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ABSTRACT: The development of strategies to couple biomolecules
covalently to surfaces is necessary for constructing sensing arrays for
biological and biomedical applications. One attractive conjugation
reaction is hydrazone formationthe reaction of a hydrazine with an
aldehyde or ketoneas both hydrazines and aldehydes/ketones are
largely bioorthogonal, which makes this particular reaction suitable
for conjugating biomolecules to a variety of substrates. We show that
the mild reaction conditions afforded by hydrazone conjugation
enable the conjugation of DNA and proteins to the substrate surface
in significantly higher yields than can be achieved with traditional
bioconjugation techniques, such as maleimide chemistry. Next, we
designed and synthesized a photocaged aryl ketone that can be
conjugated to a surface and photochemically activated to provide a
suitable partner for subsequent hydrazone formation between the surface-anchored ketone and DNA- or protein-hydrazines.
Finally, we exploit the latent functionality of the photocaged ketone and pattern multiple biomolecules on the same substrate,
effectively demonstrating a strategy for designing substrates with well-defined domains of different biomolecules. We expect that
this approach can be extended to the production of multiplexed assays by using an appropriate mask with sequential
photoexposure and biomolecule conjugation steps.

■ INTRODUCTION

The development of techniques to immobilize biomolecules on
micropatterned substrates is necessary to producing biological
diagnostics and assays. For instance, DNA microarrays have
enabled the measurement of gene expression and allowed
researchers to diagnose particular genetic conditions.1−5 The
first DNA microarrays used UV cross-linking or relied on
simple electrostatic interactions between DNA and poly-L-
lysine-coated glass to monitor gene expression patterns in
human cancer or in plants.2,3 The extension of DNA arrays to
patterned protein surfaces has been used to quantify
biomolecules in solution, which has helped monitor and
study biological processes as well as screen for diseases.6−18 For
protein conjugation to surfaces, Macbeath et al. demonstrated
that parallel protein arrays could be produced using Schiff base
linkages between aldehyde surfaces and protein amino groups,7

while Zhu et al. utilized histidine−nickel interactions to anchor
proteins to surfaces.8 In addition, Robinson et al. described a
technique to analyze mutiple proteins (autoantibodies)
corresponding to eight distinct human autoimmune diseases
simultaneously by spotting the antigen microarrays on poly-L-
lysine-coated glass.18 Since these earlier reports, a variety of
covalent bioconjugation strategies for producing biomolecule

microarrays have been pursued, including the use of active
esters,19 epoxides,20,21 maleimides,21 and carbodiimides22 as
well as photochemical cross-linkers.23−26 These chemistries rely
on general nucleophile/electrophile interactions and conse-
quently are limited by lower chemoselectivity and are
susceptible to inactivation by water.7,9,19,22,27,28

To address these issues, aldehyde-based hydrazone chemistry
has been shown to be an excellent reaction for conjugating
biomolecules due to its high chemoselectivity and reactivity
under mild conditions. The number of reports accelerated after
Dirksen et al. reported that the small molecule aniline could
catalyze hydrazone and oxime formation and that these
conditions were suitable for biomolecule ligation and label-
ing.29−35 While hydrazones have previously been used as a
surface-patterning chemistry,9,28 because the hydrazone link-
ages formed typically arise from the reaction of a hydrazine with
an aliphatic aldehyde, these hydrazone linkages are less
thermodynamically stable than hydrazone linkages derived
from aryl aldehydes.30,31 As we36 and others37 have shown, bis-

Received: February 24, 2014
Revised: June 8, 2014
Published: June 27, 2014

Article

pubs.acs.org/Langmuir

© 2014 American Chemical Society 8452 dx.doi.org/10.1021/la500744s | Langmuir 2014, 30, 8452−8460

pubs.acs.org/Langmuir


aliphatic hydrazones form exceptionally fast at physiological pH
with second-order rate constants on the order of 5−20 M−1 s−1,
yet the hydrolysis back reaction is also rapid, with first-order
rate constants on the order of 10−4 s−1. Thus, we sought to
pattern surfaces through aryl hydrazone linkages and, based on
previous reports,30 reasoned that the resulting linkage would be
more resistant to hydrolysis.
Here, we show that DNA, proteins, and enzymes can be

conjugated to aryl aldehyde-derivatized surfaces through
hydrazone linkages. The conditions are mild enough that
proteins retain their native conformation, as evidenced by the
persistence of antibody−antigen interactions, and enzymes
retain their enzymatic activity. Next, we designed and
synthesized a photocaged ketone compound that rapidly
converts to a reactive carbonyl compound in the presence of
light and can react with hydrazine nucleophiles under
organocatalysis conditions to form stable hydrazone linkages
between the surface and biomolecule. Finally, we demonstrate
that this approach enables the patterning of multiple
biomolecules on the same substrate in photolitographically
defined regions.

■ RESULTS AND DISCUSSION
Photoresist-capped micrometer-sized silicon pillars were
produced by lithography and a negative tone photoresist
(PR). After the hydroxylation of the non-PR-coated silicon
surfaces with nitric acid, the Si regions were passivated with
methoxypolyethylene glycol trimethylsilyl ether (PEG-silane)
(MW 5000) to minimize nonspecific biomolecule adsorp-
tion.10,38 The substrates were briefly washed with fresh toluene
and sonicated in acetone to remove the negative PR from the
tops of the Si pillars; these regions were then reacted with 3-
aminopropyltriethoxysilane (APTES) to install amine groups
on top of the Si pillars (Figure 1a).
We first sought to demonstrate the utility of using an aryl

aldehyde to conjugate biomolecules to the surface. To this end,
the amine-modified pillars were reacted with 4-formyl
succinimidyl benzoate to install aryl aldehyde moieties on the
pillar surfaces. The aldehyde density was approximated by
conjugating fluorescein hydrazide to the aldehydes, washing
away the excess dye, releasing the conjugated dye with pH 4.8
buffer, and measuring the concentration of liberated dye by
UV−visible spectroscopy. On the basis of this analysis, we
determined that the density of aldehyde groups on the Si pillars
was ∼6.4 nmol/cm2. With the aldehyde-functionalized
substrates in hand, we next sought to compare the efficiency
of hydrazone-mediated conjugation to traditional bioconjuga-
tion methodologies. To this end, the aldehyde substrates were
reacted with fluorescein-tagged DNA displaying a 5′-acyl
hydrazine (10 μM). We observed high conjugation of the
DNA-fluorescein to the aldehyde-functionalized pillars as
visualized by fluorescence microscopy and densitometric
analysis (Figure 1). As a mode of comparison, DNA
microarrays were produced by installing maleimide groups on
the Si pillars with succinimidyl-4-(N-maleimidomethyl)-
cyclohexane-1-carboxylate (SMCC) and then reacting these
substrates with fluorescein-tagged DNA displaying a 5′-thiol
group. Under these conditions, we observed low conjugation of
the DNA to the pillars, indicating that the hydrazone
conjugation proceeded more smoothly and efficiently than
this standard bioconjugation approach. Indeed, densitometric
analysis indicated that the hydrazone-mediated conjugation
resulted in 12.5-fold-higher DNA conjugation than the

maleimide-thiol chemistry (Figure 1d). It is likely that the
high conjugation efficiency of the hydrazone reaction is a result
of the high chemoselectivity of the reaction. While aldehyde
and hydrazine components selectively react with each other,
maleimides can be hydrolyzed by the aqueous buffer
conditions, and thiols can oxidize to disulfides, rendering
these reagents unreactive in the bioconjugation procedure.
We next explored the potential for attaching proteins

through aryl hydrazone chemistry. In this case, fluorescein-
labeled antigoat immunoglobulin (IgG) was derivatized with
pyridyl hydrazine groups (Materials and Methods). The
aldehyde-functionalized Si substrates were reacted with
fluorescent hydrazine-derivatized antigoat IgG in 100 mM
NH4OAc buffer at pH 4.8 for 24 h. Again, as a point of
comparison, thiolated fluorescent IgG was reacted with
maleimide-derivatized Si pillars. While the use of maleimide
chemistry yielded a negligible fluorescence signal from
fluorescein-labeled IgG (Figure S1a), using hydrazone for-
mation yielded a high amount of bound antibody (Figure S1b).
The competitive elution of the fluorescent IgG hydrazine with
pH 4.8 buffer and excess hydroxylamine allowed us to estimate
that ∼5.76 × 108 proteins were conjugated per pillar. Next, we
utilized antibody−antigen interactions to investigate whether
the hydrazone conjugation procedure would cause protein
denaturation. For this, antigoat IgG was derivatized with pyridyl
hydrazine groups and anchored to the aldehyde substrate
through hydrazone linkages. Next, goat IgG was fluorescently
labeled with NHS-fluorescein and incubated with the surface-
bound antigoat IgG. As shown in Figure S2, the antigoat IgG
microarrays were capable of binding the fluorescein-conjugated

Figure 1. (a) Schematic showing methods used to fabricate the PEG-
passivated aldehyde surface and conjugate biomoleulces via hydrazone
chemistry. (b) Fluorescent image of maleimide-functionalized
substrates reacted with FAM-labeled thiolated DNA. (c) Fluorescent
image of aldehyde-functionalized substrates reacted with FAM-labeled
hydrazide-DNA. (d) Comparing fluorescence intensity line plots
obtained with ImageJ. Red and blue plots corresponded to horizontal
fluorescence intensity line profiles of eight representative FAM-DNA
immobilized pillars in panel b and c, respectively.
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goat IgG; in the absence of conjugated antigoat IgG, no
appreciable fluorescein signal was detected. Because antibody−
antigen interactions are highly structure-specific, we concluded
that conjugating the antigoat IgG with pyridyl hydrazine groups
did not cause protein denaturation or activity. To verify this
further, we also conjugated the enzyme alkaline phosphatase to
the Si pillars using hydrazone chemistry and tested for
activity.39,40 For this, alkaline phosphatase was modified with
pyridyl hydrazine groups and conjugated to the aldehyde-
functionalized Si substrates. Upon incubation with phosphatase
substrate ELF-97, a reagent that forms an insoluble fluorogenic
product upon phosphate removal, we saw fluorescent
precipitation on the silicon pillars, indicating that the
phosphatase activity of the enzyme was retained through the
bioconjugation procedure (Figure S3). Taken together, these
antibody and enzyme results demonstrate the ability of this
conjugation chemistry to pattern proteins on surfaces while
preserving the innate biological activity of biomolecules.
With the ability to form stable bioconjugate linkages between

surface aldehydes and hydrazine-derivatized biomolecules
firmly demonstrated, we next sought to expand this patterning
methodology to include photolithography. We reasoned that by
using light to uncage a carbonyl that could react with hydrazine
nucleophiles, we could integrate this bioconjugation technique
with photopatterning to generate a photocontrolled method of
patterning DNA, peptides, and proteins on a single surface. In
order to achieve this, we first designed a photolabile system that
would reveal a hydrazine-reactive carbonyl upon light exposure.
For this, we chose to use an o-nitrobenzyl alcohol substrate.
Typically, this class of compounds is used to photocage an
alcohol or carboxylic acid: upon irradiation with UV light, the
compound releases the alcohol or carboxylate component with
concomitant production of an o-nitrosobenzaldehyde.41−43

Thus, if we could anchor the o-nitrobenzyl alcohol substrate
to the surface, we could generate a reactive electrophile upon
light exposure and use this photogenerated electrophile for
subsequent reaction with a hydrazine-derivatized biomolecule.
In our initial experiments, we examined the ability to use an

o-nitrobenzyl ether to photoconvert to its corresponding o-
nitrosobenzaldehyde 1. However, we observed that the
photogenerated aldehyde was unstable and rapidly decomposed
(Figure S4). This observation is consistent with previous

mechanistic investigations of o-nitrobenzyl alcohol/ether
photoconversions.42 In order to circumvent the instability of
the photochemically revealed aldehyde, we designed a
photocaged ketone 2 (Scheme 1). The resulting o-nitro-
soacetophenone derivative has been reported to be much less
susceptible to degradation than the corresponding benzalde-
hyde derivative.42 Upon irradiation with UV light, this
compound should liberate methanol to generate an acetophe-
none (ketone) derivative to react with hydrazine-derivatized
biomolecules. Initial experiments with acetophenone-modified
surfaces confirmed that surface-bound aryl ketones are reactive
with hydrazines and allowed us to identify optimal conditions
for bioconjugation to these functionalities (Figure S5).
The synthesis of NHS-ester 2 was achieved in six steps from

4-ethyl benzoic acid (Scheme 1, Materials and Methods) with
minimal chromatography. The nitration of 4-ethyl benzoic acid
in a mixture of H2SO4 and HNO3 installed a nitro group
adjacent to the ethyl substituent. After the precipitation of this
compound in ice water, 3 was converted to its corresponding
activated ester with EDC and N-hydroxysuccinimide and then
immediately reacted with NaOMe to yield the methyl ester in
79% over two steps. Radical bromination of 4 was carried out
with N-bromosuccinimide (NBS) and a benzoyl peroxide
initiator. After an overnight reaction, benzyl bromide 5 was
isolated, and we attempted to displace the bromide with the
methoxide ion; however, this approach led to an intractable
mixture of products. Thus, a methanolic solution of AgNO3 was
used to facilitate the replacement of the bromide with a
methoxy group under neutral conditions, which furnished
methyl ether 6 in good yield. Next, the methyl ester group was
hydrolyzed with NaOH in the presence of LiCl, and the crude
material was extracted and precipitated slowly from a
concentrated solution of ethyl acetate with petroleum ether.
This afforded carboxylic acid 7 as a white solid in high yield
(98%) and purity. Finally, 7 was converted to its corresponding
NHS-ester in the presence of EDC and N-hydroxysuccinimide,
providing the final photocaged ketone compound, 2.
We monitored the photoconversion of compound 7 by 1H

NMR to confirm that it would form the expected o-
nitrosoacetophenone derivative upon exposure to light (Figure
S6). A solution of 7 in MeOH/DI water (3:1) was exposed to
15 min of irradiation with a mercury vapor short arc lamp, and

Scheme 1. Synthesis of a Photocaged Ketone Derivative
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the progress of the reaction was monitored by 1H NMR; the
time-course NMR study is shown in Figure 2. We saw clean
photoconversion to the corresponding ketone as evidenced by
the disappearance of the benzylic and methoxy group protons
and the emergence of a singlet centered at 2.7 ppm,
corresponding to the ketone methyl group. In contrast to the
photogenerated aldehyde, the photogenerated ketone was
stable under these reaction conditions, indicating that this
reagent would be suitable for subsequent reaction with a
hydrazine-derivatized biomolecule. These data indicated that
not only does the photoconversion proceed cleanly without
side products but the compound also photolyzes rapidly with
complete conversion after only 15 min of light exposure.
The photocaged ketone groups were then installed on the Si

pillars by reacting NHS-ester 2 with the amine-derivatized
pillars (Figure 3). Next, the substrates were exposed to UV light
in pH 5.5 deionized water and MeOH and irradiated with a
mercury vapor arc lamp for 30 min, transferred to pH 8.0
phosphate buffer for 10 min, washed, and incubated overnight
at pH 4.8 with hydrazide-DNA bearing a fluorescein group. In
contrast to our initial expectations, we saw very low conjugation
of the DNA to the ketone substrate. We reasoned that the low
conjugation efficiency was a result of the lower reactivity of

ketones in forming hydrazones. While the ketone derivatives
are more stable and form fewer side products during
photogeneration, the reaction of an aryl ketone with a
hydrazide has slower reaction kinetics than the reaction
between an aldehyde and a hydrazide.44 Thus, we initiated a
search for an efficient organocatalyst that would facilitate the
formation of the hydrazone between the biomolecule hydrazine
and surface ketone.
Aniline is a common small-molecule organocatalyst often

used to enhance the rate of hydrazone formation with
aldehydes; however, ketones require more efficient catalysts
due to their lower reactivities.45 To increase the rate of
hydrazone formation between the photolyzed ketone and
hydrazine-functionalized biomolecules, we screened three
catalysts that have been reported to catalyze hydrazone
formation: aniline, anthranilic acid, and m-phenylenediamine
(m-PDA).45,46 Ketone-modified pillars were reacted with DNA-
hydrazide bearing a fluorescein tag in the presence of 10 mM
anthranilic acid or aniline or 150 mM m-PDA in pH 4.5 buffer
(Figure 4, Figure S7). We measured the fluorescence intensity
of each pillar for each experimental condition and observed that
m-PDA increased the DNA loading by ∼4.2-fold above that of
aniline and 3.0-fold above that of anthranilic acid. Though

Figure 2. Time-course 1H NMR study for the conversion of the photocaged ketone with various degrees of light exposure. The first spectrum was
recorded without light exposure in MeOD/D2O (3:1), and the second and third spectra were recorded after 5 and 15 min of light exposure,
respectively.

Figure 3. Schematic showing how patterned biomolecules were generated from photocaged ketones. The photoresist was first removed with
acetone, and the Si pillars were derivatized with ATPES. Next, amine-functionalized Si pillars were reacted with the NHS ester of the photocaged
ketone. Upon photoillumination, ketone groups were exposed, and these could be reacted with hydrazine-derivatized biomolecules.
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anthranilic acid is a very efficient reagent for catalyzing
hydrazone formation at neutral pH, its solubility is limited in
acidic buffer, which likely decreased the concentration of
available catalyst. Control experiments confirmed that DNA
was unable to attach to the surfaces in the absence of
illumination (Figure 5), indicating that the reaction would
proceed only in areas that displayed a ketone moiety. These
experiments indicate that m-PDA is the most efficient catalyst
for hydrazone formation between DNA hydrazides and surface-
bound ketones, owing to its high solubility in acidic aqueous
buffer.
Finally, we reasoned that by utilizing our photopatterning

strategy, photoreactive carbonyls could be uncaged in a spatially
controlled manner. Thus, it may be possible to attach different
biomolecules to discrete regions of the same substrate. To
study this, a 500 μm2 mask was used to first reveal ketones in
one region of a substrate; these photogenerated ketones were
then reacted with FAM-conjugated hydrazide DNA. After DNA
conjugation, the hydrazone bonds were reduced with

NaCNBH3 to form irreversible covalent bonds. Remaining
ketone groups were blocked with PEG-hydrazine, and the
remainder of the silicon surface, which was initially blocked by
the mask, was exposed to light to reveal reactive ketone groups.
These were then conjugated in a subsequent step with
TAMRA-labeled hydrazine antigoat IgG. As shown in Figure
6, by using the photocaged ketone in conjunction with a mask,

it was possible to pattern two different types of biomolecules on
a single substrate with high bioconjugation yields and no cross
reactivities.

Figure 4. Comparing the different catalysts to promote hydrazone
formation between hydrazide DNA labeled with FAM and exposed
acetophenone (ketone) groups after photoillumination with (a) 10
mM aniline, (b) 10 mM anthranilic acid, and (c) 150 mM m-
phenylenediamine in pH 4.5 buffer. (d) Densitometric data comparing
the average fluorescence intensity per unit area on the pillars for the
three different catalysts. The error bars represent standard deviations
obtained from 10 pillars. The numbers are normalized to the intensity
of the fluorescence obtained from using 10 mM aniline (a).

Figure 5. Conjugation of FAM-labeled hydrazide DNA to photopatterned surfaces. Fluorescent images of FAM-labeled hydrazide DNA on Si pillars.
In all cases, 150 mM mPDA was used as a catalyst. (a) Fluorescent image showing no attachment of DNA to Si pillars displaying a photocaged
ketone. (b) Fluorescent image showing no attachment of DNA to Si pillars after incubation in the photolysis buffer. (c) Fluorescence image showing
DNA conjugated to the pillars after light exposure.

Figure 6. (a) Schematic showing methods used to pattern two types of
biomolecules on the substrate via hydrazone chemistries. I. Light was
first exposed through a mask in MeOH/H2O. II. The photoexposed
regions were next conjugated with FAM-labeled DNA. III. After
reduction and PEG blocking, light was exposed in a second region of
the sample. IV. These newly exposed regions were reacted with
TAMRA-labeled hydrazine antigoat IgG. (b) Fluorescent images
obtained. I. Fluoresent image of the DNA-FAM region. II. Fluorescent
image of the TAMRA-antigoat IgG region. III. Fluorescent image
showing the boundary region between DNA-FAM and TAMRA-
antigoat IgG.
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■ CONCLUSIONS

We have demonstrated a facile and high-yield approach for
covalently immobilizing DNA and proteins on photolitho-
graphically patterned silicon surfaces via hydrazone formation
chemistry between surface-bound aldehydes with hydrazide- or
hydrazine-derivatized biomolecules. DNA and proteins were
successfully conjugated to aldehyde-modified silicon pillars in
significantly higher yields than what could be achieved with
maleimide−thiol coupling, a traditional bioconjugation meth-
odology. Experiments with antibody−antigen pairs as well as
enzymes demonstrate that the structural integrity of the
proteins is preserved during and after conjugation to the
surfaces. We have also designed and synthesized a molecule
that can be anchored to a surface and prompted to reveal a
hydrazine-reactive carbonyl in the presence of UV light. Time-
course NMR studies establish that the compound undergoes
clean photoconversion to its correspond acetophenone
derivative. We demonstrate that this photorevealed ketone
can be coupled to hydrazide/hydrazine nucleophiles in the
presence of an m-PDA organocatalyst to achieve good coverage
biomolecules in photopatterned areas. Finally, we highlight the
ability of this approach for installing multiple biomolecules in
discrete regions of the same substrate. We expect that this
strategy will find applications in the develeopment of
multiplexed assay production.

■ MATERIALS AND METHODS
Unless otherwise noted, all reagents were obtained from commercial
sources and used without further purification. UV−vis spectra were
acquired on a DU 730 spectrophotometer (Beckman Coulter, USA).
1H and 13C NMR spectra were recorded on 400 MHz NMR (Avance-
III 400 NMR, Bruker). Photoirradiation experiments were carried out
with a mercury lamp (200 W, X-cite exacte microscope illumination
system, Lumen Dynamics, USA).
Photoresist-Capped Micrometer-Sized Silicon Pillar. Micro-

patterned silicon substrates were fabricated by reactive ion etching
(RIE). Photoresist NR9-3000PY (Futurrex, Inc) was spun on the
silicon wafer at 4000 rpm for 40 s to obtain a layer thickness of 2.5 μm.
After a soft-bake step on a 150 °C hot plate for 60 s, the photoresist
layer was exposed to 22 s of UV light in a MA6 mask aligner through a
photomask (5 μm diameter and 10 μm spacing). Subsequently the
wafer was baked on a 150 °C hot plate for 60 s (postexposure bake,
PEB) and developed with an RD6 developer (Futurrex, Inc).
Poly(ethylene glycol) (PEG)-Passivated Amine-Modified

Pillars. The above substrates were first treated with 2 M nitric acid
for 1 h to hydroxylate the non-PR-coated areas. After being washed
with DI water, the substrates were reacted with 5 mg/mL
poly(ethylene glycol) (PEG)-silane (MW 5000) in toluene for 5 h
and then washed with toluene, acetone (with sonication for 4.5 min for
wahing and removing the photoresist), and ethanol. To form a
covalent bond between the PEG chains and the Si surface, the
substrates were next thermally treated at 120 °C for 30 min. The
revealed Si pillar surfaces were hydroxylated with a 1 h, 2 M nitric acid
treatment. The substrate was reacted with 5% v/v APTES ((3-
aminopropyl)triethoxysilane) in ethanol overnight followed by heat
treatment at 120 °C for 30 min to derivatize the pillars with amine
groups.
DNA and Antibody Immobilized on the Aldehyde-Modified

Pillars. The PEG-passivated amine-modified Si pillars were reacted
with 4-formyl succinimidyl benzoate (200 μM) for 12 h in 100 mM
NaHCO3 buffer, pH 8.2, and then washed with 1× PBS (pH 7.2)
buffer. The resulting aldehyde−silicon pillars were next reacted with
10 μM FAM-conjugated hydrazide A15 in 100 mM NH4OAc buffer at
pH 4.8 overnight, followed by washing with NH4OAc buffer. To
immobilize proteins, 1.5 mg/mL fluorescein-conjugated antigoat IgG
was first reacted with 20 equiv of succinimidyl-6-hydrazinonicotinate

acetone hydrazone (SANH, Solulink) for 3 h, followed by purification
with a 7k MWCO spin desalting column (Thermo Scientific).
Aldehyde−silicon pillars were then reacted with 2 μM hydrazine-
fluorescein-conjugated antigoat IgG in 100 mM NH4OAc buffer at pH
4.8 overnight, and the substrate was then washed with NH4OAc buffer.

Alkaline Phosphatase Immobilized on the Aldehyde-
Modified Pillars. Alkaline phosphatase (1 mg/mL) was first reacted
with 20 equiv of SANH in MOPS buffer (pH 8.1, 100 mMMOPS, 150
mM NaCl, 2 mM MgCl2, 0.1 mM ZnCl2) for 2.5 h, followed by
purification with a 7k MWCO spin desalting column (Thermo
Scientific). Aldehyde−silicon pillars were then reacted with 2 μM
hydrazine-conjugated alkaline phosphatase in 100 mM NH4OAc, 150
mM NaCl, 3 mM MgCl2 buffer at pH 4.8 overnight followed by
washing with NH4OAc buffer. The resulting alkaline phosphatase-
covered silicon pillars were incubated with fluorogenic phosphatase
substrate ELF-97 (20 μM) (Molecular Probes, OR) in glycine buffer
(100 mM, 1 mM MgCl2, 1 mM ZnCl2) at pH 10.

Synthesis of a Photocaged Ketone Compound. The synthesis
route to photoactivate ketone compound 2 is shown in Scheme 1.
Detailed synthesis procedures and NMR spectra are provided as
follows.

4-Ethyl-3-nitrobenzoic Acid (3). A 50 mL round-bottomed flask
was immersed in a water bath at room temperature, and concentrated
sulfuric acid (5 mL) was carefully added to concentrated nitric acid
(60−70%, 5 mL). 4-Ethylbenzoic acid (1.00 g, 6.6 mmol) was added
in a single portion. The flask was capped with a septum, and a
precipitate formed after ca. 60 s. The reaction was allowed to proceed
for 3 h at room temperature, at which point it was poured into a
beaker with ice. The reaction was filtered, and the white solid was
washed with water, collected, and dried (1.26 g, 97%). 1H NMR (400
MHz, DMSO-d6) δ 8.34 (d, J = 1.8 Hz, 1H), 8.13 (dd, J = 8.0, 1.8 Hz,
1H), 7.65 (d, J = 8.1 Hz, 1H), 2.87 (q, J = 7.5 Hz, 2H), 1.22 (t, J = 7.5
Hz, 3H).

Methyl-4-ethyl-3-nitrobenzoate (4). A 20 mL scintillation vial was
charged with a stirbar, 2 (390 mg, 2.0 mmol), EDC (465 mg, 3.0
mmol, 1.5 equiv), N-hydroxysuccinimide (277 mg, 2.4 mmol, 1.2
equiv), and CH2Cl2 (10 mL). The reaction was allowed to proceed at
room temperature for 6 h, at which point it was washed with water
(2× 5 mL) and brine (1× 5 mL) and dried over MgSO4. The solvent
was removed by rotary evaporation to yield a light-yellow oil that
crystallized into lemon-yellow crystals upon standing. The crude
material was dissolved in MeOH (25 mL), and NaOMe (5.4 M
solution in MeOH) was added (840 uL, 2.0 equiv). The reaction was
monitored by TLC (CH2Cl2), and after 30 min, the reaction was
diluted with EtOAc (5 mL) and CH2Cl2 (20 mL) and washed with
water (2× 10 mL), and the organic phase was dried over MgSO4.
Concentration in vacuo provided pale-yellow oil (332 mg, 79% over
two steps). 1H NMR (400 MHz, CDCl3) δ 8.54 (d, J = 1.8, 1H), 8.19
(dd, J = 8.0, 1.8 Hz, 1H), 7.49 (d, J = 8.1, 1H), 3.98 (s, 3H), 2.97 (q, J
= 7.5 Hz, 2H), 1.33 (t, J = 7.5 Hz, 3H).

Methyl 4-(1-bromoethyl)-3-nitrobenzoate (5). N-Bromosuccini-
mide (309 mg, 1.75 mmol) and benzoyl peroxide (30 mg) were added
to a benzene solution (10 mL) of 3 (242 mg, 1.16 mmol). The
reaction was brought to reflux for 14 h in the dark, at which point it
was cooled to room temperature and the organic phase was washed
with water (2× 10 mL) and brine (1× 10 mL). The organic phase was
separated and dried over MgSO4. Concentration in vacuo furnished a
dark-orange oil. This compound coeluted with the only major
impurity, so the crude material was subjected to the next reaction
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without any further purification. 1H NMR indicated that the material is
ca. 75% pure. 1H NMR (400 MHz, CDCl3) δ 8.50 (d, J = 1.8, 1H),
8.29 (dd, J = 8.0, 1.8 Hz, 1H), 8.00 (d, J = 8.3, 1H), 5.82 (q, J = 6.8
Hz, 1H), 4.00 (s, 3H), 2.12 (d, J = 6.8 Hz, 3H).

Methyl 4-(1-Methoxyethyl)-3-nitrobenzoate (6). A 20 mL
scintillation vial was charged with a stirbar, 4 (100 mg, 0.48 mmol),
AgNO3 (100 mg, 0.6 mmol), and MeOH (5 mL). The vial was
protected from light, and the reaction was stirred overnight at room
temperature. The precipitated AgBr was filtered off, and the filtrate was
concentrated. 1H NMR (400 MHz, CDCl3) δ 8.60 (dd, J = 1.7, 0.4 Hz,
1H), 8.31 (dd, J = 8.2, 1.7 Hz, 1H), 7.88 (d, J = 8.2 Hz, 1H), 4.98−
4.91 (m, 1H), 4.00 (s, 3H), 3.25 (s, 3H), 1.55 (d, J = 6.3 Hz, 3H).

4-(1-Methoxyethyl)-3-nitrobenzoic Acid (7). A 4 mL vial was
charged with a stirbar, 5 (10 mg, 0.04 mmol), LiCl (8.8 mg, 0.2
mmol), NaOH (8.4 mg, 0.2 mmol), and 95% MeOH (3 mL). The
reaction was stirred in the dark at room temperature for 3 h, at which
point the solution was concentrated, diluted with H2O (5 mL), and
neutralized with HCl (2.5 M). The aqueous phase was extracted with
CH2Cl2 (2× 5 mL), and the organic phase was dried over MgSO4.
Filtration and concentration provided 6 as a light-brown solid (9 mg,
98%). The residue was dissolved in ethyl acetate, and petroleum ether
slowly diffused into it to provide 6 as a white solid. 1H NMR (400
MHz, CDCl3) δ 8.66 (s, 1H), 8.37 (d, J = 8.2, 1H), 7.91 (d, J = 8.2 Hz,
1H), 4.96 (q, J = 6.3 Hz, 1H), 3.26 (s, 3H), 1.56 (d, J = 6.3 Hz, 3H).

2,5-Dioxopyrolidin-1-yl 4-(1-methoxy-ethyl)-3-nitro-benzoate
(2). A 20 mL scintillation vial was charged with a stirbar, 6 (9 mg,
0.04 mmol), EDC (12.4 mg, 0.08 mmol), NHS (6.9 mg, 0.06 mmol),
and CH2Cl2 (2 mL). The reaction was protected from light, and the
solution was stirred at room temperature for 5 h. The reaction was
diluted with H2O (3 mL) and CH2Cl2 (5 mL), and the layers were
separated. The organic phase was washed with H2O (1× 2 mL) and
brine (1× 2 mL), and the organic phase was dried over MgSO4. The
reaction was concentrated by rotary evaporation to give a light-yellow
oil. 1H NMR (400 MHz, CDCl3) δ 8.72 (dd, J = 1.8, 0.4 Hz, 1H), 8.41
(dd, J = 8.2, 1.8 Hz, 1H), 7.99 (dt, J = 8.3, 0.5 Hz, 1H), 5.03−4.94 (m,
1H), 3.27 (s, 3H), 2.96 (s, 4H), 1.56 (d, J = 6.3 Hz, 3H).

Photolysis of 1 and 7 by UV Irradiation. Seven milligrams of 1
and 7 was dissolved in 500 μL of MeOH/DI water (3:1). Solutions
containing the photocaged carbonyl compounds were transferred to
NMR tubes and illuminated with a UV light source (200 W, mercury
lamp) (Figures 2 and S4). After different amounts of irradiation, the
degree of photolysis (1 to 1′, 7 to 7′) was monitored by 1H NMR.
DNA and Antibody Immobilized on the Photocaged

Ketone-Modified Pillars. The amine-modified Si pillars were reacted
with 10 mM NHS-ester 2 for 12 h in 1 mL of CH2Cl2/Me2SO (9:1)
and then washed with CH2Cl2. The photocaged ketone−silicon pillars
were next irradiated with UV light for 30 min and then incubated in

pH 8.0 10 mM phosphate buffer. The photolyzed ketone−Si pillars
were then reacted with 25 μM of FAM-conjugated hydrazide-DNA at
pH 4.5 and in the presence of 150 mM m-phenylenediamine (m-PDA)
overnight. The formed hydrazones between the photolyzed ketone
and FAM-modified hydrazide DNA were reduced with 5 mM
NaCNBH3 at pH 4.0 to form irreversible covalent bonds. Any
remaining unreacted ketones were reacted with 1 M hydrazide PEG
and 150 mM m-PDA at pH 4.5. For the DNA and protein arrays, the
DNA patterns were generated following the aforementioned steps.
Next, the rest of the surface was illuminated to expose ketone groups
which were then reacted with 2 μM TAMRA-conjugated hydrazine
antigoat IgG in 150 mM m-PDA at pH 4.5.
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(42) Il’ichev, Y. V.; Schwörer, M. A.; Wirz, J. Photochemical Reaction
Mechanisms of 2-Nitrobenzyl Compounds: Methyl Ethers and Caged
ATP. J. Am. Chem. Soc. 2004, 126, 4581−4595.
(43) Yang, Y.; Shao, Q.; Deng, R.; Wang, C.; Teng, X.; Cheng, K.;
Cheng, Z.; Huang, L.; Liu, Z.; Liu, X.; Xing, B. In Vitro and In Vivo
Uncaging and Bioluminescence Imaging by Using Photocaged
Upconversion Nanoparticles. Angew. Chem., Int. Ed. 2012, 51, 3125−
3129.

Langmuir Article

dx.doi.org/10.1021/la500744s | Langmuir 2014, 30, 8452−84608459



(44) Klein, D. Organic Chemistry, 2nd ed.; John Wiley and Sons:
Hoboken, N.J., 2011.
(45) Rashidian, M.; Mahmoodi, M. M.; Shah, R.; Dozier, J. K.;
Wagner, C. R.; Distefano, M. D. A. Highly Efficient Catalyst for Oxime
Ligation and Hydrazone-Oxime Exchange Suitable for Bioconjugation.
Bioconjugate Chem. 2013, 24, 333−342.
(46) Crisalli, P.; Kool, E. T. Water-Soluble Organocatalysts for
Hydrazone and Oxime Formation. J. Org. Chem. 2013, 78, 1184−1189.

Langmuir Article

dx.doi.org/10.1021/la500744s | Langmuir 2014, 30, 8452−84608460


