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Abstract: This work describes the in situ synthesis of oligonucleotide arrays on glass surfaces. These arrays
are composed of features defined and separated by differential surface tension (surface tension arrays).
Specifically, photolithographic methods were used to create a series of spatially addressable, circular features
containing an amino-terminated organosilane coupled to the glass through a siloxane linkage. Each feature is
bounded by a perfluorosilanated surface. The differences in surface energies between the features and surrounding
zones allow for chemical reactions to be readily localized within a defined site. The aminosilanation process
was analyzed using contact angle, X-ray photoelectron spectroscopy (XPS), and time-of-flight/secondary ion
mass spectroscopy (TOF-SIMS). The efficiency of phosphoramidite-based oligonucleotide synthesis on these
surface tension arrays was measured by two methods. One method, termed step-yields-by-hybridization, indicates
an average synthesis efficiency for all four (A,G,C,T) bases of 99.9( 1.1%. Step yields measured for the
individual amidite bases showed efficiencies of 98.8% (dT), 98.0% (dA), 97.0% (dC), and 97.6% (dG). The
second method for determining the amidite coupling efficiencies was by capillary electrophoresis (CE) analysis.
Homopolymers of dT (40- and 60mer), dA (40mer), and dC (40mer) were synthesized on an NH4OH labile
linkage. After cleavage, the products were analyzed by CE. Synthesis efficiencies were calculated by comparison
of the full-length product peak with the failure peaks. The calculated coupling efficiencies were 98.8% (dT),
96.8% (dA), and 96.7% (dC).

Introduction

Recently full or entire genomic sequences have been reported
for several species. These include, among others,Caenorhabditis
elegans,1 Saccharomyces cereVisiae,2 Drosophila melanogaster,3

Homo sapiens,4 and many others (http://www.tigr.org/). As a
result, new technologies that are specifically designed for highly
parallel analysis of the individual genes are emerging. Several
private,5-14 government,15 and academic13,16-26 institutions have
developed analytical techniques based on the principal of

hybridizing labeled nucleic acid molecules to complimentary
surface-tethered nucleic acid molecules (probes) as Southern
proposed 25 years ago.27
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Methods of producing these hybridization arrays include
coupling (via contact printing or spotting) synthetic oligonucle-
otides to surfaces,15,18,29 adsorbing cDNA on to positively
charged surfaces,13,16,17and in situ synthesis of probes directly
on a surface using either photolithographic, physical masking,
or ink-jet printing approaches.5-11,15,18-22,28,50 All of these
methods have been shown to generate arrays that yield a great
deal of information and are useful for particular applications.
However, each technology also has significant limitations in
its application or availability. cDNA arrays depend on the
availability of clone libraries that are of limited availability and
may be in low supply. However, recent programs have pooled
cloning efforts to produce cDNA microarrays that will eventu-
ally contain the entire expressed human genome.30 Another
concern is that the amount of cDNA or synthetic oligonucleotide
material deposited by spotting may vary from feature to feature
on an array thus limiting quantitative comparisons between
features in one-color assays. However, this limitation is
overcome in two-color ratio determinations within individual
features.

Covalent coupling of presynthesized oligonucleotides on to
array surfaces29 offers some advantages including the purifica-
tion and analytical characterization of the probes prior to
attachment to the surface. However, wide flexibility in array
probe design is still limited by the high cost of presynthesizing
large oligonucleotide libraries prior to spotting. In situ synthesis
of probes presents other limitations. The most recognized
technology employs phosphoramidites with photolabile protect-
ing groups together with a photolithographic masking procedure
to direct amidite coupling to specific regions on a glass
surface.7,8,31In this process, base coupling is controlled by two
reactions, deprotection of the 5′ hydroxyl with subsequent
coupling of the 3′ phosphoramidite to the deprotected 5′
hydroxyl. While the coupling via the phosphoramidite chemistry
is efficient, incomplete removal of the MeNPOC31a protecting
group on the 5′ hydroxyl would lead to a percentage of protected
bases that are not accessible to coupling of the next base and if
removed in a subsequent round of deprotection would lead to
a percentage of deletion sequences within any given feature. If
present, these internal deletions31 would affect the quality of
the synthesis, and therefore would affect the overall hybridiza-
tion signal. As a result of any incomplete deprotection, the
resulting per-base coupling efficiency of the light-directed
deprotection reaction chemistry may be limited with respect to
the length of the probe that can be synthesized. With the best
reported stepwise coupling efficiencies of 92 to 94%,31a the
amount of full length product in any given feature is maximally

12 to 21% (assuming a 25mer oligonucleotide), but improve-
ments to light-directed deprotection and overall coupling yields
have recently been reported,31b increasing the potential 25mer
yield to greater than 77%. Even though the coupling yields do
not match standard phosphoramidite chemistry yields, these
substrates perform well in genomic studies.5,8-10,19,32

Two other methods of synthesizing oligonucleotide probes
in situ on DNA chips use standard phosphoramidite chemistry
and deprotection.20-22,50In one version,23 reagents are introduced
into a chamber that is pressed against the surface of a solid
support to make a reagent flow cell. The reaction cell is moved
along by a fraction of its diameter at each coupling step,
resulting in a series of oligonucleotides of overlapping sequence
laid out along the synthesis path. The length of the longest
sequence made is equal to the diameter of the flow cell divided
by the offset used at each coupling step. Even though the
coupling efficiencies remain high, analysis is often limited to a
single gene per chip due to the dimensional limitations of the
flow cell and substrate. Another approach to fabricating arrays
by in situ synthesis uses ink-jet delivery of phosphoramidites
to microarrays and has demonstrated the synthesis of probes
up to 60 bases in length with stepwise coupling efficiencies
reported from 94 to 98%. These arrays have been utilized in
gene expression studies although the details of the chemistry
have not been discussed.50

Here we report an approach to preparing oligonucleotide
arrays by in situ synthesis that uses standard nucleoside
phosphoramidite chemistry and dimethoxytrityl-based protec-
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tion.33-35 This approach to array synthesis uses differential
surface tension to define each synthesis site and produce what
we term “surface tension arrays”.14,36By using a mixed solvent
system (10% acetonitrile:90% adiponitrile) that limits evapora-
tion during reagent delivery and during amidite coupling
reactions, near quantitative coupling efficiencies are achieved
using piezoelectric, ink-jet, reagent delivery of the nucleoside
phosphoramidite monomers. Because these piezoelectric nozzles
are computer-controlled ink jets, very fast, iterative design
refinements may be incorporated into the assay (chip) develop-
ment with little or no economic penalty. A simple process for
the production of surface tension arrays is discussed. Determi-
nation of coupling efficiencies and oligonucleotide quality are
measured by two different methods and the results are shown
to be comparable to conventional solid-phase oligonucleotide
synthesis products. One method is based on the hybridization
of a complementary target to a mixed sequence probe that has
been synthesized at the 5′-ends of sequentially increasing lengths
of poly-dT, -dA, -dC, and -dG linkers. Confirming results were
shown with CE data for the oligonucleotide product cleaved
after 40 successive amidite couplings and synthesis step yields
calculated from the failure product peaks in the electrophero-
gram.

Results and Discussion

Several performance criteria were established at the outset
of developing this technology. The first requirement was to
develop a surface preparation that would allow us to produce
consistent, densely packed substrates for oligonucleotide syn-
thesis and at the same time provide a hydrolytically stable
linkage between the oligonucleotide probe and the glass surface.
The process was developed using a monofunctional (one
attachment site for silanation) organosilane, 3-aminopropyldim-
ethylethoxysilane (APDMS,1, Figure 1).37,38 Trialkylsilanes
have been shown to efficiently react with available surface
silanols and pack to densities that render any remaining surface
silanols essentially nonreactive.37,39The silane, due to its single
hydrolyzable group, can only be covalently bonded to the glass
substrate through a single siloxane bond. This eliminates the
branched polymerizations that are possible using trifunctional
silanes (three attachment sites for silanation) that can lead to
variations in the density of reactive sites across an individual
array. Due to the ordered packing, the hydrolytic stability of
the monofunctional silane bond is preserved at low to moderate
pH ranges39 and any hydrogen bonding by the amine groups
with the surface silanols is inhibited, thus allowing for all amines
to be available for subsequent reactions.40 In contrast, most array
technologies use a trifunctional silane for the initial derivati-
zation of the surface.7,8,41,42Solution-phase monolayer formation
using trifunctional silanes is a process highly dependent upon
a variety of parameters including time, temperature, solvent,
water concentrations, catalysts, silane concentration, free silanol
densities, and substrate status.40a Monolayer formation using
trifunctional silanes is subject to strict control of the surface
derivatization conditions and can lead to a percentage of
multilayer polymer formation and a poor control over the surface
density.42-44 Vapor-phase silanation has been reported to work

well for monolayer formation with use of trifunctional silanes45

and is currently under evaluation in these laboratories.
A second goal in derivatizing glass with APDMS was to

achieve as complete a functionalization of the surface as possible
with a robust, reproducible process. To achieve this aim, a
prederivatization process that gave a uniformly clean substrate
was required. This process included a detergent washing and
water rinse of the glass substrates, followed by exposure to an
oxygen plasma, treatment with Piranha solution, and then a
second exposure to the oxygen plasma. XPS analysis of the
surfaces prior to the initial silanation step indicated a surface
free of contaminants outside of adventitious molecules and a
water contact anglee5°. The aminosilanation reaction was
characterized next. As can be seen in Figure 2, the water contact
angle increased substantially during the first 30 min of silanation
and, after 90 min, asymptotically approached 72°. Interestingly,
when the contact angles were measured prior to curing at 120
°C for 60 min, the same trend was observed, but the curve
increased to the asymptote more gradually. XPS data also
indicated that the APDMS density was increasing. Figure 2
shows that the apparent density of the APDMS layer increased
with time for 90 min. After that the concentration of nitrogen
atoms began to level off relative to the concentration of silicon
atoms.

Time-of-flight secondary ion mass spectroscopy (TOF-SIMS)
analysis of these aminosilated surfaces shows that, along with
chemisorbed molecules, there are physisorbed impurities which
can lead to aberrations in the XPS data and a lower N/Si ratio.
If the glass surface is decorated with APDMS groups that are
covalently attached to the surface through a siloxane linkage,
then fragment ions such as SiNOC5H14, SiNC5H14, SiNOC4H11,
SiNOC3H8, and SiNC3H8 should be apparent in the mass
spectrum. Indeed, these fragments are observed and support this
conclusion, although they do not prove that the APDMS attaches
covalently to the surface. Other fragments observed in the mass
spectrum contain ions that can be attributed to bis[(aminopro-
pyl)tetramethyldisiloxane] impurities that are present in the
starting APDMS or result from noncovalent association of the
ethoxysilane with the glass. We have found that vacuum curing
the substrates following silanation removes a majority of these
physisorbed materials and we have subsequently incorporated
this into our process. Our observations are consistent with others
who have shown that contact angle and XPS measurements
follow the same trendlines.46

For the subsequent surface patterning, a positive photoresist
was used to protect the intended synthesis features during
application of a fluorophillic mask. Following photoresist

Figure 1. Silanes used for the creation of surface tension arrays.

Figure 2. Plot of water contact angle (left Y-axis) and XPS-derived
concentration of nitrogen atoms (right Y-axis) as a function of the
aminosilanation reaction time.
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exposure and development, an oxygen plasma treatment re-
moved any exposed amine groups and resulted in a “clean” glass
surface that was then treated with (tridecafluoro-1,1,2,2-tet-
rahydrooctyl)trichlorosilane (2), perfluorosilane. The resulting
“fluorophillic” region has similar material properties of Teflon.
The perfluorosilane used to create this surface is only solubi-
lized, or “wetted”, by other fluorocarbon substances; it is not
wetted by other solvents. Therefore, the oligonucleotide syn-
thetic chemistries are only localized within the aminosilated
features. The fluorophillic region consistently had water contact
angles on the order of 105° ( 2° and was within the reported
values for glass surfaces functionalized with2.47 The wetting
characteristics of the resulting surface tension arrays are depicted
in Figure 3. A glass substrate was prepared as described (vide
supra) and then submerged in water. Upon removal from the
water with a slight tilting of the substrate, one can see that the
difference in surface tension “holds” water within the hydro-
philic features. This differential wetting phenomenon also occurs
with polar organic solvents and it is this property that constrains
the subsequent synthetic chemistry reactions to those sites.
Fluorescent measurements of features directly labeled with Cy3-
dye as well as measurement of individual features with a light
microscope have shown that the feature size variability is less
than 4%.

The goal in developing this process was to make arrays that
not only have a low variance in signal intensities within an array
(intra-array), but are also reproducible from array to array (inter-
array). To demonstrate the uniformity and reproducibility of
array fabrication, we used fluorescence-based techniques. A
succinimidyl-terminated Cy3 monofunctional dye was coupled
to the surface-bound amines in intended synthesis sites. The
data showed 11.5% intra-array and inter-array variations as
measured by fluorescence intensity. This result was derived from
analysis of 2511 features/array, using 10 individual arrays from
10 separate array batches. Similarly, 5′ end-labeling of an in
situ synthesized 20mer mixed sequence (3′-GAGTTCTAC-
GATGGCAAGTC-5′, C20) with Cy3 phosphoramidite allowed
us to determine the variance in signal after 20 coupling cycles.
In this case, following in situ oligonucleotide synthesis, end
labeling, and deprotection, we observed a 12% inter-array
variation in full-length product signal. These results show that
the process we have developed for synthesis is reproducible
over multiple batches.

The direct labeling experiments gave an indication of the
uniformity of the core chemistry of the arrays, but do not
necessarily predict functional assay performance. To address
the uniformity of the arrays under functional conditions, we
again surveyed multiple sites on arrays from 10 synthesis
batches. Cy3 labeled 20mer compliments were allowed to
hybridize to 258 different sites per array in 6XSSC (0.09 M
sodium citrate, pH 7.0, 0.9 M sodium chloride) for 30 min at
22 °C. The arrays were washed for 5 min in fresh buffer and
dried, and fluorescence intensities were measured using a
GenePix4000A array scanner (Axon Instruments). The fluores-
cence variation among features and the signal variation within
each feature (intra-feature) were measured. We found a 14%
variation across an array and a 10% variance within features.
These results indicate that the synthetic uniformity of the arrays
as measured through indirect functional methods is consistent
with direct measurements.

To calculate the average step yields of chemical reactions
using piezoelectric drop-on-demand delivery of phosphoramidite
solutions, an array of oligonucleotides made by varying the
length of a repeated mixed sequence, (AGTC)n, was synthesized
followed by a common 10mer (3′-GCCATCGTAG, designated
C10). TheC10 sequence was complementary to the central 10
bases of the 20mer hybridization target,C20.After deprotection
and washing, the oligonucleotide array was immersed in 30 mL
of hybridization buffer, 6XSSC (0.09 M sodium citrate, pH 7.0,
0.9 M sodium chloride), containing 20 nM of 5′-Cy3 end-labeled
C20 for 30 min at 22°C, washed for 5 min in fresh buffer,
dried, and imaged with the GenePix4000A array scanner.

Figure 4 shows a plot of the fluorescence normalized to the
length of the mixed sequence monomers. In all experiments,
the fluorescence signal from the spots with theC10 probe
synthesized directly from the hexaethylene glycol-based linker
(vide infra) was lower than the fluorescence signal from the
features where theC10 was synthesized on the AGTC repeats.
This low signal may be due to a very high density of probe
oligo resulting in steric inhibition of target access to the probe.
Alternatively, local environmental phenomena may result in a

Figure 3. Photograph of a demonstration of the surface tension array’s
differential wetting phenomena. A patterned slide was immersed in
water, removed, and tilted to allow the liquid to flow off of the surface.
As can be seen, the hydrophilic aminosilated areas retain the liquid
within the feature while the fluorophillic mask area allows the water
to sheath off the surface.

Figure 4. Step yield by hybridization. Relative fluorescence values
(RFU) were generated by using the GenePix analysis program on the
Axon Instruments GenePix4000A scanner after hybridization of the
arrays as described in the text. An array of oligonucleotides made of
varying lengths of a repeated mixed sequence, (AGTC)n, from 5 to 45
couplings were synthesized followed by a common 10mer (3′-
GCCATCGTAG,C10). Also, after 45 coupling of the mixed sequence
(AGTC)n, two 10mers (3′-GCCAgCGTAG, M1, and, 3′-GCCAgaG-
TAG, M2) were synthesized on the same array that were single (M1)
and double (M2) double base pair mismatches of theC10 sequence.
The sequences synthesized at each probe were as follows:0 ) C10,
5 ) 3′-(AGTC)A -C10, 10 ) 3′-(AGTC)2AG-C10, 15 ) 3′-
(AGTC)3AGT-C10, 20 ) 3′-(AGTC)5-C10, 25 ) 3′-(AGTC)6A-C10,
30 ) 3′-(AGTC)7AG-C10, 35 ) 3′-(AGTC)8AGT-C10, 40 ) 3′-
(AGTC)10-C10, 45 ) 3′-(AGTC)11A-C10, M1 ) 3′-(AGTC)11A-M1,
M2 ) 3′-(AGTC)11A-M2.

8890 J. Am. Chem. Soc., Vol. 123, No. 37, 2001 Butler et al.



reduced quantum efficiency of the fluorophore.51 Single base
(3′-GCCAgCGTAG, designatedM1) and double base (3′-
GCCAgaGTAG, designatedM2) mismatched hybridization
control probes were included to measure the specificity of the
hybridizable signal. Using the HyTher (http://jsl1.chem.wayne.edu/
Hyther/hythermenu.html)48 program for prediction of nucleic
acid hybridization thermodynamics and the following param-
eters, 0.9 M NaCl, 20 nM target, and 22°C, Tm values of 37.7,
26.6, and 8.2°C for the perfect, single, and double mismatches,
respectively, are predicted. In Figure 4 the fluorescence signal
for M1 and M2 after 45 mixed sequence couplings was
compared to the exact compliment signal. The hybridization
signal for the single and double base mismatch probes was 7.3%
and 0.2% of the exact match, respectively. This indicates that
the hybridization signals for the complimentary features are
specific and indicate high synthesis fidelity. The average step
yield for mixed sequences was calculated by comparing the
fluorescence signals in the features with the mixed sequence
extensions and was found to be 99.9( 1.1%. Finally, this
technique was used to calculate the coupling efficiencies for
the individual nucleotides through synthesis ofC10 to the 5′-
ends of homopolymers of dT, dA, dC, and dG and the coupling
efficiencies were 98.8, 98.0, 97.0, and 97.6%, respectively.

We also have calculated the density of synthesized probes
and hybridization capacity using two fluorescence-based tech-
niques. First, after establishing the linear range of relative
fluorescence units (RFU) on the GenePix 4000A at a photo-
multiplier tube (PMT) setting of 400, we spotted known
quantities of Cy3 labeledC20 in water to three slides, dried
the samples, and then imaged the slides in the green channel.
The data derived from the experiments was averaged and plotted
as RFU vs density of fluorophore (mol/mm2) and a linear curve
fit gave an equation that related these two values. We found
that the fluorescence values were linear with anR2 value of
0.993 up to densities of 100 fmol/mm2. We then developed a
second method for relating RFU and density of probe using a
target depletion hybridization assay. This technique was devel-
oped to relate hybridizable fluorescence to absolute fluorescence
as a measure of synthesis density. First, several arrays were
produced that had the same sequence (3′-CAGTTGCATCG-
TAGAACTC, C20comp, complimentary toC20) synthesized
in every feature. Then concentrations of 0.88 and 1.76 nM (0.88
and 1.76 pmol, respectively, in 1.0 mL of 6XSSC) of Cy3-
labeled C20 were allowed to hybridize to the arrays. The
hybridization was allowed to go until such a time as there was
no detectable absorption at 530 nm (peak absorption for Cy3)
and 260 nm in the hybridization solution. After summing the
total fluorescence across all features, we saw an increase in the
fluorescence signal from 0.88 to 1.76 nM of 2.0-fold and the
values were within the linear range of the first experiment.
Comparison of the data sets from both experiments was accurate
to within a variation of 10% in the calculated densities,
suggesting that the approaches were a good approximation of
the amount of fluorophore.

To determine the maximal hybridizable density, we hybrid-
ized to saturation by placing arrays that hadC20compsynthe-
sized in every feature into a solution containing Cy3 labeled
C20 (600 pmol in 30 mL of 6XSSC), scanned the slide, and
rehybridized in a fresh solution until the amount of fluorescence
did not increase. Using the equations derived from the stan-
dardization experiments, the data from this experiment gave an
average density of hybridizable probe of 21.4( 4.2 fmol/mm2.
The calculation of synthesized probe density was determined

after 5′ end labeling ofC20comp with Cy3 phosphoramidite
and quantification of fluorescence using the same approach. We
calculated a value of 51.0( 5 fmol/mm2, indicating that
approximately 42% of the sites are available for hybridization
to small labeled oligonucleotides. Because the calculated values
were within the linear range of the standard curve, the values
approximate the density without any potential influence due to
fluorophore quenching. These values are in agreement with other
reported values, independent of the oligonucleotide being
spotted15a or prepared in situ.22,32b

A detailed discussion of buffer/array stability is outside the
scope of this report, but some general comments may be made.
As noted by others,22,41 the use of the standard reagent for
oligonucleotide deprotection, ammonium hydroxide, results in
probe loss from the array surface. We also observed this effect
and have found that using ethylenediamine/ethanol (EDA/EtOH;
1:1) for array deprotection does not result in loss of probe from
the surface. Time-course studies for complete deprotection show
a gradual increase in hybridization signal and then a leveling
of hybridized fluorescence after 2 h for the fast-deprotecting
(phenoxyacetyl-based, PAC) amidites, and treatment with the
EDA/EtOH solution for up to 16 h at room temperature resulted
in no loss of Cy3 end-labeled or hybridization-related fluores-
cence signal on the arrays. Also, buffers used for hybridization
studies in this report were not seen to compromise the integrity
of the array. A detailed study of array stability in various buffers
is forthcoming; however, we have found that under the
hybridization conditions presented here, the arrays are stable
for at least 8 h.

To directly demonstrate the per-base coupling efficiency,
40mers were synthesized on 2-[2-(4,4′-dimethoxytrityloxy)-
ethylsulfonyl]ethyl-(2-cyanoethyl)-(N,N-diisopropyl)-phosphor-
amidite (CPR-I) derivatized surfaces (Scheme 1), then cleaved
and deprotected with aqueous ammonia. Figure 5 shows an
electropherogram for dC40 prepared on our substrates. The step
yield calculations were based on comparison of the failure peaks
to the full-length product. As can be seen, the homopolymer
was very pure. For the preparation of dC40, the average step
yield based upon integration of the failure peaks was 96.7%.
We also calculated these numbers for dT40 (98.8%) and dA40

(96.8%). We were unable to synthesize and analyze a clean dG40

homopolymer, which is likely due to formation of G-tetrads or
other substructures. Use of high urea concentrations (7.0 M) in
the CE buffer did not result in a single-peak analysis either.
These problems were not apparent in the analysis of mixed-
sequence oligonucleotides and we are investigating the possible(51) Maureen Cronin, personal communication.

Figure 5. Capillary electrophoresis analysis of a dC40 prepared on a
surface tension array. After 40 dC-amidite couplings, the synthesis
product was released via use of a base-labile linker as described in the
text.
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reasons for the inability to analyze a polyG prepared on these
arrays. Finally, a dT 60mer was synthesized on an array, cleaved,
and analyzed by CE. The average step yield for the 60mer, based
on the failure pattern, was 98.5%. In addition to the ongoing
characterization of the hybridization properties of these arrays,
a genotyping assay for analyzing mutations found in three
cardiac K-channels associated with long QT syndrome was
developed. The results of this study will be published else-
where.49

Conclusion

The work described represents a robust and highly flexible
method for producing custom oligonucleotide arrays. The
process for generating the patterned substrates is very reproduc-
ible and the use of surface tension allows for uniform,
addressable features. The quality of the oligonucleotides syn-
thesized on these arrays is comparable to that obtained by
conventional oligonucleotide synthesis on controlled-pore glass.
There is a high percentage of full-length probes in each array
feature and the process supports synthesis of oligonucleotides
up to 60mers. These arrays have performed well in a variety of
hybridization studies. Drop-on-demand piezoelectric nozzle (ink-
jet) synthesis makes the arrays readily customizable. Sequen-
tially iterative chip designs require no incremental expense or
setup time. The results of using these arrays for genotyping and
expression analysis will be reported elsewhere.

Experimental Section

General Materials and Methods. Unless otherwise noted, all
materials were obtained from commercial suppliers and used as
received. Adiponitrile was placed over activated 4 Å molecular sieves
and stored under argon for at least 14 days prior to use. Milli-Q water
refers to water that has been purified to a conductance level of 17.8-
18.2 MΩ with particulate matter of greater than 0.2µm filtered from
the water. Glass substrates were obtained from Erie Scientific. Plasma
treatments were performed using a Tegal Plasmaline-421 RF oxygen
plasma generator according to the manufacturers specifications for the
indicated period of time. Spin coating of substrates with Microposit
1818 from Shipley was done on a Laurell Technologies WS-400A-
6NPP-Lite spin coater. Chromium-on-quartz masks from Image Tech-
nology were used for contact patterning. A custom-manufactured 500
W collimated mercury lamp source (365 nm) operating at 15 mW/cm2

from AB-M, Inc. was used as the exposure device. Microposit 351
developer from Shipley was used according to the manufacturers
specifications. Contact angles were determined using 18 MΩ water
and a Tantec Cam-Plus contact angle meter. At least three areas/
substrate were assayed and the averages of those measurements are
reported. XPS analysis was performed on a Physical Electronics

Quantum 2000 instrument using a monochromated Al KR X-ray source
at 1486.6 eV. The takeoff angle was 45° with an acceptance angle of
(23°. The analysis area was 1.4 mm× 0.5 mm. The data are quantified
by using relative sensitivity factors and a model that assumes a
homogeneous layer. The analysis depth is considered to be 3 escape
depths, from where 95% of the detected photoelectron signal is
generated. Escape depths are on the order of 15-35 Å, which leads to
an analysis depth of∼50-100 Å. All TOF-SIMS data were generated
with a PHI TRIFT II instrument with a Ga69 liquid metal ion gun
primary ion source [12 kV (+)ions, 18 kV (-)ions]. The instrument
was operated in an ion microprobe mode so that the bunched, pulsed
primary ion beam was rastered across the glass surface. To compensate
for charging of the sample, a low-energy electron flood gun was used.
Both positive and negative spectra were obtained from each sample
and two to three spots on each sample were analyzed.

The drop-on-demand oligonucleotide synthesis was performed on
the custom-made Protogene IGOR 50 DNA synthesizer, a fully
automated system that uses piezoelectric ink jet technology to print
custom DNA chips. The IGOR 50 consists of a Windows PC, a
Compumotor 6K4 four axis motor controller, three linear stages for X,
Y, and Z motion, a rotational alignment motor, a Matrox vision system,
five SMC LVC 200 Teflon valves, and four MicroFab piezoelectric
nozzles. All the stages, valves, and nozzles are mounted in a tabletop
aluminum structure that provides a dry, nitrogen-filled environment
for the synthesis, scans the chip under the nozzles for the nucleoside
amidite monomer delivery, and performs all ancillary reagent additions/
washes. All machine operations are fully automated under the control
of the Windows PC with the real time control done by the Compumotor
6K4 controller. Operators use a Matrox vision system to align the
nozzles to the synthesis features patterned on the chips as part of the
system setup. The firing of the piezoelectric nozzles is controlled by a
single board computer from Real Time Devices with 4 analogue outputs,
one per nucleoside amidite that generates a bipolar square wave at 5
kHz, which ejects approximately 200 pL of amidite solution per pulse.
The sequence file is downloaded from the PC to the single board
computer, which synchronizes in hardware the movement of the chip
under the nozzles and dispenses the solutions onto the hydrophilic
synthesis features of the prepared surface tension chips. Capillary
electrophoresis was carried out on a Beckman P/ACE 5000 system.
Samples were injected electrokinetically onto a 37 cm× 75 µm i.d.
J&W Scientific 3% T 3% CµPAGE polyacrylamide gel filled column.
Separation was done at 9 kV and the separation buffer used was Tris-
borate at pH 8.0 with 7 M urea. After separation, peaks were integrated
by using the Beckman P/ACE Station software and peak height and
area were used to determine stepwise coupling yields by comparison
of the full length product to the failure sequences with the differences
in extinction coefficient taken into account for each peak. The average
of the results from the area and height calculations was used in the
determination of the coupling yields.

Substrate Washing.Glass substrates were cleaned by sonication
in a 5% solution of Cole-Parmer Micro 90 in Milli-Q water for 60 min

Scheme 1.Functionalization of Aminosilated Surfaces for Hybridization and CE Studies

a DMT-HEG-CED, 5-ethylthiotetrazole, ACN.b I2, THF/H20/pyridine.c Piperidine/DMF.d Fmoc-HoSer(Trt)-OH, HATU, DIEA, DMF.e Ac2O,
pyridine. f TCA, DCM. g CPR-I, 5-ethylthiotetrazole, ACN.
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at room temperature. The substrates were then rinsed exhaustively with
Milli-Q water and dried with filtered nitrogen. The substrates were then
exposed to an RF oxygen plasma (0.05 Torr, flow rate of 3.5 mL/min,
150 W) for 30 min and further washed for 10 min in a Piranha solution.
PIRANHA WARNING. CAUTION: Piranha solution is composed of
70% concentrated sulfuric acid and 30% hydrogen peroxide. This
solution reactsViolently with organic solVents and is a seVere skin
irritant. Extreme caution should be exercised when handling this
solution.The substrates were rinsed again with Milli-Q water, dried
under a stream of nitrogen, and subjected to a second oxygen plasma
treatment.

Surface Tension Array Preparation. Immediately following clean-
ing, the substrates were silated with a 0.4% solution of1 in anhydrous
toluene under argon for 72 h. The substrates were then washed in
anhydrous toluene with sonication for 15 min and then washed in 95%
ethanol with sonication for 15 min. After drying each substrate under
argon, they were cured either for 30 min at 120°C or in vacuo at 55
°C for 18 h. Next, each substrate was coated with 3.4 mL of photoresist
and spun at 1250 rpm for 30 s to give a final thickness of 2.3-2.5µm.
After spin coating, the photoresist was soft baked for 30 min at 90°C.
Next, the substrates were patterned by placing each substrate with the
photoresist side down onto a chromium-on-quartz mask that had a 19
× 19 array of round features with each feature being 1.0 mm in diameter
with center-to-center spacing of 2.0 mm (for the cleavage and CE
studies) or a 31× 81 (250µm diameter, 508µm spacing) array for
the hybridization work. The substrates were then exposed to near-UV
for 1.0 s. After irradiation, the exposed photoresist was removed by
placing the substrates into a solution of Microposit 351 developer (1:1
in water) for 30 s with agitation and then rinsed extensively with Milli-Q
water and dried under argon. The substrates were then exposed to an
RF oxygen plasma for 15 min to remove the adventitious APDMS along
with residual photoresist from the photolyzed regions. Next, the
substrates were placed in an argon-filled glovebag and treated with a
0.25% solution of2 in anhydrous toluene for 10 min at room
temperature. Following this, the substrates were washed in anhydrous
toluene with sonication for 15 min. The photoresist covering the
synthesis regions was removed by sonication in acetone. The substrates
were then washed in 1-methyl-2-pyrrolidinone (NMP) for 60 min at
70 °C and washed extensively in Milli-Q water and dried under argon.

Aminosilanation Study. Seven 1 in.× 2 in. pieces of glass were
cleaned as described (vide supra) and then subjected to treatment with
a solution of APDMS in toluene for various times. Thus, a 0.4% solution
of APDMS in anhydrous toluene was prepared in a glovebag under an
argon atmosphere. The substrates were immersed in this solution for
the indicated times. Upon removal from the solution, the substrates
were rinsed with a copious amount of toluene followed by a wash with
50% aqueous ethanol. The substrates were then dried under a stream
of argon and placed in a separate section of the glovebag until they
could be cured. Once all substrates had been treated, they were then
subjected to curing at 120°C for 60 min. At this time, the substrates
were removed from the oven and allowed to cool in a desiccated argon
atmosphere until they were analyzed.

Linker Derivatization. All derivatizations were performed in a chip
reaction chamber. Briefly, two arrays were placed with their patterned
surfaces facing one another. Four steel binder clips secured a 0.312-in.
thick silicone rubber (grade 40A or 50A) gasket between the arrays,
and reagents were introduced via syringe through a 27-gauge needle.
The gas interior was displaced through an open needle while reagent
was being injected with a syringe. At the end of the reaction, the reagent
was removed via syringe. For this process, all washings between steps
were done by first disassembling the reaction chamber and then rinsing
each array individually with the given solvent. Excess solvent was
removed from the surface by means of an argon gas stream. A fresh
gasket was used for each subsequent chamber assembly and derivati-
zation process.

For arrays used in hybridization studies, prior to in situ synthesis,
R-Ã-DMT-hexaethylene-glycol-ω-O-CED phosphoramidite (DMT-
HEG-CEP) linker was coupled to the surface-bound amines by using
a 1:1 solution of 0.1 M DMT-HEG-CEP and 0.45 M 5-ethylthiotetrazole
in acetonitrile for 15 min with mixing (Scheme 1). After two acetonitrile
washes the chips were treated with a 0.1 M solution of iodine in

tetrahydrofuran (THF)/pyridine/water for 1 min and then washed twice
with acetonitrile. Any uncoupled amines were acylated by treatment
with a 25% v/v solution of acetic anhydride in pyridine for 15 min.
The arrays were stored in a desiccator until use.

For arrays used in cleavage and CE analysis studies, the aminoalky-
lated patterned slides were initially treated with a 20% v/v solution of
piperidine in anhydrous dimethylformamide (DMF) at room temperature
for 30 min and then were washed in anhydrous DMF. Next, the arrays
were assembled into a reaction chamber and a 0.1 M solution ofN-R-
(9-fluorenylmethoxycarbonyl)-O-trityl-L-homoserine (Fmoc-HoSer(Trt)-
OH) in anhydrous DMF containing 0.1 MN-[(dimethylamino)-1H-
1,2,3-triazol[4,5-b]pyridin-1-ylmethylene]-N-methylmethanaminium
hexafluorophosphateN-oxide (HATU) and 0.2 M anhydrous diisopro-
pylethylamine (DIEA) was introduced and allowed to react for 30 min
at room temperature. After reagent removal and disassembly, the arrays
were washed with DMF. The arrays were treated with a 20% v/v
solution of piperidine in anhydrous DMF for 15 min to remove the
Fmoc group. The arrays were washed in anhydrous DMF and then
treated with a 25% v/v solution of acetic anhydride in pyridine for 30
min to acylated the amine of the homoserine moiety as well as any
unreacted surface amines. The arrays were then treated with a 3% w/v
solution of trichloroacetic acid (TCA) in dichloromethane (DCM) for
10 min to remove the trityl group. Finally, the arrays were treated with
a 1:1 mixture of a 0.1 M solution of CPR-I and 0.45 M 5-ethylthiotet-
razole in anhydrous acetonitrile for 5 min. This is shown in Scheme 1.
After two washes with anhydrous acetonitrile, the arrays were treated
with oxidizing reagent and any unreacted hydroxyl groups were acylated
as above. The arrays were stored in a desiccator until use.

Synthesis.Drop-on-demand oligonucleotide synthesis was performed
on the Protogene IGOR 50 synthesizer using the following reagents
and concentrations. The phosphoramidites used were Pac-dA-CE
phosphoramidite, Ac-dC-CE phosphoramidite,iPr-Pac-dG-CE phos-
phoramidite, and dT-CE phosphoramidite (0.1 M). 5-Ethylthiotetrazole
(0.45 M) was used as the activator. Amidites and activator were
premixed as 1:1 v/v solutions in 10% anhydrous acetonitrile in
adiponitrile immediately prior to synthesis. The ancillary reagents
consisted of an oxidizer (0.1 M iodine in THF/pyridine/water), Cap
mix A (THF/2,6-lutidine/acetic anhydride), Cap mix B (10% 1-meth-
ylimidazole/THF), and 3% TCA in DCM. Parallel synthesis of
individual oligonucleotides was achieved by addition of individual
amidites to the hydrophilic regions of prepared surface tension arrays
via piezoelectric ink-jet devices. After coupling for 2 min, unreacted
amidite solution was washed off of the surface by flooding with
acetonitrile followed by spinning the chip at 2000 rpm for several
seconds. The ancillary reagents were added to the surface by flooding
the substrate and removed by spinning after suitable reaction times.
The synthesis was performed in a closed, argon-saturated environment
with a unidirectional flow of the protecting gas.

Cleavage and Deprotection.For arrays that were synthesized for
hybridization studies, side chain protecting groups were removed by
immersion of the array in a 50% v/v solution of ethylenediamine (EDA)
in 95% ethanol for 2 h at room temperature with agitation. The
substrates were then washed with 95% ethanol and stored in a desiccator
until use. For cleavage of oligonucleotides from the surface for CE
analysis, substrates were placed in a reaction chamber as described
and then treated with 1.0 mL of concentrated ammonium hydroxide
for 20 min at room temperature with mixing. The solution was removed
from the chamber and side chain deprotection was accomplished by
warming the solution to 70°C for 15 h. After deprotection, the solvent
was evaporated in vacuo and the residue was reconstituted in an
appropriate amount of Milli-Q water.
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