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ABSTRACT

A rapid method for construction of oligonucleotide
arrays on a glass surface, using a novel hetero-
bifunctional reagent, N-(2-tri¯uoroethanesulfon-
atoethyl)-N-(methyl)-triethoxysilylpropyl-3-amine
(NTMTA), has been described. The heterobifunc-
tional reagent, NTMTA, carries two different thermo-
reactive groups. The triethoxysilyl group on one end
is speci®c towards silanol functions on the virgin
glass surface, while the tri¯uoroethanesulfonyl
(tresyl) group on the other end of the reagent reacts
speci®cally with aminoalkyl- or mercaptoalkyl-
functionalized oligonucleotides. Immobilization of
oligonucleotides on a glass surface has been real-
ized via two routes. In the ®rst one (A), 5¢-
aminoalkyl- or mercaptoalkyl-functionalized oligo-
nucleotides were allowed to react with NTMTA
to form a oligonucleotide-triethoxysilyl conjugate
which, in a subsequent reaction with unmodi®ed
(virgin) glass microslide, results in surface-bound
oligonucleotides. In the second route (B), the
NTMTA reagent reacts ®rst with a glass microslide
whereby it generates tri¯uoroethanesulfonate ester
functions on it, which in a subsequent step react
with 5¢-aminoalkyl or mercaptoalkyl oligonucle-
otides to generate support-bound oligonucleotides.
Subsequently, the oligonucleotide arrays prepared
by both routes were analyzed by hybridization
experiments with complementary oligonucleotides.
The constructed microarrays were successfully
used in single and multiple nucleotide mismatch
detection by hybridizing these with ¯uorescein-
labeled complementary oligonucleotides. Further-
more, the proposed method was compared with the
existing methods with respect to immobilization
ef®ciency of oligonucleotides.

INTRODUCTION

Last decade has witnessed the emergence of microarray
technology, a very powerful and promising tool for gene
discovery (1), genome analysis (2), DNA sequencing by
hybridization (3), medical diagnostics for genetic diseases (4)
and the detection of single nucleotide polymorphisms (5). This
also allows undertaking studies relating to nucleic acid±ligand
interaction (6) and DNA computing (7). The surface-bound
oligonucleotides (microarrays) offer several advantages over
the conventional gel-based format. The success of microarrays
not only depends on the chemistry used for the immobilization
of oligonucleotides but also depends on the good accessibility
and functionality of the surface-bound oligonucleotides,
density of attachment, thermal stability of the array under
experimental conditions and reproducibility of attachment
chemistry.

Basically, two approaches are used for fabrication of DNA/
oligonucleotide arrays. In one approach, oligonucleotide
probes are directly synthesized on the surface at a pre-selected
positions (in situ synthesis) (8±13) following conventional and
photolithographic techniques such as the Af®metrix on-chip
synthesis. This methodology is by far the most ef®cient
method for the construction of high-density oligonucleotide
arrays, however, it has practical limitations in terms of
¯exibility and affordability. The second method, called the
deposition method, where pre-fabricated nucleic acids are
covalently (12±20) or non-covalently (21) immobilized on
solid surfaces (organic or inorganic), offers an excellent
¯exibility. This latter approach has thus become the most
widely used method for creating low- to medium-density
DNA microarrays.

Two important factors which in¯uence the quality of
microarrays fabricated by the latter method, are (i) the nature
of the solid surface used, and (ii) the chemistry employed
for ®xing of oligonucleotides on solid surfaces. Though a
large number of chemical methods have been reported for
immobilization of oligonucleotides on pre-functionalized
surfaces, there are only two reagents (3-mercaptopropyltri-
ethoxysilane and 3-glycidyloxypropyltrimethoxysilane) avail-
able that can directly be used for ®xing oligonucleotides
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on virgin glass surface. 3-Mercaptopropyltriethoxysilane
results in immobilization of oligonucleotides via disul®de
linkage (22), which is a labile linkage and 3-glycidyloxy-
propyltrimethoxysilane requires longer reaction time (8 h)
(23,24). Therefore, a glass-speci®c reagent, which could ®x
oligonucleotides on a virgin glass surface rapidly and via a
stable linkage, is still elusive. A number of solid surfaces such
as polypropylene, polyethylene, nylon, poly(methyl meth-
acrylate) (PMMA), glass, silicon, etc., have been proposed for
this purpose. Of these, glass and PMMA appear attractive
because these supports can easily be derivatized generating
reactive functional groups such as aminoalkyl, mercaptoalkyl,
carboxyl, aldehyde, etc. on the surface. Glass, in particular,
being an inexpensive material having low intrinsic ¯uores-
cence and a relatively homogeneous chemical surface, offers
an added advantage in the sense that laser scanners can be used
for visualization of ¯uorescent spots on the surface.

In this communication, we describe a method for construc-
tion of oligonucleotide arrays using a novel heterobifunctional
reagent, [N-(2-tri¯uoroethanesulfonatoethyl)-N-(methyl)-tri-
ethoxysilylpropyl-3-amine] (NTMTA) (25), on an unmodi®ed
(virgin) glass surface. The method is suitable for the
construction of oligonucleotide microarrays on a glass surface
without employing any additional coupling reagent, thus
making the strategy cost-effective, ef®cient and rapid. The
NTMTA reagent has been explored in two ways; in the ®rst
one, the NTMTA reagent was reacted with a 5¢-aminoalkyl- or
mercaptoalkyl-functionalized oligonucleotide through its tri-
¯uoroethanesulfonate (tresyl) ester function to generate a
oligonucleotide conjugate, which subsequently reacts with the
unmodi®ed glass surface to obtain a surface-immobilized
oligonucleotide. Whereas, in the second route, the NTMTA
reagent was allowed to react ®rst with the unmodi®ed glass
surface through its triethoxysilyl function to generate reactive
tresyl functions on the surface, which in the subsequent step
react with 5¢-aminoalkyl or mercaptoalkyl groups bearing
oligonucleotides to generate glass surface-bound oligonucle-
otides. The constructed microarrays were successfully used in
detection of nucleotide mismatches by hybridization with
¯uorescein-labeled complementary oligonucleotides. Further-
more, the proposed method was compared with some of the
existing glass-speci®c methods.

MATERIALS AND METHODS

General

Reagents and chemicals employed in the present investigation
were puri®ed prior to their use. 3-Glycidyloxypropyltri-
methoxysilane, 3-mercaptopropyltriethoxysilane, 2,2,2-tri-
¯uoroethanesulfonyl chloride (tresyl chloride), 3-chloro-
propyltriethoxysilane, N-methyl-2-aminoethanol and N,N-
diisopropylethylamine were procured from Aldrich
Chemical Co., St Louis, MO. Fluorescein-DMTrdT-phosphor-
amidite (dTF) was obtained from Glen Research Inc., Sterling,
VA. FAM-phosphoramidite was purchased from Applied
Biosystems Inc., Foster City, CA. Modi®cations at 5¢ and 3¢
ends in oligonucleotides were incorporated by the methods
(27±29) reported from this laboratory. Microslides were
scanned under a laser scanner at 570 nm using ScanArray
Lite, MicroArray Analysis System, GSI Lumonics.

Fluorescence intensity of the spots was determined by
QuantArray software.

In the present investigation, the following buffers and
conditions were employed for the processing of glass
microslides unless and until stated in the experiment itself:
(i) reaction buffer: 0.1 M sodium phosphate containing 0.5 M
sodium chloride pH 8.0; washing buffer: 0.1 M sodium
phosphate containing 0.5 M sodium chloride, pH 7.1;
hybridization buffer: 0.1 M sodium phosphate containing
1.0 M sodium chloride pH 7.1.

For immobilization reactions, oligonucleotides were dis-
solved in reaction buffer to make ®nal concentration to 10 mM
and spotted by applying 0.5 ml of this solution per spot. For
hybridization experiments, oligonucleotides were dissolved in
hybridization buffer in 50 mM concentration and 50 ml of this
solution was used in each hybridization reaction.

Preparation of N-(2-hydroxyethyl)-N-(methyl)-
triethoxysilylpropyl-3-amine (NHMTA) (III)

To a solution of anhydrous N-methyl-2-aminoethanol (I)
(22.5 g, 0.3 mol) and N,N-diisopropylethylamine (12.9 g,
0.1 mol) in hot toluene (70 ml) was added 3-chloropropyl-
triethoxysilane (II) (24.05 g, 0.1 mol) in one portion. The
mixture was re¯uxed for 10 h under inert (argon) atmosphere
followed by cooling at 4°C for 16 h. The amine-hydrochloride
formed in the reaction was removed by ®ltration under an inert
atmosphere through a sintered glass funnel and the residue
washed with dry toluene (2 3 25 ml). The combined ®ltrate
and washings were pooled together and concentrated under
vacuum. The syrupy crude material was distilled under
vacuum to obtain the title compound (III) in 65% yield
(18 g). The compound was characterized by 1H-NMR.

1H-NMR, CDCl3 (d, p.p.m.): 0.58 (t, 2H), 1.14 (m, 9H),
1.30 (m, 4H), 2.27 (s, N-CH3), 2.3±2.6 (m, 7H, -CH2), 3.58 (m,
6H, -OCH2), 3.66 (t, 2H).

Preparation of N-(2-tri¯uoroethanesulfonatoethyl)-N-
(methyl)-triethoxysilyl-propyl-3-amine (NTMTA) (IV)

The title compound was prepared by adding 2,2,2-tri¯uoro-
ethanesulfonyl (tresyl chloride) (1.1 g, 6 mmol) drop-wise to a
mixture of compound III (1.4 g, 5 mmol) and triethylamine
(830 ml, 6 mmol) in dichloromethane (25 ml) at 0°C in an ice
bath. The reaction was stirred at room temperature for 2 h until
complete conversion took place as monitored on TLC. After
that, the reaction mixture was cooled to 0°C in an ice-bath and
the precipitated amine-hydrochloride removed by ®ltration
under argon. The ®ltrate was concentrated under vacuum to
obtain a syrupy mass of the title compound (IV) in almost
quantitative yield. It was then characterized by 1H-NMR and
MALDI-TOF.

1H-NMR, CDCl3 (d, p.p.m.): 0.57 (t, 2H), 1.11 (m, 9H),
1.34 (m, 4H), 2.31 (s, N-CH3), 2.25±2.71 (m, 7H, -CH2), 3.63
(m, 6H, -OCH2), 3.88 (t, 2H, -CH2OSO2). MALDI-TOF
(DHBA): 426 (M+H)+.

Oligonucleotide synthesis and puri®cation

Oligonucleotides were synthesized on a 0.2 mmol scale on a
Pharmacia Gene Assembler Plus using the standard phosphor-
amidite approach following the manufacturer's protocol (26).
In order to incorporate reactive nucleophilic groups at the 5¢
end of the oligonucleotides, the last coupling reaction in the
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desired oligomer was performed with either DMTrNH(CH2)5-
OP[N(iPr)2]O(CH2)2CN (27) or BzS(CH2)6P[N(iPr)2]O-
(CH2)2CN (28) to introduce aminoalkyl or mercaptoalkyl
group at the 5¢ end. The coupling of these reagents was
performed in an analogous manner to that of normal nucle-
oside-phosphoramidites. Labeled oligonucleotides were also
synthesized in the same manner by performing the last
coupling with FAM-phosphoramidite. Furthermore, an oligo-
mer d(TFTT TTT TTT TTT TTT TTT TT)-OPO3-(CH2)6-SH
was synthesized on the thiol polymer support (29) by carrying
out the last coupling with ¯uorescein-dT-phosphoramidite in
an analogous manner to that of normal nucleoside-phosphor-
amidites, except that an extended coupling time (5 min) was
employed. A list of oligonucleotide sequences assembled
along with their deprotection conditions and yields are given
in Table 1. Subsequently, the ammoniacal solutions in all the
cases were concentrated in a speed vacuum and the residues
dissolved in water (200 ml) in each case and applied on to a
desalting column (reverse-phase ODS-silica gel column). The
oligonucleotides were eluted with 30% acetonitrile in water,
concentrated, puri®ed and stored at 4°C.

Determination of optimal time for immobilization of
oligomers on the glass surface

In order to determine optimum time required to immobilize
aminoalkyl- and mercaptoalkyl-functionalized oligonucle-
otides on the glass surface, a model experiment was designed
to study the immobilization of DMTrO(CH2)5NH2 or
DMTrO(CH2)6SH on unmodi®ed controlled pore glass support
(500 AÊ ), using NTMTA via two routes.

Route A. O-(4,4¢-Dimethoxytrityl)-5-aminopent-1-ol (40.5 mg,
100 mmol) dissolved in ethanol (1.0 ml) was mixed with 1.0 ml
of ethanolic solution of NTMTA (42.5 mg, 100 mmol). The
reaction was allowed to swirl for 1 h at room temperature in an
Eppendorf Mixer. The resulting conjugate (200 ml) was then
added to each of the eight centrifuge tubes containing
unmodi®ed CPG (~10 mg), placed in an Eppendorf
Thermomixer set at 45°C. The tubes were withdrawn at
different time intervals (10, 20, 30, 40, 50, 60, 120, 180 min)
and the support, after having been washed with dichloro-
methane (5 3 1.0 ml) containing triethylamine (0.1%), was
subjected to drying under vacuum. The extent of reaction on
support in each tube was determined by treating an accurately

weighed amount of the support (~1±2 mg) with 3%
trichloroacetic acid in dichloromethane for 5 min. The
released DMTr cation was measured spectrophotometrically
at 505 nm to determine the loading on the support in mmol/g
following the standard method (30). A graph was plotted
between the loading on the support (mmol/g) versus time of
reaction (min).

Similarly, the extent of reaction as well as optimal time
were determined using mercaptoalkyl reagent, DMTrO-
(CH2)6SH (43.6 mg, 100 mmol), except that the reaction
time of 30 min was used for the reaction between
mercaptoalkylated ligand and NTMTA reagent.

Route B. In an alternative method, to eight centrifuge tubes
containing glass beads (CPG 500A, ~10 mg in each tube),
100 ml of an ethanolic solution of NTMTA (4.25 mg, 10 mmol)
was added to each tube and kept in an Eppendorf
Thermomixer set at 45°C. Then the tubes were withdrawn at
regular time intervals (10, 20, 30, 40, 50, 60, 120, 180 min)
and subjected to washing with ethanol (5 3 1 ml). After
drying, to each tube 100ml of an ethanolic solution of O-(4,4¢-
dimethoxytrityl)-5-aminopent-1-ol (4.05 mg, 10 mmol) was
added and the reaction was allowed to proceed for 1 h at room
temperature in an Eppendorf Mixer. After that, the contents of
the each tube were washed with ethanol (5 3 1 ml) and
diethylether (2 3 1 ml) followed by drying under vacuum. The
loading on the support in each tube was determined as
described above. A graph was drawn between the loading on
the support (mmol/g) versus reaction time (min).

Similarly, the above procedure was repeated with mercapto-
alkylated reagent, DMTrO(CH2)6SH (4.36 mg, 10 mmol),
except a 30 min reaction time was used for the reaction
between mercaptoalkylated ligand and support-bound tresyl
functions.

Determination of optimal concentration of
oligonucleotide spots on glass surface for ¯uorescent
detection

In order to determine the optimal concentration required for
the detection of spotted oligonucleotide on the glass surface, a
3¢-mercaptoalkyl-modi®ed oligonucleotide sequence d(TFTT
TTT TTT TTT TTT TTT TT)-OPO3-(CH2)6SH was serially
diluted in ®ve different concentrations (15, 10, 7.5, 5, 2.5 mM)
in reaction buffer containing 10% dimethylsulfoxide (DMSO)

Table 1. Oligonucleotides synthesized with their deprotection conditions and yields

Sequence
no.

Oligonucleotide sequence Deprotection conditions Yield
(OD at 260 nm)

1 H2N-(CH2)5-OPO3-d(CAG AGG TTC TTT GAG TCC TT) Aq. NH4OH (30%), 16 h, 60°C 27.4
2 HS-(CH2)6-OPO3-d(CAGAGG TTC TTT GAG TCC TT) Aq. NH4OH (30%) containing 0.1 M DTT, 16 h, 60°C 24.5
3 HS-(CH2)6-OPO3-d(CTC CTG AGG AGA AGG TCT GC) Aq. NH4OH (30%) containing 0.1 M DTT, 16 h, 60°C 22.4
4 HS-(CH2)6-OPO3-d(CTC CTG AGG CGA AGG TCT GC) Aq. NH4OH (30%) containing 0.1 M DTT, 16 h, 60°C 23.6
5 H2N-(CH2)5-OPO3-d(CTCCTG AGG AGA AGG TCT GC) Aq. NH4OH (30%) containing 0.1 M DTT, 16 h, 60°C 25.8
6 H2N-(CH2)5-OPO3-d(CTCCTG AGG CGA AGG TCT GC) Aq. NH4OH (30%) containing 0.1 M DTT, 16 h, 60°C 26.3
7 FAM-d(AAG GAC TCA AAG AAC CTC TG) Aq. NH4OH (30%), 16h, 60°C 24.3
8 FAM-d(GCA GAC CTT CTC CTC AGG AG) Aq. NH4OH (30%), 16 h, 60°C 25.7
9 d(TFTT TTT TTT TTT TTT TTT TT)-OPO3-(CH2)6SH Aq. NH4OH (30%) containing 0.1 M DTT, 16 h, 60°C 23.2

10 H2N-(CH2)5-OPO3-d(CTC CTG CGG AGA ACG TCT GC) Aq. NH4OH (30%), 16 h, 60°C 24.3
11 H2N-(CH2)5-OPO3-d(CTC CTG CGG CGA ACG TCT GC) Aq. NH4OH (30%), 16 h, 60°C 25.1
12 H2N-(CH2)5-OPO3-d(TTT TTT TTT TTT TTT TTT TT) Aq. NH4OH (30%), 16 h, 60°C 25.4
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(v/v). The glass microslide activated with NTMTA (IV)
(route B) was spotted with a serially diluted ¯uorescent
oligonucleotide, as mentioned above, in duplicates using a
micropipette and kept for 30 min at room temperature in a
humid chamber, followed by washings with washing buffer
(5 3 10 ml) and dried under vacuum. After that, spots were
visualized under laser scanner.

Quanti®cation of immobilized oligonucleotides

In an attempt to quantify the density of immobilized
oligonucleotides, an oligomer sequence, d(TFTT TTT TTT
TTT TTT TTT TT)-OPO3-(CH2)6SH, diluted to concentra-
tions 0.025, 0.05, 0.10, 0.25, 0.50, 0.75 and 1.00 mM, was
spotted on a simple glass microslide in duplicates. After
drying the spots on the microslide, it was visualized under a
laser scanner and the ¯uorescence signal intensity corres-
ponding to each spot was measured. Using these values, a
graph was plotted between ¯uorescence intensity and
concentration of the spot.

Immobilization of 5¢-aminoalkyl- and mercaptoalkyl-
oligonucleotides on glass surface

Route A. Oligonucleotide sequence, H2N-(CH2)5-OPO3-
d(CAG AGG TTC TTT GAG TCC TT) (0.15 A260 units,
0.85 nmol), dissolved in 100 ml of reaction buffer, was mixed
with 85 ml of ethanolic solution of NTMTA (3.6 mg, 8.5 nmol).
The reaction mixture was agitated for 60 min at room
temperature. Then the solution was concentrated under
vacuum to obtain a semi-dried residue of oligonucleotide-
triethoxysilyl conjugate, which was re-suspended in double
distilled (dd) water (25 ml). The mixture was centrifuged to get
rid of excess NTMTA, as undissolved material. The super-
natant was concentrated under vacuum to obtain a residue,
which was reconstituted in dd water containing 10% DMSO
(v/v) to make an oligonucleotide conjugate concentration to
10 mM. The oligonucleotide conjugate was then spotted
manually in multiplicates on the glass surface. The spotted
microslide was incubated at 45°C in a humid chamber for
40 min followed by washings with washing buffer (5 3 10 ml)
and used for the hybridization experiment. The microslide was
kept in a hybridization chamber and treated with a solution of
the complementary ¯uorescent oligonucleotide, FAM-d(AAG
GAC TCA AAG AAC CTC TG), prepared in hybridization
buffer, for 2 h with gentle shaking at 25°C. The glass
microslide was then washed several times with hybridization
buffer to get rid off excess complementary oligomer.
Subsequently, the microslide was dried and examined under
a laser scanner.

Similarly, the 5¢-mercaptoalkylated oligonucleotide, HS-
(CH2)6-OPO3-d(CAG AGG TTC TTT GAG TCC TT), was
immobilized on a microslide, except that the reaction between
NTMTA and 5¢-mercaptoalkylated oligonucleotide was
carried out for only 30 min at room temperature.

Route B. In an alternative route, the glass microslide was
treated with 2 ml of ethanolic solution of NTMTA (85 mg,
0.2 mmol) by evenly spreading over it, and was kept for 40 min
at 45°C in a humid chamber. The microslide was then washed
several times with dry ethanol (3 3 15 ml) and dried under
vacuum. Subsequently, the activated microslide was subjected
to spotting of 10 mM solution of 5¢-aminoalkyl and

mercaptoalkyl oligonucleotides, H2N-(CH2)5-OPO3-d(CTC
CTG AGG AGA AGG TCT GC) and HS-(CH2)6-OPO3-
d(CTC CTG AGG AGA AGG TCT GC), dissolved in reaction
buffer. The microslide was kept in a humid chamber for 60 min
at room temperature. After that, the microslide was kept in
0.1 M Tris buffer pH 8.0 (blocking buffer) for 1 h and then
thoroughly washed with washing buffer (5 3 10 ml).
Subsequently, the glass microslide was used for the hybridiza-
tion reaction as described in route A, except that FAM-d(GCA
GAC CTT CTC CTC AGG AG) was used as a comple-
mentary-labeled oligomer. The spots were visualized under a
laser scanner.

Speci®city of immobilization chemistry and detection of
mismatches

Oligonucleotide sequences H2N-(CH2)5-OPO3-d(CTC CTG
AGG AGA AGG TCT GC), H2N-(CH2)5-OPO3-d(CTC CTG
AGG CGA AGG TCT GC), H2N-(CH2)5-OPO3-d(CTC CTG
CGG AGA ACG TCT GC), H2N-(CH2)5-OPO3-d(CTC CTG
CGG CGA ACG TCT GC) and H2N-(CH2)5-OPO3-d(TTT
TTT TTT TTT TTT TTT TT) dissolved in reaction buffer,
were spotted on an NTMTA activated glass microslide (route
B) for 60 min at room temperature in a humid chamber. After
blocking and the usual washings, the spots on the microslide
were hybridized with a complementary-labeled FAM-d(GCA
GAC CTT CTC CTC AGG AG) for 2 h at 25°C. The
microslide was washed with hybridization buffer (5 3 10 ml)
and subjected to a laser scanner.

Comparison of the proposed method with standard
methods

For this purpose, two standard methods [arraying of 5¢-
aminoalkyl oligonucleotides on epoxide glass surface (23) and
5¢-mercaptoalkyl oligonucleotides on 3-mercaptopropyl glass
surface (22)] were selected. Appropriately modi®ed oligo-
nucleotides (10 mM) were attached on the modi®ed glass
surfaces following the described protocols. Brie¯y, 5¢-
aminopentyl-oligomer, H2N-(CH2)5-OPO3-d(CAG AGG
TTC TTT GAG TCC TT) (0.2 A260 units, 1.14 nmol),
dissolved in 0.1 M KOH (115 ml), was spotted (0.5 ml/spot) on
the 3-glycidyloxypropyl glass microslide in quadruplicate and
kept at 37°C for 8 h. Thereafter, the microslide was washed
with 0.1 M phosphate buffer containing 0.5 M sodium
chloride, pH 7.1 (5 3 10 ml). For immobilization of
mercaptoalkylated oligonucleotides, 5¢-mercaptohexyl oligo-
nucleotide, HS-(CH2)6-OPO3-d(CAG AGG TTC TTT GAG
TCC TT) (0.2 A260 units, 1.14 nmol), dissolved in 0.03 M
sodium acetate buffer (115 ml) pH 4.3, was reacted with
3-mercaptopropyltriethoxysilane (1.4 mg, 5.7 nmol) for 1 h at
room temperature. Then the silanized oligonucleotide was
spotted on the glass slides manually (0.5 ml/spot) in quad-
ruplicate and the slide kept in a humid chamber for 15 min at
room temperature and then dried at 50°C for 5 min. The slide
was then dipped into a boiling water bath for 30 s to remove
non-covalently bound oligonucleotide and dried under
vacuum. Similarly, an oligonucleotide sequence, H2N-
(CH2)5-OPO3-d(CAG AGG TTC TTT GAG TCC TT), was
immobilized on a glass slide using the NTMTA method (route
A) as discussed above. The three microslides were then kept in
a hybridization chamber and treated with a complementary-
labeled oligonucleotide, FAM-d(AAG GAC TCA AAG AAC
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CTC TG), dissolved in hybridization buffer, for 2 h at 25°C.
The glass microslides were washed with hybridization buffer
(5 3 10 ml) to remove excess complementary oligomer.
Subsequently, the microslides were dried and examined under
a laser scanner.

RESULTS AND DISCUSSION

A number of hetero- and homobifunctional reagents have been
reported to modify peptides and proteins and immobilization
of biomolecules on a variety of polymer supports. Most
commonly used reagents are either based on thermochemical
or photochemical reactive groups. Usually, the thermochemi-
cal reactive groups containing reagents require the presence of
nucleophilic functions (-SH, -NH2) in the ligand molecules or
on the polymer surface. A number of methods are currently
available where modi®ed oligonucleotides are immobilized on
polymer surfaces for the construction of microarrays. Most of
them utilize functionalized polymer surfaces for this purpose.
Of the various polymer surfaces tried so far, only glass and
PMMA stand a good chance, as these materials can easily be
functionalized and adapted to laser scanners for visualization
of ¯uorescent spots on the surface. Unfortunately, there are not
many glass-speci®c reagents available for this purpose. The
glass-speci®c reagents known in the literature have some
limitations, such as either taking too long a time (1.5±8 h) for
®xing oligonucleotides on the glass surface or they result in

support-bound oligonucleotides with labile linkage (disul®de).
In the present investigation, we have designed a strategy to
immobilize oligonucleotides on a virgin glass surface using a
novel heterobifunctional reagent. While designing the syn-
thesis strategy for such a reagent, the following points were
kept in mind: (i) the preparation of the reagent should be
straightforward and involve commonly available reagents and
chemicals; (ii) it should be suf®ciently stable during storage;
and (iii) one end of the reagent should contain an active
chemical group speci®c towards aminoalkyl and mercapto-
alkyl functionalities, easy to introduce at the 5¢ end of
oligonucleotides during synthesis in the machine itself, while
the other end of the reagent should posses a chemical group
reactive towards the glass surface. Taking all these factors into
consideration, we screened a large number of reactive
chemical groups speci®c towards mercaptoalkyl and amino-
alkyl functionalities and reached the conclusion that tri¯uoro-
ethanesulfonyl- (tresyl) could be the right choice owing to its
reactive nature, speci®city towards mercaptoalkyl and amino-
alkyl functionalities and reasonably good stability. The choice
of reactive functionality for the other end of the reagent was,
of course, limited, and therefore, a well-known glass-speci®c
group, triethoxysilyl, was selected. A heterobifunctional
reagent, NTMTA, was designed and synthesized using
commonly available reagents and used for the immobilization
of 5¢-mercaptoalkyl and aminoalkylated oligonucleotides on
an unmodi®ed glass microslide.

Scheme 1. Preparation of NTMTA reagent and immobilization of oligonucleotides.
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The chemical synthesis of the proposed heterobifunctional
reagent, NTMTA, is depicted in Scheme 1. The preparation
was carried out by a two step process, where 3-chloropropyl-
triethoxysilane (I) was reacted with N-methyl-2-aminoethanol
(II) in the presence of N,N-diisopropylethylamine in hot
toluene. The ammonium chloride formed in the reaction was
®ltered under inert atmosphere, washed twice with toluene and
the combined ®ltrate and washings were pooled together and
concentrated under vacuum. The syrupy residue obtained was
distilled under vacuum to obtain the intermediate, NHMTA
(III) in 65% yield, which was subsequently reacted with
tri¯uoroethanesulfonyl chloride (tresyl chloride) to get the
desired heterobifunctional reagent, NTMTA (IV), in almost
quantitative yield. The NTMTA reagent was characterized by
1H-NMR and MALDI-TOF.

To arrive at the optimum time required to immobilize the 5¢
end-modi®ed (mercaptoalkyl or aminoalkyl) oligonucleotides
on a glass surface using NTMTA, this was determined
indirectly by immobilizing two model compounds, DMTrO-
(CH2)5NH2 and DMTrO(CH2)-SH, on controlled pore glass
(CPG) following both routes. The results are shown in
Figure 1a and b, and from these kinetics data, it can be
inferred that the immobilization of mercaptoalkyl and
aminoalkylated ligands on CPG using NTMTA essentially
completes in 40 min at 45°C. Therefore, in all the experiments,
the same time period was used for immobilization of
oligonucleotides via route A or B.

To determine the optimal concentration required for
visualization of an oligonucleotide on the glass slide, an
activated glass microslide was prepared using NTMTA (route

B). On this activated surface, an oligomer, d(TFTT TTT TTT
TTT TTT TT-OPO3-(CH2)6-SH), was spotted in ®ve different
concentrations (2.5, 5, 7.5, 10, 15 mM). After the usual
washings, the spots were visualized under a laser scanner set at
570 nm (Fig. 2, lane I). The immobilization ef®ciency against
each concentration was determined with the help of the
standard curve (Fig. 4) and is depicted in lane II of Figure 2.
Though the spots corresponding to 2.5±7.5 mM concentration
can be visualized easily, a 10 mM concentration was selected
for construction of microarrays so as to have good quality
spots. Hence, in the rest of the experiments, the same
concentration was used for immobilization purposes.

Immobilization of oligonucleotides on glass microslides
and hybridization studies

Having arrived at the optimal concentration and time required
for immobilization of 5¢-modi®ed oligonucleotides on the
glass surface, immobilization of oligonucleotides on the glass
microslides was carried out using NTMTA following both
routes. As NTMTA is a heterobifunctional reagent, it was
therefore considered necessary to explore whether this reagent
could be used in two ways. In route A, it reacts via its tresyl
function with 5¢-modi®ed (mercaptoalkyl or aminoalkyl)
oligomer to form a oligomer±triethoxysilyl conjugate, which
is immobilized in the subsequent reaction on a glass surface
via its triethoxysilyl function. The oligomer±triethoxysilyl
conjugate was found to be stable over several months at 4°C.
In the second route, route B, the NTMTA reagent ®rst reacts
with the unmodi®ed glass microslide via its triethoxysilyl
function to generate tresyl functions on it, which in the
subsequent step react with 5¢-modi®ed oligonucleotides to
yield surface-bound oligonucleotides. Tresylated microslides
were also found to be stable over several months at 4°C. Both
the routes offer unique advantages in a sense that the
intermediates (oligomer-triethoxysilyl conjugate in route A
and tresylated microslides in route B) can be prepared in large
quantities and stored for several months safely at 4°C to avoid
the hassle of preparing them just before use. Two microarrays
prepared following route A and route B were visualized by
hybridizing them with the corresponding complementary-
labeled oligomers. After thorough washings with washing
buffer, the microslides were screened under a laser scanner
and the ¯uorescent spots were visualized, as shown in
Figure 3a and b. The ¯uorescent signals of the spots on

Figure 1. Time kinetics to determine the optimal time required to immobil-
ize oligonucleotides on unmodi®ed glass surface via route A (a) and route
B (b). Squares, 5¢-mercaptoalkylated ligand; diamonds, 5¢-aminoalkylated
ligand.

Figure 2. Threshold concentration of oligonucleotide sequence d(TFTT TTT
TTT TTT TTT TTT TT)-OPO3-(CH2)6SH required for visualizing ¯uores-
cence under a laser scanner. Lane I, concentration of spots (2.5, 5, 7.5, 10,
15 mM); lane II, immobilization ef®ciency.
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microslides prepared via route A and route B were found to be
almost of the same intensities. Furthermore, spot morphology
was also found to be almost identical.

Quanti®cation of immobilized oligonucleotides

Quanti®cation of immobilized oligonucleotides was carried
out by a graphical method. Here, an oligomer, d(TFTT TTT
TTT TTT TTT TTT TT-OPO3-(CH2)6SH), diluted in seven
different concentrations (0.025, 0.050, 0.10, 0.25, 0.50, 0.75,
1 mM), as detailed in Materials and Methods, was spotted on a
glass slide in duplicate and the ¯uorescence intensity of each
spot was determined. The ¯uorescence intensity of the spots
was plotted against its concentration (Fig. 4). An almost linear
correlation was observed between the concentration of the
spotted oligonucleotide and its ¯uorescence intensity. The
same curve was then used to quantify all the microarrays
prepared using the proposed method.

Speci®city of immobilization chemistry and detection of
mismatches

In order to demonstrate the speci®city of immobilization
chemistry and to detect mismatches in the immobilized
oligonucleotides, ®ve oligonucleotide sequences having
zero, one, two and three mismatches (shown as bold and
underlined), H2N-(CH2)5-OPO3-d(CTC CTG AGG AGA
AGG TCT GC), H2N-(CH2)5-OPO3-d(CTC CTG AGG
CGA AGG TCT GC), H2N-(CH2)5-OPO3-d(CTC CTG
CGG AGA ACG TCT GC), H2N-(CH2)5-OPO3-d(CTC
CTG CGG CGA ACG TCT GC) and non-complementary,
H2N-(CH2)5-OPO3-d(TTT TTT TTT TTT TTT TTT TT),
were immobilized on a glass microslide through route B, as
discussed in Materials and Methods. After blocking the
reactive sites, the microslide was placed in a hybridization
chamber and treated with a labeled oligomer (complementary
to zero mismatch sequence), 5¢-FAM-d(GCA GAC CTT CTC
CTC AGG AG). After thorough washings with washing
buffer, the microslide was scanned under a laser scanner. On
the basis of ¯uorescence intensity, base mismatches were
detected and the results are shown in Figure 5. The perfectly

matched duplex gave the maximum intensity (lane 1) while
the spots having one (lane 2), two (lane 3) and three
mismatches (lane 4) showed ¯uorescence intensities in
decreasing order and non-complementary (lane 5) did not
give any signal at all. It is evident from the results that the
immobilized oligonucleotides are speci®c towards comple-
mentary oligonucleotides and non-speci®c hybridization does
not occur (lane 5). The signal-to-noise ratio was on an average
>98, as calculated from the signal obtained from comple-
mentary hybridized (lane 1) and non-complementary hybrid-
ized oligomers (lane 5) at 10 mM concentration. The low noise
background in this system may be due to the fact that the
surface is not aminated (positively charged) and therefore, not
susceptible to non-speci®c interactions with oligonucleotides
(polyanions).

Figure 3. (a) Immobilization of oligonucleotides via route A. H2N-(CH2)5-
OPO3-d(CAG AGG TTC TTT GAG TCC TT) (entry 1, Table 1) and HS-
(CH2)6-OPO3-d(CAG AGG TTC TTT GAG TCC TT) (entry 2, Table 1)
visualized after hybridization with FAM-d(AAG GAC TCA AAG AAC
CTC TG) (entry 7, Table 1). (b) Immobilization of oligomers via route B.
H2N-(CH2)5-OPO3-d(CTC CTG AGG AGA AGG TCT GC) (entry 5, Table
1) and HS-(CH2)6-OPO3-d(CTC CTG AGG AGA AGG TCT GC) (entry 3,
Table 1) visualized after hybridization with FAM-d(GCA GAC CTT CTC
CTC AGG AG) (entry 8, Table 1).

Figure 4. A correlation sketch between concentration of immobilized probe
and ¯uorescence intensity. Fluorescent oligonucleotide was spotted in
0.025±1.0 mM concentrations. The spotted microslide was scanned under a
laser scanner.

Figure 5. Detection of nucleotide mismatches and speci®city of immobiliz-
ation via hybridization with ¯uorescein-labeled complementary oligonucle-
otides. Lane 1, H2N-(CH2)5-OPO3-d(CTC CTG AGG AGA AGG TCT GC)
(entry 5, Table 1); lane 2, H2N-(CH2)5-OPO3-d(CTC CTG AGG CGA
AGG TCT GC) (entry 6, Table 1); lane 3, H2N-(CH2)5-OPO3-d(CTC CTG
CGG AGA ACG TCT GC) (entry 10, Table 1); lane 4, H2N-(CH2)5-OPO3-
d(CTC CTG CGG CGA ACG TCT GC) (entry 11, Table 1); lane 5, H2N-
(CH2)5-OPO3-d(TTT TTT TTT TTT TTT TTT TT) (entry 12, Table 1).
Hybridization was carried out using FAM-d(GCA GAC CTT CTC CTC
AGG AG) (entry 8, Table 1) followed by laser scanning.
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Comparison of the proposed method with the standard
methods

The ef®ciency of the proposed reagent for immobilization of
oligonucleotides was compared with two existing standard
methods (Scheme 2). For comparison purposes, an equal
concentration (10 mM) of an oligonucleotide was used in all
the three methods. However, different reaction times were
employed, as reported. The immobilization ef®ciency in each
case was determined after hybridizing the microslides under
identical conditions. After hybridization with ¯uorescent-
labeled oligonucleotide, the microslides were visualized under
a laser scanner. The results are shown in Figure 6a. Using the
¯uorescence values from Figure 6a, a histogram was drawn, as
shown in Figure 6b. From these ®gures, it can be deduced that
the immobilization ef®ciency of the proposed method
(9.854%) is almost comparable to the epoxide method
(9.878%) and much higher than the disul®de method (1.7%).
However, the proposed method (40 min) is far superior to the
epoxide method (480 min) in terms of immobilization time.

Thermal stability of microarrays constructed using the
proposed method

The thermal stability of the constructed arrays using the
proposed reagent was evaluated following the PCR con-
ditions. The constructed microarray was subjected to three sets
of temperature conditions, as used in a standard PCR. The
microarray was ®rst subjected to 94°C for 30 s (denaturing
step) in 0.1 M citrate buffer containing 0.5 M sodium chloride
pH 7.1, followed by cooling to 54°C for 30 s (annealing step),
and then heating to 75°C for 30 s (extension step). This cycle
was repeated ®ve times. The virgin microarray (without heat
treatment) and heat-treated microarray were hybridized with
the complementary-labeled probe. The hybridization signal of
the heat-treated microarray was found to be decreased by only
1.6%, clearly indicating that the immobilized oligonucleotides
on the glass surface following the proposed method are quite
stable for exploitation in biological research. A histogram

(Fig. 7) was obtained in a typical experiment comparing
the hybridized signal of heat-treated and pre-treated
microarrays.

CONCLUSION

A simple and rapid method for the construction of oligo-
nucleotide arrays on a glass surface has been developed
employing a novel heterobifunctional reagent. The proposed
reagent has been used in two ways. In the ®rst one,

Scheme 2. Comparison of proposed method with the standard methods.

Figure 6. (a) Morphology of spots obtained after hybridization with labeled
complementary oligonucleotide. I, NTMTA method; II, epoxide method;
III, disul®de method. (b) Comparison of immobilization ef®ciency. I,
NTMTA method; II, epoxide method; III, disul®de method.
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5¢-aminoalkyl or mercaptoalkyl oligonucleotide reacts ®rst
with the NTMTA reagent, to generate oligonucleotide
conjugate, which subsequently reacts with unmodi®ed glass
microslides to obtain an oligonucleotide covalently ®xed on
the surface. The second route involves the reaction of NTMTA
with glass microslides to generate an activated surface, where
oligonucleotides with 5¢-aminoalkyl or 5¢-mercaptoalkyl
groups were spotted on it to get surface-bound oligonucle-
otides. The density of immobilized DNA was found to be
comparable or better than the existing glass-speci®c methods
and far superior to these methods in terms of reaction time for
construction of microarrays and signal-to-noise ratio (>98).
Moreover, the covalently immobilized oligonucleotides were
stable to varying heating conditions (PCR conditions).
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