treated with a specific set of reaction conditions, such as different PGA con-
centration or light-irradiation time or intensity. This information was compiled
using the DIGI-SYN program, which minimized synthesis steps and produced a
set of light projection patterns. The DMD device projected the predefined light
patterns to the reaction surface. The amount of the deprotected amino groups
was detected by coupling the deprotected amino group to FR in the final step.
For the experiment shown in Figure 2, the synthesis began by coupling Boc-
Ahx-OH and Boc-βAla-OH to the surface. The PGA-P solution was then deliv-
ered to the reactor and droplets were allowed to form. The first digital light 
pattern was projected to a set of specific sites (rows 3–9, Fig. 2B, C) for 6 min.
The reactor was washed and Boc-Val-OH was added to couple to the deprotect-
ed amino groups.A second set of reaction sites (row 4, Fig. 2B, C) was deprotect-
ed as above with light and PGA-P, but the deprotected sites were capped with
acetyl groups. Following a similar order, in the second, third, and fourth reaction
cycles of deprotection, coupling, deprotection, and capping, the programmable
light patterns were projected to sites where Boc-Val-OH, Boc-Ser(Bzl)-OH, and

Boc-His(Bom)-OH (Bzl, benzyl; Bom, benzyloxymethyl) were coupled,
sequentially. Upon completion of these synthesis cycles, all surface amino
groups were either Boc-protected or capped. The surface was then exposed to
TFA (100%) for 10 min, and this followed by coupling of FR to Boc-deprotected
amines present on the surface. The synthesis was ~20 min per cycle: 7 min for
PGA deprotection, 10 min for coupling, and 2 min for capping.

Antibody binding assay. The microchip plate was rinsed with methanol, washed
with TBS (0.05 M Tris, 0.14 M NaCl, 3 mM KCl, pH 7), and incubated with
blocking buffer (TBS, 0.05% (wt/vol) Tween 20, 1% (wt/vol) BSA, pH 7) for 4 h.
The FITC–PAb240 (Serotec; 10 µg/ml) was diluted 10× with the blocking buffer.
The plate was incubated with the antibody (100 µl) at 4°C for 16 h and then
washed with blocking buffer. The fluorescence image was acquired with the sur-
face covered with blocking buffer and a microscope slide.

Note: Supplementary information is available on the Nature Biotechnology
website.
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