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ABSTRACT

Surface-tethered nucleic acids are widely applied in
solid-phase assays in which complementary strands
must be detected against a complex mixture of other
sequences. In response to such needs, numerous
methods have been developed for immobilizing
nucleic acids on solid supports. Often, detailed
analysis of associated chemical transformations
and of potential side reactions is difficult to obtain.
Combined use of planar and high surface area powder
supports allows characterization using surface as
well as bulk diagnostic techniques. This approach
is followed in the present study in which X-ray photo-
electron spectroscopy (XPS), transmission infrared
spectroscopy (FTIR) and reactivity titrations are
used to investigate siliceous supports modified with
an aminosilane precursor followed by a maleimide-
bearing crosslinker for attachment of nucleic acids.
The supports retain maleimide activity for approx-
imately a day when stored under buffer, but deactiva-
tion is accelerated under basic conditions or by
incomplete conversion of the precursor aminosilane
monolayer. Reactions involving the olefinic bond of
the imide as well as its carbonyl groups are observed
and analyzed. Attachment of sulfhydryl-terminated
oligodeoxyribonucleotides is highly site specific,
and immobilized strands exhibit excellent hybridiza-
tion activity. Quantitative use of XPS for label-free
determination of DNA coverage based on calibration
against reference materials is also described.

INTRODUCTION

Nucleic acid molecules immobilized on solid supports find
widespread applications in genotyping and gene expression
analyses (1,2) and in the related area of biosensors (3).
These systems also present intriguing fundamental questions,
foremost in understanding how surface organization of the

nucleic acids impacts their hybridization behavior. On
gold-coated surfaces immobilization is most often accompli-
shed through thiolate–Au bonds (4–7). The chemistry of gold
supports can be further tailored using alkanethiol molecules to
control, e.g. DNA–surface interactions (6). A number of stu-
dies have observed that thiolate–Au attachment preserves
close to 100% activity of surface-tethered strand ‘probes’ to
bind complementary sequences under suitable conditions
(6,8–11). In particular, high ionic strengths and sufficiently
sparse probe coverages are required to mitigate electrosteric
repulsions encountered by hybridizing ‘target’ strands.

Immobilization of nucleic acids on siliceous surfaces such
as glass and silica, arguably the most common type of support,
is faced with a more complex surface chemistry. The reactive
sites on siliceous surfaces are silanol (-Si-OH) groups, which
exhibit various reactivities depending on their hydrogen bond-
ing state and connection to the skeletal silica matrix (12).
Additional complexity results from the use of organosilanes,
such as aminosilanes and mercaptosilanes, as surface modifi-
cation agents. These reagents can polymerize as well as bind
covalently to the support, with a chemistry that is sensitive
to presence of water and to catalytic activity, e.g. by amine
groups (13,14). Despite these intricacies, the widespread use
of siliceous supports continues to motivate improved under-
standing and protocols for their modification with nucleic acids.

A number of investigators have employed maleimide–thiol
conjugation to tether oligodeoxyribonucleotides to siliceous
surfaces (15–20). Maleimides are convenient because of their
good stability in aqueous environments and their selective and
efficient reactivity toward sulfhydryl groups. In a typical
approach the solid support is first derivatized with an
aminosilane to introduce surface amine groups, followed by
reaction with a bifunctional linker molecule containing an
amino-reactive site (e.g. succinimide ester or isocyanate) in
addition to the maleimide function. Attachment through the
amino-reactive moiety leaves the maleimide available for
subsequent immobilization of oligonucleotide. Potential side
reactions between linker maleimides and silane amines, lead-
ing to maleimide deactivation, can be minimized by employ-
ing highly amino-reactive functions such as isocyanate to
rapidly consume surface amines and prevent subsequent
maleimide-amine additions (20).
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The present contribution takes a detailed look at the
chemistry of siliceous surfaces modified with maleimide
groups and their use for immobilization of oligodeoxyribonu-
cleotides. Powder and planar solid supports are employed to
allow application of bulk and surface sensitive techniques
including infrared spectroscopy (FTIR), titration analysis
and X-ray photoelectron spectroscopy (XPS). FTIR and
titration analysis are used to track chemical changes in mal-
eimide-activated silica powders when stored under aqueous
environments. One outcome from these studies is that decay in
maleimide activity with time parallels that in bulk solution;
however, faster decrease is observed if remnant silane amine
groups are present on the solid support. XPS is used to
investigate planar supports modified with oligonucleotides.
XPS analysis confirms that, even after five days of immobi-
lization, coupling between native groups on oligodeoxyribo-
nucleotides and maleimide-activated surfaces does not take
place. Therefore, attachment of thiol-terminated strands is
exclusive through the thiol endgroup. The resultant end-
tethered geometry is expected to preserve activity of bound
strands toward complementary molecules in solution, as borne
out by results of hybridization assays. A method for quantify-
ing DNA coverage from absolute intensity of XPS P 2p
emission is also presented.

MATERIALS AND METHODS

Summary of immobilization chemistry

Attachment of thiol-terminated oligodeoxyribonucleotides to
siliceous supports was accomplished in three steps (20). In step
1, silica or glass supports were modified with aminopropyl
triethoxysilane (APTES; 98% purity; Aldrich). In step 2, the
heterobifunctional crosslinker p-maleimidophenyl isocyanate
(PMPI, Pierce Biotechnology) was reacted with the support
through its isocyanate group to form a urea linkage. In the final
third step, thiol-terminated oligonucleotides were immobi-
lized by reaction of the thiol with the PMPI maleimide
C=C bond. All oligonucleotides used in these studies
were purchased from Qiagen Inc. and were purified by
high-performance liquid chromatography (HPLC). In addition
to the surface modification steps described above, bismalei-
mide compounds formed from two PMPI molecules due to
reaction between the isocyanate group of PMPI and trace
water (21) can attach through maleimide–amine coupling
(20,22). This leads to an excess of PMPI residues over
those of APTES; however, the surface coverage of active
maleimides remains limited by that of APTES residues. A
schematic of the attachment chemistry is available as
Figure S1 in Supplementary Material.

Preparation of powder supports

Aerosil1 200 fumed silica powder (99.8% amorphous SiO2)
from Degussa-H€uuls was used to examine steps 1 and 2 of the
immobilization scheme, corresponding to the attachment of
APTES and PMPI. The large specific surface area (200 m2/g)
of this support facilitates application of standard tools such
as FTIR and titration analysis for characterizing the
chemical state of the surface. Supports bearing only an
APTES monolayer will be denoted as silica/APTES, while

silica/APTES/PMPI will signify modification with both
APTES and PMPI. Preparation of samples followed pre-
viously detailed procedures (20) except that, in step 2, the
amount of PMPI added to the reaction was fixed at 3 PMPI
molecules per nm2 of powder surface present (PMPI concen-
tration �40 mM). A lesser amount was used to prepare pow-
ders with incomplete conversion of the silica/APTES support.

Characterization of powder supports

FTIR and titration with Ellman’s reagent [5,50-dithio-bis-
(2-nitrobenzoic acid); DTNB] were used to monitor chemical
changes and activity of powder supports (20). Infrared spectra
were collected by averaging 1000 scans at 4 cm�1 resolution.
The calibrations used to estimate surface coverage of APTES
and PMPI from integrated IR absorbances were:

APTESðresidues=nm
2Þ = 1

1:89

Z 3000

2800

A nð Þdn
Z 1920

1820

A nð Þdn R2 = 0:994
� ��

1

PMPIðresidues=nm
2Þ = 1

3:25

Z 1430

1363

A nð Þdn
Z 1920

1820

A nð Þdn R2 = 0:988
� ��

2

A(n) is absorbance at wavenumber n. The numerators are
proportional to the amount of APTES (Equation 1) or PMPI
(Equation 2), while the denominator is proportional to the total
amount of silica in the IR beam and hence to surface area (23).
The above equations differ slightly from those reported pre-
viously (20) due to tightened integration limits which better
isolate infrared absorbances uniquely associated with APTES
and silica powder. The PMPI mode used in Equation 2
is affected by hydrolysis of the PMPI residue; therefore,
Equation 2 is applicable to freshly made supports only.

Ellman’s analysis was performed following the manufac-
turer’s (Pierce Biotechnology) protocol but using mercap-
toethanol (MCE) instead of L-cysteine as the titrant. MCE
reacts with maleimide groups in a 1:1 stoichiometry; thus,
coverage of active maleimide groups on a powder support
can be determined by quantifying the number of molecules
of MCE that react per area. The number of MCE molecules
reacted per area was determined spectrophotometrically by
measuring the resultant decrease in bulk MCE concentration
using DTNB. DTNB participates in a thiol-exchange
reaction with free MCE to release the strongly absorbing
species, 2-nitro-5-thiobenzoic acid (extinction coefficient
14150 M�1 cm�1 at 412 nm). The generated absorbance is
correlated with MCE concentration according to a calibration
curve. Three milligrams of powder were used for each assay.

Preparation of oligodeoxyribonucleotide-modified
slides

Glass slides were cleaned for 15 min in a UV-ozone cleaner
(Model T10X10/OES, UVOCS Inc.) followed by immersion
in deionized (DI) 18.2 MV cm water, then toluene and finally
anhydrous toluene. Thus cleaned slides were placed in glass
bottles containing 2.8 mM solution of APTES in anhydrous
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toluene for 30 min. Afterwards the slides were successively
washed twice in toluene, once with DI water, and once with
acetonitrile. The duration of each wash was 10 min.

A pair of APTES-modified slides was used to sandwich a
silicone gasket (Grace BioLabs) to create a sealed chamber.
The chamber was filled with 2.3 mM PMPI in anhydrous
acetonitrile by injection through the silicone gasket with
needle and syringe. After a 2 h reaction, the cell was drained
and refilled with pure acetonitrile for 10 min, followed by
a 10 min wash in SSC1M buffer (0.015 M sodium citrate,
1 M NaCl, pH 7.0). The buffer was drained and the cell was
refilled with a 1 mM oligonucleotide probe solution in SSC1M.
Immobilization times ranged from 2 to 120 h. Afterwards,
slides were washed by refilling/draining the reaction cell four
times with pure SSC1M, followed by a fifth refill for 10 min.
Only then was the cell disassembled. The slides were washed
with DI water (to remove salts), dried under a nitrogen flow, and
used directly for characterization or for hybridization assays.

The 20mer probe sequence was d(CGTTGTAAAAC-
GACGGCCAG). Probe P1 included a 30 modification with
a mercaptopropyl –(CH2)3SH moiety. Probe P2, of same
sequence as P1, lacked the end modification. P1 was generated
from as-received disulfide-terminated precursors by cleaving
the disulfide with 200-fold excess of DTT (Pierce Biotechnol-
ogy) in phosphate buffer (10 mM sodium phosphate, 1 M
NaCl, pH 7) for 1 h, followed by purification and buffer switch
to SSC1M on PD-10 columns (Amersham Biosciences).

Hybridization assays

For each assay, a set of four 150 ml chambers was created by
sandwiching a silicone gasket (Grace BioLabs) between a
probe-modified and an unmodified glass slide. Chamber 1
was kept dry as a control to determine the starting probe
coverage. Chamber 2 was filled with pure SSC1M buffer
for 15 h to monitor the extent of probe loss from the surface.
Chamber 3 was filled with 1 mM solution of complementary
20mer ‘TC’ target, d(CTGGCCGTCGTTTTACAACG), in
SSC1M for 15 h. Chamber 4 was filled with 1 mM solution
of noncomplementary ‘TNC’ target, d(CTAACTGT-
TACCTCGGTCGG), in SSC1M for 15 h. After 15 h, cham-
bers 3 and 4 were drained and refilled five times with SSC1M
buffer to flush out remnant target solution, and then the slide
assembly was taken apart. The entire slide was briefly rinsed
with chilled �4�C DI water to remove any remnant salt solu-
tion, followed by immediate drying with a stream of com-
pressed nitrogen. Chilled water was used to decrease the
possibility of separation of hybridized duplexes. The dried
slides were characterized by XPS to determine coverage of
DNA strands (see below). The percentage of probes hybri-
dized to TC targets was estimated from

percentage of hybridized probes

= DITC � DITNCð Þ=I15h · 100% 3

where I15h is P 2p intensity from the probe layer after a 15 h
exposure to SSC1M buffer (chamber 2), and DITC and DITNC

are increases relative to this intensity from spots exposed
to complementary (chamber 3) and noncomplementary
(chamber 4) targets, respectively. Subtraction of DITNC

in Equation 3 corrects for signal arising from sequence-
nonspecific adsorption of targets. By dividing by probe

coverage remaining after 15 h of buffer contact, Equation 3
also corrects for probe losses that occur during the hybridiza-
tion assay.

Characterization of slide supports

XPS measurements were performed on a Physical Electronics
PHI 5500 instrument equipped with an Al X-ray monochro-
matic source (Al Ka line, 1486.6 eV) and a spherical capacitor
energy analyzer. Elemental scans were carried out at a pass
energy of 58.70 eV and a 45� takeoff angle for carbon (C 1s),
silicon (Si 2s and 2p), oxygen (O 1s), phosphorus (P 2p) and
nitrogen (N 1s). Typical integration times were 1.5 min for O
1s, 8 min for C 1s, Si 2s and Si 2p, 20 min for N 1s and 80 min
for P 2p. Detection limits were �0.1% of the total photoelec-
tron intensity. XPS traces were baseline corrected with the
program XPSPeak, with baselines modeled as a combination
of Shirley and linear functions.

Areal coverages of phosphate atoms were estimated from
P 2p intensity using Equation 4, (24)

sP = IP2psinq=R qð ÞP2pXP2p 4

where sP is the surface density of P atoms (atoms/area), IP2p is
experimentally measured P 2p intensity, q = 45� is the takeoff
angle defined between path of detected photoelectrons and the
sample surface, R(q)P2p is the instrument’s response function
for the P 2p spectral line and XP2p = 1290 · 10�24 cm2, the
differential photoionization cross-section of the P 2p orbi-
tal.(25) RP2p (at a binding energy of 133 eV) was interpolated
from RSi2p (at 100 eV) and RSi2s (at 151 eV). Values of R at the
two silicon lines were measured from fused silica reference
slides cleaned in situ in the XPS chamber with a beam of Ar
ions until C 1s emission was negligible, and using the relation-
ship R(q)Si = ISi/rSi XSi LSi

S(24). Here, the number density of
silicon atoms in fused silica rSi = 2.2 · 1022 atoms/cm3, the
attenuation lengths of photoelectrons in the silica support
LS

Si2s = 3.4 nm and LS
Si2p = 3.5 nm (26), and the cross-sections

XSi2s = 1030 · 10�24 cm2 and XSi2p = 884 · 10�24 cm2 (25). R
changed by <3% over the range of interpolation. From the
surface density sP of P atoms, oligonucleotide coverage can be
obtained by dividing by 19, the number of P atoms per strand.
In order to minimize influence of baseline curvature (cf.
Figure 6), a consideration important at lower DNA coverages,
P 2p intensity was integrated over a 3 eV window centered on
the emission maximum rather than over the full emission peak.
From analysis of the P 2p peak shape based on samples with
high coverage, the full peak area IP2p can be obtained
by multiplying the integrated area by 2.60 – 0.14 (five
independent measurements).

Equation 4 assumes that IP2p is not attenuated by the pre-
sence of an overlayer. For this reason, coverages calculated
from Equation 4 represent a lower limit as some attenuation of
P 2p emission by the DNA layer itself is expected. The
attenuation will be more prominent at higher coverages. A
uniform overlayer model (24) was used to estimate the
expected extent of attenuation. For 20mer oligonucleotides
at a true coverage of 5 · 1012 cm�2, Equation 4 is expected
to yield a coverage that is �7% lower, for 1 · 1013 cm�2 the
discrepancy increases to �13%, while for 2 · 1013 cm�2 it is
�24%. In this study, the surface density of strands remained
<1.3 · 1013 cm�2.
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RESULTS AND DISCUSSION

Powder supports

The olefinic double bond of maleimides, typically exploited
for conjugation of thiol groups to yield thioether linkages, is
also reactive toward other nucleophiles. Unprotonated primary
and aromatic amines are known to add readily (27–30), and
under aqueous environments reaction with hydroxyl anions is
a possibility. Such side reactions can deactivate the support
toward immobilization of biomolecules. Indeed, one motiva-
tion for using PMPI is that its isocyanate is highly amine-
reactive, thus facilitating a near complete conversion of
amines in the precursor silane film. High initial conversion
efficiencies decrease opportunity for subsequent maleimide-
amine additions which deactivate the support (20).

Figure 1 plots the percentage of maleimide activity remain-
ing on silica/APTES/PMPI powders when stored under pH 7
buffer for up to one week, determined using Ellman’s analysis.
When sufficient PMPI was used to ensure full conversion of
the APTES precursor film, the decrease in maleimide activity
(black squares, solid line) closely paralleled that for maleimide
groups in bulk solution (asterisks, dotted line). About 50%
activity remained after 20 h of storage (note the logarithmic
scale of the x-axis). If, however, the amount of PMPI added
was insufficient to fully consume amine groups of the
support, the initial decrease in maleimide activity was faster
(open circles, dashed line) than in bulk solution. This drop
in activity is attributed to deactivation of immobilized
PMPI maleimides by reaction, post-immobilization, with
remnant APTES amines. For the bulk studies, the bismalei-
mide bis-maleimidotetraethylene glycol [BM(PEO)4; Pierce
Biotechnology] was used in lieu of PMPI since, in aqueous
environments, the isocyanate of PMPI degrades to an aromatic
amine (21) whose reactivity with maleimide groups could
compromise the Ellman assay.

Storage of silica/APTES/PMPI supports in air for one week,
inside a sealed vial, resulted in 60% retention of activity. Air
storage is therefore recommended, if activated supports must
be kept for days prior to immobilization of biomolecules. It is
suspected, but was not investigated, that retention of activity
under air will depend on ambient humidity.

Specifics of the chemical changes accompanying aging of
silica/APTES/PMPI supports were investigated by FTIR,
using previously reported spectral assignments (20,31).
Figure 2 shows absorption spectra from 3000 to 3150 cm�1,
covering maleimide and aromatic C–H stretch bands. The
maleimide stretch, indicated by arrow, decreases in intensity
with storage under pH 7 buffer (Figure 2a). This band is
sensitive to the presence of unsaturation on the carbon
atoms, and its gradual decrease indicates disappearance of
the C=C bond and hence loss of maleimide activity, in agree-
ment with results of Ellman’s analysis. Higher pH values
accelerate the process, while lower values suppress it
(Figure 2b). The pH dependence suggests a chemical mechan-
ism in which addition of HOH across the C=C bond is
mediated by hydroxyl anion attack on one of the unsaturated
carbons.

Figure 2. IR absorbance of silica/APTES/PMPI supports in the region of
maleimide and aromatic C–H stretching. (a) As a function of immersion
time in 10 mM sodium phosphate, 0.1 M NaCl, pH 7.0. Solid line: 0.5 h;
dashed line: 4.5 h; dotted line: 168 h. (b) As a function of pH for a 3 h
immersion in 10 mM sodium phosphate, 0.1 M NaCl. Solid line: pH 2;
dashed line: pH 7; dotted line: pH 12. Arrow in (a) indicates the maleimide
C–H band. The structure shown in the inset indicates the corresponding C–H
bonds in bold.

Figure 1. Remnant fraction of active maleimides on silica/APTES/PMPI
supports as a function of storage under 10 mM sodium phosphate, 0.1 M
NaCl, pH 7.0. Filled squares and solid line: coverage of 1.1 PMPI/nm2 and
0.9 APTES/nm2, representing a fully converted APTES layer. Open circles and
dashed line: coverage of 0.8 PMPI/nm2 and 1.3 APTES/nm2, representing a
partially converted APTES layer. Asterisks and dotted line: 0.17mM solution of
BM(PEO)4. The lines are guides to the eye. All points represent an average of
two measurements.
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Spectral trends between 1350 and 1800 cm�1, where multi-
ple PMPI bands are present, (20) provide evidence of
additional chemical changes. Several bands, most notably
the symmetric (1778 cm�1) and asymmetric (1717 cm�1) male-
imide C=O stretches, and the maleimide symmetric C–N–C
stretch (�1405 cm�1), decrease with storage time (Figure 3a)
and at elevated pH (Figure 3b). The attrition of these bands is
indicative of opening of the maleimide ring and, as evident
from Figure 3b, is facilitated by increased basicity. These
observations agree with known hydrolysis of N-alkyl
maleimides as a consequence of �OH attack on a carbonyl
carbon of the imide 1, producing N-alkylmaleamic acid 2
[Figure 4; (32)].

Opening of the imide ring is also expected to lead to
enhanced amide I and II modes (�1660 and �1560 cm�1,

respectively), to carboxylic acid C=O stretching between
1650 and 1680 cm�1 (if hydrogen bonded), and to bands
from acid salts -COO� between 1550 to 1650 cm�1 (asym-
metric stretch) and between 1330 and 1440 cm�1 (symmetric
stretch, broad band) (33). These expectations are consistent
with the generally increased absorbance seen in these regions,
though complexity of the spectra and band overlap prevent
detailed identification of features.

Significantly, should hydrolysis occur at both carbonyl
groups, any biomolecules immobilized through the maleimide
moiety would be cleaved from the support. Similar outcome
would result from hydrolysis of the APTES–PMPI urea
linkage. In either scenario, primary amines would be left
behind on the solid support. It is therefore significant that
primary amine N–H stretch bands were not observed in
silica/APTES/PMPI spectra even after seven days of buffer
contact. This indicates that hydrolysis was not so extensive
as to fully cleave a significant fraction of imide rings or
urea bonds.

In summary, titration and spectroscopic analyses show that
maleimide-derivatized silica supports lose about half of their
activity in a day when stored under pH 7 buffer. Activity can
be retained for more than a week when stored under air.
Deactivation is accelerated under alkaline conditions, suggest-
ing a mechanism that involves base-catalyzed addition of
water to the imide C=C bond. Concomitantly, at a similarly
slow rate, hydrolysis at carbonyl sites leads to opening of the
maleimide ring.

Immobilization of oligodeoxyribonucleotides

Glass slides, modified with APTES and PMPI, were reacted
with probe molecules as described in Methods. Figure 5 shows
normalized XPS C 1s traces from APTES, APTES/PMPI,
and APTES/PMPI/DNA slides. Addition of PMPI residues
is signified by the appearance of a prominent shoulder at
higher binding energy, attributed to carbonyl carbons.
After DNA attachment, the C 1s trace further broadens on
account of diversity of carbon bonding configurations in
DNA (34–37).

Figure 5. XPS C 1s traces from APTES (filled circles), APTES/PMPI (open
circles), and APTES/PMPI/DNA (crosses) modified glass slides. The traces
were normalized to facilitate comparison of peak shape.

Figure 3. IR absorbance of silica/APTES/PMPI powders in the region of
carbonyl absorptions. Arrows in (a) indicate maleimide bands whose
intensity decreases with (a) immersion time or (b) with elevated pH.
Symbols and conditions are as in Figure 2.

Figure 4. Hydrolysis of N-alkyl maleimides.
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An important consideration is the possibility of DNA-
surface crosslinking at unintended sites along the nucleic
acid backbone. Even unreactive moieties, such as aromatic
base amines, raise concern if long enough contact times are
allowed for the reaction to take place. Such side reactions
could lead to multipoint attachment that would be detrimental
to the ability of probes to hybridize to target molecules.

Figure 6 depicts P 2p traces measured from maleimide-
activated slides after immersion in oligodeoxyribonucleotide
solutions in SSC1M buffer for 120 h (5 days). Presence of P 2p
emission is indicative of DNA attachment as no other source of
phosphorus was used during sample preparation. Within sen-
sitivity limits of the XPS data (�5 · 1011 strands/cm2), P2
chains, which lack a terminal thiol, do not attach. In contrast, a
surface coverage of 2.0 · 1012 cm�2 is found for the P1
oligonucleotides, which contain a terminal thiol. These data
convincingly demonstrate that attachment of thiol-terminated
oligodeoxyribonucleotides to maleimide-activated supports is
highly site-specific, with virtually all strands immobilized in
an end-tethered geometry, allaying previous concerns about
potential deactivation via side reactions (20). Same conclu-
sions were reached in experiments in which shorter contact
times of 2, 5, and 48 h were used. Since maleimide activity will
have largely decayed after 120 h (Figure 1), prospects of
unintended crosslinking occurring at even longer times are
minimal.

These results agree with Adessi et al. (16) who estimated
that 88% of thiol-terminated probes were site-specifically
immobilized to maleimide supports. In that earlier study
site-specificity of attachment was estimated indirectly from
extents of hybridization to complementary strands, compared
to the direct XPS measurements reported here.

Hybridization of oligodeoxyribonucleotide layers

The ability of probe molecules to bind complementary target
strands defines their usefulness for diagnostic assays. Hybri-
dization efficiencies close to 100% have been reported
for fairly short (�20 nt) oligodeoxyribonucleotides self-
assembled on Au supports via gold–thiolate bonds, provided

the coverage was less than �4 · 1012 cm�2 and interactions
with the solid support were not too strong (6,8,10,11). On glass
supports, with independent determination of probe and target
coverage, studies with 20mer to 30mer strands immobilized
via a variety of covalent methods find hybridization efficien-
cies from 9 to 60% at coverages between 1 · 1013 and 2 ·
1013 cm�2 (15,18,20,38–41). At lower coverages, in particular
below �4 · 1012 cm�2 for which close to 100% efficiencies
are expected from comparable systems on gold, on siliceous
surfaces hybridization efficiencies of between 5 (42) and 100%
(41) have been reported. Most values fall between 10 and
50% (20,39–42). The broad diversity of reported behavior
reflects the large variety of immobilization protocols used
for siliceous supports.

Failure to achieve high extents of hybridization under con-
ditions when full probe activity is expected can serve as a
signal for probe deactivation, e.g. through complexation
with the support due to multiple covalent bonds or strong
physical interactions. Results from the previous section indi-
cate that probe strands attach strictly through one end; there-
fore, barring excessive physical interactions with the solid
support, close to 100% hybridization activity would be
expected at lower strand coverages and high ionic strengths.
This expectation was tested using four independently prepared
samples differing in surface coverage of probe molecules.
After preparation, each sample was divided into four regions
as described in the Methods section: region 1 was the as-
prepared P1 probe layer, region 2 was exposed for 15 h to
SSC1M buffer, region 3 was hybridized for 15 h to comple-
mentary TC targets, and region 4 was hybridized for 15 h to
noncomplementary TNC strands. XPS was used to measure P
2p intensity (IP2p) from each of the four regions. The results are
summarized in Figure 7.

The difference in IP2p between the ‘initial’ and ‘15 h in
buffer’ columns reflects probe removal from the solid support,

Figure 7. IP2p intensities measured from P1 probe films initially (white bars),
after 15 h immersion in SSC1M buffer (black bars), after 15 h hybridization to
TC target (lightly hatched bars) and after 15 h hybridization to TNC target
(densely hatched bars). The y-axis is proportional to the total (probe + target)
coverage of DNA, with an estimated uncertainty due to emission peak
integration of – 10%. The coverage of probe molecules remaining after 15 h
immersion in SSC1M buffer, calculated using Equation 4, is listed along the
x-axis for each of the four samples studied. The boxes show percentage of probe
molecules hybridized to target strands, as calculated from Equation 3.

Figure 6. XPS P 2p traces from APTES/PMPI slides reacted for 120 h with
P1 (filled circles) or P2 oligodeoxynucleotides (open circles) suspended at
1.0 · 10�6 M concentration in SSC1M buffer.
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predominantly attributed to hydrolysis of APTES residues
from the glass slide. The loss of probe molecules cannot be
attributed to removal of physisorbed strands, as other XPS
results show that the washing protocols used do not leave
such residue (e.g. see P2 data in Figure 6). Moreover, as
mentioned earlier, FTIR analysis of silica/APTES/PMPI pow-
ders did not find evidence of significant hydrolysis at other
potential sites such as the APTES–PMPI urea bond. The cov-
erage of probe molecules remaining after 15 h, calculated from
Equation 4, is shown along the x-axis of Figure 7. Percentages
of probe molecules that hybridized to complementary TC
targets, calculated from Equation 3, are displayed inside the
white boxes.

The results of Figure 7 merit several comments. First, the
fraction of probe molecules lost after a 15 h contact with buffer
varied somewhat over the four samples studied. These varia-
tions likely reflect differences in crosslinking between neigh-
boring APTES residues and between the residues and the solid
support, causing variations in layer stability. Second, when the
hybridization data are corrected for probe loss, a fairly con-
sistent picture emerges regarding activity of surface-bound
strands. For coverages lower than �5.5 · 1012 cm�2, hybri-
dization extents close to 80–90% are observed. The data sug-
gest that steric and electrostatic barriers to hybridization are
mild at these lower probe coverages, yielding an average
hybridization of 89 – 8%. It is suspected that this number
is somewhat underestimated on account of washing the sam-
ples prior to XPS measurement (with 4�C water), which may
be expected to remove some target strands. Moreover, in
correcting for nonspecific adsorption it should be noted that
Equation 3 assumes that same-length complementary and
noncomplementary target sequences, TC and TNC, produce
the same nonspecific signal when same probe coverages and
hybridization conditions are used.

For the highest coverage of 9.2 · 1012 cm�2, hybridization
to target molecules is clearly suppressed relative to lower
probe coverages. These results are consistent with those of
Steel et al.(8) in which close to 100% hybridization was
observed with 25mer probe films on gold supports and
25mer targets, when probe coverage was <4 · 1012 cm�2.
When probe coverage increased to 6.5 · 1012 cm�2, hybridi-
zation extents decreased to �20%. In the study of Peterson
et al. (11) employing a very similar experimental system on
gold, hybridization efficiencies fell <80% when probe cover-
age was in excess of 2 · 1012 cm�2. The present results are in
reasonable agreement with these other studies on an entirely
different type of solid support. Consistency independent of
details of surface chemistry is an important factor in advancing
fundamental understanding of surface hybridization reactions.

A previous study that also used APTES/PMPI immobiliza-
tion found a 40% hybridization efficiency based on an initial
probe coverage of 2.2 · 1012 cm�2 and a 30 h hybridization
time (20). The reasons for this low efficiency, which were not
clarified previously, are attributed to not correcting for probe
loss over the time course of hybridization.

CONCLUSIONS

Solid supports activated with maleimide groups provide
excellent selectivity toward site-specific immobilization of

oligodeoxyribonucleotides, exhibiting no evidence of side
reactions with native constituents even after five days of con-
tact under neutral buffer. The absence of undesirable cross-
linking reactions is also instrumental in retention of high
hybridization activity of immobilized strands. Maleimide-
activated supports can be stored under pH 7 buffer for up
to a day. Longer times are inadvisable on account of progres-
sive loss of maleimide activity, attributed to base-catalyzed
addition of water to the C=C bond of the imide. A challenge
faced by applications requiring long hybridization times is
limited stability of silane films which are typically used as
a first step in modification of siliceous supports. In the present
study, up to 40% of probe molecules were lost after 15 h
exposure to buffer, presumably due to hydrolysis of APTES
silane residues from the solid support. Improved stability
should be attainable, e.g. through crosslinking of the surface
layer with dendrimer compounds (43).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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