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ABSTRACT: The amine density of 3-aminopropyldimethylethoxysilane (APDMES) b7
films on silica is controlled to determine its effect on DNA probe density and
subsequent DNA hybridization. The amine density is tailored by controlling the
surface reaction time of (1) APDMES, or (2) n-propyldimethylchlorosilane
(PDMCS, which is not amine terminated) and then reacting it with APDMES to
form a mixed monolayer. High-resolution X-ray photoelectron spectroscopy (XPS) I >
is used to quantify silane surface coverage of both pure and mixed monolayers on
silica; the XPS data demonstrate control of amine density in both pure APDMES 0

%SiAPDMES
N
1
\
1

and PDMCS/APDMES mixed monolayers. A linear correlation between the atomic %N

concentration of N atoms from the amine and Si atoms from the APDMES in pure

APDMES films allows us to calculate the PDMCS/APDMES ratio in the mixed monolayers. Fluorescence from attached DNA
probes and from hybridized DNA decreases as the percentage of APDMES in the mixed monolayer is decreased by dilution

with PDMCS.
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B INTRODUCTION

Chemical modification of silica surfaces with silanes is com-
monly used for the assembly of thin film devices for applications
ranging from DNA microarrays to robotic microhandling.'
These applications employ silane films with functlonal groups
that can selectively bind additional molecules as required.'® Amino-
silanes are of particular interest for DNA mlcroa.rrays, especially for
the covalent attachment of DNA to silica surfaces.”® The surface
amine density of aminosilane films in pure or mixed monolayers' ">
can be tuned through reaction conditions, such as tlme and
concentration," or by dilution with an inert component."*

Mixed monolayers can be generated by various deposition
technlques that include stepwise deposition'>'* and code-
position.>'® The stepwise deposition technique allows for the
direct deposition of a mixed monolayer composed of two silanes
that would otherwise react with each other in solution. A sub-
monolayer film of the inert silane is deposited first and then the
partially modified surface is reacted with another silane posses-
sing the desired functional group.'* Determining the composi-
tion of mixed monolayers is challenging on silica surfaces.

XPS has been used extensively for elemental and structural
analyses of silanized silica surfaces, where the presence of a
unique functional group (e.g., an amine) can be used to monitor
silane surface coverage.'® Carbon is a poor indicator of surface
coverage because it is a common adventitious contaminant."
Nitrogen is intrinsic to aminosilane films and is not an adventi-
tious contamlnant, so it is a good indicator of aminosilane
deposition."® Lee et al. monitor high-resolution XPS N 1s and
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Si 2p peak intensities to determine the composition of a mixed
multilayer film (composed of an aminosilane and a methyl-
terminated silane) on an aluminum oxide substrate.'® It is more
challenging to perform this analysis on a silica substrate due to
the closeness of the Si substrate and silane peaks.

As an alternative to elemental signatures, changes in chemical-
bonding-specific component peaks can also be used to charac-
terize silane coverage. Previously, Pleul et al. demonstrated that
silane surface coverage can be characterized via analysis of the
high binding energy Si 1s peak (1840 eV) using a special Ag Lot
X-ray source.'® Conventional, commercial spectrometers are
limited by the photon energy of an Al Kot source (1486.6 ¢V)."”
We show that fitting the more commonly measured high-resolution
XPS Si 2p peak (~102 eV) can yield a component peak indicative of
a silane attached to silica. Our technique is particularly useful for
silanes, such as PDMCS, that do not possess distinguishable ele-
mental signatures after surface attachment.

Alexander et al. demonstrate that the Si 2p component peaks
in Si(—O), films can be resolved and quantitative peak fitting can
be performed based on two assumptions: 1) each Si atom has a
valence of four, resulting in four component peaks within the Si
2p envelope and 2) the shift of the Si binding energies depends
primarily on the number of oxygen atoms attached to the Si.*
The four component peaks of the Si 2p envelope are referred to
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as Si(—0)y, Si(—0),, Si(—0)3, and Si(—0O),, where the oxygen
subscript indicates how many oxygen atoms are attached to the Si
atom. Alexander et al.’s deconvolution is widely used to curve fit
the Si 2p peak envelope and to characterize Si(—O), containing
films on solid surfaces.”' >

Analytical techniques such as XPS are needed to determine
how surface composition affects the degree of attachment of
subsequent molecules such as DNA. Control of surface function-
ality has the potential for improving the attachment of DNA.'>*¢
Several studies show lower DNA hybridization efficiencies on
modified surfaces with high probe (immobilized ssDNA)
densities.”’ *° The cause of these lowered eficiencies is un-
certain, but various explanations point to probe—probe interac-
tions and electrostatic repulsion between the DNA probe layer
and incoming targets,*® thermodynamic stability of the probe—
target complex’' and intermolecular interactions between DNA
strands.””

For this study, we generated both pure APDMES and
PDMCS/APDMES mixed monolayers with varying APDMES
densities. The mixed monolayers are generated in a stepwise
deposition by first varying the substrate exposure to PDMCS,
which controls the unmodified surface area available for subse-
quent APDMES attachment. By monitoring the high-resolution
XPS N 1s and Si 2p spectra, we are able to measure the mixed
monolayer composition. Fluorescence assays are used to monitor
both DNA immobilization and DNA hybridization on the mixed
monolayers. Our work shows that (1) high-resolution XPS
measurements of the Si(—Q); component within the Si 2p peak
can effectively quantify silane coverage on silica, (2) the compo-
sition of mixed silane monolayers can be determined using the
Si(—0), method we developed and (3) the Si(—O), method is
useful for determining the relationship between surface amine
density and subsequent DNA attachment.

B EXPERIMENTAL METHODS

Materials. All reagents purchased were used as received, unless
otherwise noted. Anhydrous toluene, ACS reagent grade toluene, sodium
dodecyl sulfate (SDS), formamide, dithiothreitol (DTT), Alconox and
phosphate buffer components were purchased from Sigma-Aldrich.
Dichloromethane, 2-propanol and sodium hydroxide pellets were
purchased from J.T. Baker. Anhydrous ethanol was purchased from
Pharmco-Aaper. n-Propyldimethylchlorosilane and 3-aminopropyldi-
methylethoxysilane were purchased from Gelest, Inc. N-[e-Maleimido-
caproyloxy]sulfosuccinimide ester (Sulfo-EMCS) was purchased from
Pierce Biotechnology. Saline sodium citrate (SSC) was purchased from
Fisher Scientific. Bovine serum albumin (BSA) was purchased from
Research Organics. Silicon wafers with ~270 nm of thermally grown
silicon dioxide were purchased from University Wafers.

Preparation of Silane-Modified Substrates. The reaction
conditions we use for silane attachment are well-established'*** for
generating stable, chemically bonded silane films on silica surfaces. All
silane treatments were performed on the oxidized silicon wafers after
they were cleaned with a 1% (w/v) solution of Alconox in deionized
water, cut into ~2 cm” samples and then cleaned by oxygen plasma for
S min at 154 W in a Technics S00-II Plasma System. Spectroscopic
ellipsometry measurements of plasma-cleaned oxidized silicon wafers
showed that the oxide thickness was 267 nm, as specified by the
manufacturer. We confirmed that exposure of the silica substrate to
toluene (solvent for silane reaction) for 19 h did not change the silica
layer thickness.

Figure 1 shows the molecular structures for APDMES and PDMCS
silane molecules, in addition to a schematic of a PDMCS/APDMES

NH NH
. } > 2? } |
>' ? Si— Si— Si— Si—
by Si— o 7o /70 7o
O\CHZCH3 /¢l / / / /
APDMES PDMCS PDMCS/APDMES Mixed Monolayer

Figure 1. PDMCS and APDMES molecular structures and schematic of
a PDMCS/APDMES mixed monolayer.

mixed monolayer. After cleaning, pure APDMES and pure PDMCS
monolayers were formed by exposure to a 1% (v/v) silane solution in
anhydrous toluene at 60—65 °C for times varying from 15 s to 19 h. The
PDMCS/APDMES mixed monolayers were generated via a stepwise
deposition sequence, in which clean, oxidized silicon wafers samples
were first exposed to a 1% (v/v) PDMCS solution in anhydrous toluene
at 60—65 °C for times ranging from 15 s to 19 h. After postsilanization
washes, PDMCS-treated samples were then exposed to a 1% (v/v)
APDMES solution in anhydrous toluene at 60—65 °C for 19 h. This
procedure is designed to obtain consistent total silane coverage of the
surface, while varying only the degree of amine functionality. Postsila-
nization washes, which are used to wash off any unreacted or dimerized
silane, consisted of S min washes in toluene, dichloromethane and
anhydrous ethanol, followed by an anhydrous ethanol rinse and drying
under nitrogen. During silane treatment, each sample was placed in a
separate test tube and sealed with a septum. All glassware was cleaned in
a base bath (1 M sodium hydroxide dissolved in isopropanol) overnight
and dried at 120 °C prior to use.

AFM images show that pure APDMES and PDMCS/APDMES
mixed monolayers generate a uniform surface coating on the silica
substrate with roughness values below 6 A in all cases (see Figure S1 in
the Supporting Information). Spectroscopic ellipsometry measurements
on the saturated pure APDMES and PDMCS/APDMES mixed mono-
layers indicate a single monolayer is formed for all films with thicknesses
0f 0.6 = 0.2 nm and 0.8 & 0.2 nm, respectively, both of which approach
the theoretical monolayer thickness of an APDMES film (0.7 nm).®
Additionally, PDMCS molecules contain a unique Cl atom that would
be easily detected by XPS if unhydrolyzed PDMCS were physisorbed to
the surface. Cl was not detected on any of the PDMCS-treated samples
ruling out extensive physisorbed PDMCS on the surface (XPS detection
limit >0.1%).

Modification of Silanized Substrates with Heterobifunc-
tional Cross-Linker. Silanized substrates were treated with a 1 mM
solution (0.41 mg/mL) of Sulfo-EMCS dissolved in sodium phosphate
buffer (0.1 M, pH 7.2—7.5) for 40 min at room temperature per vendor
recommendations.>® After cross-linker addition, samples were washed
for 10 min each in two separate washes of sodium phosphate buffer
(0.1 M, pH 7.2—7.5), rinsed with DI water and dried under nitrogen.

Spectroscopic Ellipsometry and Atomic Force Micro-
scopy. Silane film thicknesses were measured with a spectroscopic
ellipsometer (J.A. Woollam alpha-SE). Spectroscopic ellipsometry is
used to determine the thickness of silane films by modeling them as
“silica-like”.">***° It is assumed that the silane layer refractive index is
approximately equal to that of silica (1 = 1.465)."> The silicon dioxide
thickness is subtracted from the calculated total thickness of a silane/
SiO; layer to yield the silane film thickness. Atomic Force Microscopy
(AFM) images are acquired in tapping mode on a Scanning Probe
Microscope DI 3100 with a Nanoscope V controller from Veeco
Metrology, using Si tips. Note: all AFM images are in the Supporting
Information.

X-ray Photoelectron Spectroscopy. Silane films were charac-
terized with XPS using a Physical Electronics PES800 ESCA/AES
system. Reported XPS values and error bars are the average and standard
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Table 1. Oligonucleotide Sequences and Terminus
Modifications

oligo sequence s'- 3'-
name (5-3) length modification modification
oligo I CCCAGGAATGCCCAGCCAA 19 FAM thiol
oligo 2 CCCAGGAATGCCCAGCCAA 19 FAM none
oligo 3 CCCAGGAATGCCCAGCCAA 19 Thiol none
oligo 4 TTGGCTGGGCATTCCTGGG 19 FAM none
oligo 5 ACAAACCCATGCCGGCTAA 19 FAM none

deviation of two to three measurements each on at least two indepen-
dent samples. For calculated values, errors were propagated using
standard statistical analysis. Spectra were collected using a monochro-
matic Al Kot X-ray source (1486.6 eV, 7 mm filament operated at 350 W),
hemispherical analyzer, and multichannel detector. A low-energy (~1
eV) electron flood gun was used for charge neutralization. To correct for
residual sample charging, high-resolution spectra were charge referenced
by setting the C 1s hydrocarbon peak to 284.8 eV. Survey spectra were
collected using an analyzer pass energy and step size of 187.85 eV and 0.8
eV/step, respectively.”® High-resolution spectra were collected using an
analyzer pass energy of 23.50 eV and a step size of 0.1 eV/step. Curve
fitting was performed using CasaXPS$ software (www.casaxps.com) with
a GL(30) fit. Component peak positions were based on the results by
Alexander et al,*® who reported the binding energies of Si(—0),,
Si(—0),, Si(—0)3, and Si(—0),4 to be 101.5, 102.1, 102.8, and 103.4
eV, respectively. Full widths at half-maximum (FWHM) for the Si 2p
component peaks were constrained to be equal and varied from 1.6 to
1.7 eV. The default relative sensitivity factor (RSF) values supplied by
the XPS manufacturer were used for determining the atomic concentra-
tions (%AC) of the surface composition. The photoelectron takeoff
angle (TOA), which is defined relative to the surface plane, was set to
15° for all spectra. For perspective, analysis of the Si 2p peak in
poly(methyl methacrylate) samples with an Al Ka X-ray source at
TOAs of 10, 45, and 90° (relative to surface plane) yielded sampling
depths of 1.7, 6.9, and 9.7 nm, respectively.'”

Oligonucleotide Sequences. Synthetic DNA, with the desired
modifications at the 5" and 3’ ends, was purchased from Integrated DNA
Technologies (IDT); IDT purified the DNA by high-performance liquid
chromatography (HPLC). We selected the oligonucleotide sequences
shown in Table 1 for their ability to form stable hybrids with their
complementary strand at room temperature. In addition, the selected
sequences have low probability of self-forming a secondary structure.®”
Oligo 1 is a 3'-thiol-modified probe that can covalently bond to the
cross-linker attached to the silica surface. This covalent attachment was
detected via fluorescent labeling with S'-fluorescein phosphoramidite
(5'-FAM). To determine whether the signal from oligo 1 was due to
covalently bound DNA or nonspecific adsorption, oligo 2 was used as a
negative control. Oligo 2 has the same sequence as oligo 1, but does not
have a thiol modification. Therefore, oligo 2 cannot covalently bind to
the surface, but any intermolecular interactions (nonspecific adsorption)
between the DNA bases and the surface can be detected due to the
S'-FAM modification. In order to maintain the same DNA-labeling
protocol (S-FAM modification) for fluorescence detection of both
immobilization and hybridization assays, oligo 3 was used instead of
oligo 1 in hybridization studies. Oligo 3 is a S'-thiol-modified probe,
without a FAM label, that will covalently attach to the cross-linked
surface. Note that oligos 1 and 3 have the same sequence, but the thiol
modification of the probes changes from the 3’ to the S’ terminus,
respectively. The covalent attachment of oligo 3 was determined
through the hybridization of the cDNA target, oligo 4. Oligo 4 is the
complementary target to oligo 3, and formation of the DNA duplex was
detected via S'-FAM labeling. To confirm that a DNA duplex was

formed due to hybridization between oligos 3 and 4, we used oligo S
(noncomplementary to oligo 3) as a negative control.

DNA Immobilization. Thiol-modified DNA sequences, which
were protected with a disulfide bond by the vendor, were reduced to
the sulfhydryl active form by incubating the sample with 0.1 M DTT
dissolved in sodium phosphate buffer (0.1 M, pH 8.3—8.5) for 1 h at
room temperature. After reduction of the sample, the DNA was desalted
using Ilustra NAP-S columns (GE Healthcare) according to vendor
specifications. For DNA immobilization, probes were resuspended at
20 M concentration in sodium phosphate buffer (0.1 M, pH 7.2—7.5)
and 10 #L drops were pipetted onto modified substrates and allowed to
incubate for 2 h at room temperature in a humid Petri dish. Following
incubation, substrates were washed for 5 min each in 0.1% SDS + 2x
SSC, followed by 0.1% SDS + 1x SSC and finally 0.1% SDS + 0.5 SSC.
After the washes, the samples were rinsed with DI water and dried under
nitrogen.

DNA Hybridization. After DNA immobilization, the samples were
treated with a prehybridization buffer (Sx SSC, 25% formamide, 0.1%
SDS, 0.1 mg/mL BSA) for 1 h at 42 °C to prevent nonspecific
adsorption by blocking all active surface sites (e.g.,, amine) that could
interact with the target. After prehybridization treatment, samples were
washed with 0.1x SSC twice for 5 min, then rinsed with DI water and
dried under nitrogen. For DNA hybridization, samples were exposed to
10 4L drops of 1 M target suspended in 4x SSC + 0.1% SDS for 2 h at
room temperature. Samples were then washed with 4x SSC + 0.1% SDS
for S min; followed by two, 5 min washes in 2x SSC + 0.1% SDS, then a
1 min wash each in 0.2x SSC and 0.1 x SSC.*” After the washes, samples
were rinsed with DI water and dried under nitrogen.

Fluorescence Imaging. Samples with fluorescently labeled DNA
attached to the surface were analyzed using a Typhoon 9400 Variable
Mode Imager (GE Healthcare). Reported fluorescence values and error
bars are the average and standard deviation, respectively, of three
measurements from at least four independent samples. Scanner settings
for FAM-labeled samples were set to a 488 nm excitation wavelength
with a 520 nm emission filter (40 nm bandpass) and a sensitivity of S00
V for the photomultiplier tube (PMT). Macroscopic spots of fluores-
cently labeled DNA on samples were imaged with a resolution of 100 «m
and the fluorescence was analyzed using ImageQuant software (v. 5.2,
GE Healthcare).

B RESULTS AND DISCUSSION

Si(—0); Component Peak as a Measure of Silane Surface
Coverage. The Si 2p binding energy is sensitive to the number of
O atoms bonded to Si, therefore the covalent attachment of a
silane to SiO, can be distinguished from the underlying SiO,
substrate.””*"** High-resolution XPS Si 2p spectra of silica
exposed to APDMES for (A) 1Ss and (B) 480 min are shown
in Figure 2. Curve fitting, based on the conventions of Alexander
et al,”® shows the presence of two peaks; the larger peak at
103.0 &= 0.1 eV is assigned to the silicon associated with oxygen
within the silica substrate, as it is consistent with a Si(—0),
component peak. The smaller peak at 101.1 & 0.1 eV is assigned
to the Si(—O), component peak, which is indicative of APDMES
bonded to the silica surface. These spectra show that the area of
the Si(—O); component increases with increasing substrate
exposure time to APDMES.

The atomic concentration of an element is the number or mole
percent of that element relative to all elements detected within
the XPS information depth, as described in detail elsewhere."”
For example, the atomic concentration of Si (%Si) represents the
percentage of all Si atoms, including those in the silica substrate
and in the bonded silane molecules, relative to the total number
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Figure 2. Si 2p high-resolution XPS spectra for pure APDMES films on
silica after exposure times of (A) 15 s and (B) 480 min to APDMES.
Dotted lines show fits corresponding to the Si(—0O), component from
the silica substrate and the Si(—O); component from APDMES
attachment.

of Si and non-Si elements. Further, the atomic concentration of
the Si atoms in the information depth that are from APDMES
molecules (%Sisppmes) can be calculated using:
Ag
% Siappyes = Y681 ——h (1)

S

where %Si is the atomic percent Si, Ag;(_o); is the Si(—O); peak
area and Ag;,,, is the total Si 2p peak area (Si(—0O); + Si(—0),).

Figure 3A shows an increase in the %Siappyes detected as the
sample exposure time to APDMES is increased. Both the %
Siappmes and the atomic concentration of nitrogen (%N) within
the XPS information depth increase at the same rate and nearly
triple between 15 s and 480 min exposure times, indicating
an increase in the APDMES surface coverage. The APDMES
surface coverage appears to reach saturation after less than 100
min of APDMES exposure, even with excess silane in solution.*®

Figure 3B plots %Sisppes versus %N (both from Figure 3A).
Negative control samples, which were not exposed to APDMES,
showed no presence of nitrogen or the Si(—0), peak moiety on
the surface. There is a clear linear correlation between these two
elements, resulting in the experimental relationship:

%SiAPDMES == 086‘%N (2)

This is close to the expected 1:1 ratio of Si:N in the APDMES
molecule. The small deviation from unity slope could be due
to our choice of peak shapes in the peak fitting, the relative signal-
to-noise ratio of each element, RSF inaccuracies or attenuation of
the Si 2p signal by the APDMES layer. For the pure APDMES
system, the slope 0.86 defines the relative sensitivity of XPS to %
SiappmEs and %N; we will use this slope to determine %Siappmes
even when other silanes without a marker are also present (e.g,
PDMCS).

Previously, the Si 2p peak was thought to be an unreliable
technique for monitoring accurate surface coverage due to
background Si signal®® or poor resolution of the peak.**~*
One earlier study'® demonstrated a direct correlation between
the nitrogen signal and the silane contribution to the Si 1s peak.
However, the silane contributions to the silicon signal in the Si 2p
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Figure 3. (A) Dependence on exposure time to APDMES of %N (black
squares) and %SisppyEs (red diamonds) in pure APDMES monolayers.
Dashed line drawn as a guide for the eye to both data sets. (B) %
Siappmes and %N in pure APDMES monolayers, with a linear best-fit
line (solid black) and 1:1 fit line (dashed gray) for reference. All values
are determined by high-resolution XPS.

peak were not resolved. Our curve fitting demonstrates that the
Si(—0); silane peak is an excellent indicator of silane coverage
over a wide range of exposure times.

In addition to examining the relative atomic composition
of the APDMES films, we also calculated the surface density
(rmomhya) of the saturated monolayer using the method pre-
sented by Bramblett et al.** Here,

tpaNay
I_‘monole\yer = MW (3)

where ¢ is the overlayer thickness (0.6 &= 0.2 nm for APDMES, as
measured by spectroscopic ellipsometry), p is the APDMES
density (0.857 g/cm’; s?eciﬁed by manufacturer Gelest), a is the
conversion factor (10~*' cm®/nm?), Ny is Avogadro’s number
and MW is the molecular weight of APDMES without the
hydrolyzable ethoxy group (116 g/mol). Using this equation
yields a monolayer density of 2.7 = 0.9 APDMES molecules/
nm”. For comparison, we also estimated the surface density of
APDMES molecules using XPS data as

Asi(-0)
Asiy,

_ 1
I_‘monole\yer - Nnsi0,2 (4)

where z is the sampling depth for XPS at a specified takeoff angle
(2.1 nm for a 15° takeoff angle),** ng;o, is the molecular con-
centration of silica (22 SiO, molecules/nm?), and Asi(—0)1/Asinp
is the area fraction of the Si(—O); peak to the entire Si 2p peak
(0.09 £ 0.01 for a sample exposed to APDMES for 480 min; see
Figure 2B). This calculation results in 42 + 0.5 APDMES
molecules/nm> Note that ngio, is based on the density of thermal
Si0, (22 x 10" g/nm*).* The actual sample density is lower
because it is a combination of SiO, and APDMES density.
We estimate an ~2:1 ratio of SiO,:APDMES, which lowers
Ionolayer to 3.3 APDMES molecules/ nm? This 2:1 ratio is
based on the 2.1 nm sampling depth of the XPS, the APDMES
layer thickness (0.6 nm) and the unit cell thickness of SiO,
(0.7 nm). It is important to note that this calculation does not
include effects of electron attenuation of the underlying SiO, by
the APDMES layer; electron attenuation lengths are required for
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Figure 4. Si 2p high-resolution XPS spectra for PDMCS/APDMES
mixed monolayer films on silica after a (A) 15 s and (B) 480 min
exposure to PDMCS, followed by a 19 h exposure to APDMES. Dotted
fit curves show the Si(—0O), component from the silica substrate and the
Si(—0), component from silane molecule attachment.

an absolute measurement.*® Lastly, we assume that the RSFs are
similar for Si from the SiO, and APDMES. Since this instrument
has been used to measure accurate Si:O ratios in both thermal
silica and soft polymers (polydimethylsiloxane),*’” this is a
reasonable assumption. Our calculated values correspond well
with the number of OH surface sites available for silane attach-
ment on silica (~5 OH molecules/nm*)** and values from
Kallury et al. who reported 2—4 APDMES molecules/nm” for
APDMES monolayers on silica.*’

Determination of Mixed-Monolayer Composition using
Si(—0); Component Peak. Because PDMCS has the same type
of covalent bond to the silica surface as APDMES, attachment of
either molecule yields the same Si(—O), component peak at
101.1 eV in high-resolution XPS spectra. Figure 4A shows the
total Si(—O), component peak area that represents attachment
of both PDMCS and APDMES to the silica surface after a short
(15 s) predeposition of PDMCS, followed by a 19 h APDMES
exposure. The same size Si(—O); component peak is observed in
Figure 4B, where the predeposition time of PDMCS is 480 min,
but the APDMES exposure time is again 19 h. Thus, the total
silane surface coverage is not changing significantly (although the
film composition is, as discussed below). Si 2p high-resolution
XPS spectra of pure PDMCS monolayers are also identical to
those shown in Figure 4A, B (see the Supporting Information,
Figure S2). In all three of these cases, the silane coverage of the
silica surface is the same.

Figure SA shows the effect of PDMCS exposure time on %N
and %Sigjane for PDMCS/APDMES mixed monolayer films.
Similar to eq 1, %Sigjiane is calculated using

Ag_
% Signe = %S (s)

Sia

where %Si is the atomic percent Si, Ag;(_oy, is the Si(—0),
peak area and Ag; is the total Si 2p peak area. Figure SA
demonstrates that the %Sigj,e remains nearly constant at 2.7
=+ 0.1%, whereas the %N of the mixed monolayer film decreases
as the PDMCS predeposition time is increased. The 19 h

3.0L ' . . o
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L
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Figure 5. (A) Dependence of %N (black squares) and 9%Signe
(red diamonds) on PDMCS exposure time for PDMCS/APDMES
mixed monolayer films. (B) Dependence of %Sippcs in pure PDMCS
monolayers (closed diamonds) and mixed monolayers (open diamonds)
on PDMCS exposure time. %Sippprcs in the mixed monolayers was
calculated from Figure SA data and eq 6. Dashed line drawn to guide the
eye for both data sets. All values are determined by high-resolution XPS.

APDMES exposure ensures a consistent, saturated silane film
while the time in PDMCS (before APDMES) provides control of
amine density. A slight increase in the %Sigj,,. is observed for the
highest predeposition times; it is possible that the 19 h pre-
deposition of PDMCS yields a slightly higher total silane surface
coverage. In addition, Figure SA shows a %N of ~0.8 in the
mixed monolayer even after a 19 h (1140 min) predeposition of
PDMCS. Thus, complete monolayer coverage with PDMCS was
not reached even after 19 h.

To further examine PDMCS surface coverage, we deposited a
series of PDMCS-only films at varying exposure times. The %
Sippmcs in pure PDMCS monolayers can be determined from
the XPS data using eq 5; in these films only PDMCS contributes
to the Si(—0),; peak. These data are shown in Figure SB (closed
diamonds). The %Sippmcs in the pure PDMCS monolayers
increases with increasing exposure time; the lack of saturation
supports that PDMCS attachment continues even after 19 h. Silane
attachment to the substrate surface is driven by hydrolysis."* Silanes
with an amine group can self-catalyze the hydrolysis reaction.”® This
might explain why APDMES (Figure 3A) forms a monolayer faster
than PDMCS, which lacks an amine.

Figure SB also shows the %Sippyics from the mixed monolayers
as a function of PDMCS exposure time that is calculated using

YoSippmcs = Y0Sisiane — Y0SiappMES (6)

where %Sigjn is calculated using eq S, and %SiapppEs is calculated
using the measured %N in Figure SA and eq 2. Figure SB shows that
%Sippmcs in the pure PDMCS monolayer and the calculated %
Sippcs (from eq 6) in the mixed monolayer are closely equal at all
PDMCS deposition times. This confirms that APDMES does not
displace PDMCS that is already attached to the surface, and that our
thin films are truly mixed monolayers.

Our control over surface functionality with the mixed mono-
layer extends previous work in which the stepwise deposition
method was recommended over codeposition techniques to
generate mixed monolayers containing chloro- and alkoxysilanes.
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Figure 6. (A) N 1s high-resolution XPS spectrum for a pure APDMES
monolayer after a 480 min deposition time. Two nitrogen component
peaks are observed in the aminosilane films. (B) Dependence on
exposure time of NH;"/NHj ratio (calculated from N 1s high-resolution
XPS spectra) in pure APDMES (red squares) and PDMCS/APDMES
mixed monolayers (black triangles). The x-axis for the mixed monolayer
curve is PDMCS exposure time.

Stepwise deposition provides better control whenever the ki-
netics of attachment of the two silanes are different.”"

The high-resolution XPS N 1s spectrum, shown in Figure 6A,
shows the two nitrogen component peaks present in our pure
APDMES films, a free amine (—NH,, 399.9 &+ 0.1 ¢V) and a
protonated amine (—NH;", 401.9 =+ 0.1 eV). These two species
are observed in all spectra for both pure APDMES and PDMCS/
APDMES mixed monolayers and were previously observed in
other aminosilane films.** The free amine is reactive due to its
lone pair electrons, whereas the protonated amine is not.>® The
protonated amine component peak is attributed to interactions
between the APDMES amine groups and surface silanols on the
silica substrate, resulting in proton transfer to the amine group.>
From these high-resolution XPS N 1s spectra, we calculate the
NH;"/NH, ratio by dividing the percent area of the NH;" peak
by the percent area of the NH, peak. Figure 6B shows the NH;"/
NH, ratio as a function of exposure time for both types of
monolayers. In the PDMCS/APDMES mixed monolayer, the
NH;"/NH, ratio remains relatively constant at ~0.5. However,
the NH;"/NH, ratio in pure APDMES monolayers decreases
until about 60 min, when it levels off at about 0.35.

Predeposited methyl-terminated silanes have been found to
reduce interactions between the amine in aminosilane films and
silica surface silanols compared to pure aminosilane monolayers.'®
Here, we observe that the predeposition of PDMCS maintains
the degree of interactions between the amine and surface silanols
while the interaction in pure APDMES monolayers depends on
silane density. PDMCS predeposited on the surface occupies
silanol sites, and controls the number of sites available to interact
with the APDMES amines.

Effect of Amine Density on DNA Attachment. We use these
well-characterized PDMCS/APDMES mixed monolayer sam-
ples for DNA probe immobilization and DNA target hybridiza-
tion. As described below, both probe immobilization and target
hybridization fluorescence correlate semiquantitatively to the
amine surface density, but they are not yet fully understood.

%APDMES

—&— %APDMES
~A~ DNA Probe
—9— DNA Target

(sn4y) syun @ousasaion|4 anne|ey

1 10 100 1000
Time in PDMCS (min)

Figure 7. Comparison of %APDMES and the fluorescence from
immobilized DNA probes and hybridized DNA targets versus PDMCS
deposition time, for PDMCS/APDMES mixed monolayers. % APDMES
is from high-resolution XPS, as described in the text.

After the mixed monolayer was attached to the silica surface,
the Sulfo-EMCS cross-linker was covalently bonded to an APDMES
terminal amine by a nucleophilic substitution at the N-hydro-
xysuccinimide (NHS) ester. Cross-linker attachment was con-
firmed by the appearance of an amide carbonyl (C(O)N) com-
ponent peak in the C 1s high-resolution XPS spectra of the
cross-linker-treated samples (see the Supporting Information,
Figure S3). In addition, a fluorescence signal was detected when
the maleimide terminations of the cross-linker-treated surface
were allowed to bind with thiol-modified DNA tagged with a
fluorescent molecule. The thiol-free negative controls did not
produce any detectable fluorescence signal, indicating negligible
nonspecific adsorption of DNA to the surface. Finally, fluores-
cently tagged cDNA was hybridized to the attached probe DNA.
Again, negative controls without a complementary base sequence
indicated negligible amounts of nonspecific adsorption.

Figure 7 plots, on a logarithmic scale, the %APDMES versus
PDMCS deposition time for the mixed monolayers and shows
both the DNA probe and target fluorescence observed on the
same samples. %APDMES, the percentage of the mixed mono-
layer that is composed of APDMES, is calculated using

%Si
%APDMES = —ArPMES 1 60%; (7)
%Slsilane

where %Siappmes is calculated using eq 2 and %Sigjane is
calculated using eq S. Both the DNA probe and the target
fluorescence decrease with decreased %APDMES in the mixed
monolayer. A factor of 2 reduction in the percentage of APDMES on
the surface results in a roughly a factor of 5 decrease in probe
fluorescence and a factor of 2 decrease in the target fluorescence. Thus,
the target DNA fluorescence follows the amine density as might be
expected, but the probe fluorescence falls faster than the amine density.

Some fluorescence-based DNA assays are known to have
molecular quantification limitations®” because of fluorophore
intermolecular interactions that can lead to self-quenching’”***°
or fluorescence resonance energy transfer (FRET).56 However,
these effects are unlikely to limit the hybridization fluorescence
observed here, because it is a factor of 4 below immobilization
fluorescence levels that we are observing successfully.

One of the metrics used for evaluating the performance of
DNA microarrays is hybridization efficiency, which we take to be
the ratio of the DNA target fluorescence signal to the DNA probe
signal. As seen from Figure 7, the hybridization efficiency is
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relatively low at short PDMCS treatments times, but then gradu-
ally increases and reaches its maximum when the %APDMES in
the mixed monolayer is below about 50%.

Many previous studies using other surface functionalization
chemistries,””***” > found that lower probe densities resulted
in higher hybridization efficiencies. Gao et al. suggest that
immobilized probes confined on a substrate surface can present
steric and electrostatic hindrances to hybridization.* At high
probe densities, when they are packed more tightly, these
hindrances to hybridization are likely made worse, for example
by intrinsic disorder within the DNA probe film.®' These studies
highlight the complexity of the surface kinetics of DNA attach-
ment; additionally, other factors such as DNA probe orientation
on the surface,%” formation of secondary structures in the ssDNA
probe or target,”° ionic strength of the hybridization solution”
and probe—probe interactions>® can play a role. Despite all these
complications, we find (Figure 7) that DNA attachment is
strongly influenced by the amine density in the mixed monolayer,
as demonstrated by the decrease of both the DNA probe and target
fluorescence signals with the density of APDMES amine sites.

Bl CONCLUSIONS

We have demonstrated that the Si(—0); high-resolution XPS
peak area within the Si 2p peak effectively quantifies the relative
silane surface coverage on silica and can be used to quantify
silanes without elementally unique functional groups. The tech-
nique permits us to determine the fraction of APDMES amine-
bearing molecules in PDMCS/APDMES mixed monolayers.
Surface amine density is controlled in both pure APDMES and
PDMCS/APDMES mixed monolayers. DNA hybridization effi-
ciencies increase with decreasing probe density for the mixed
monolayers and the degree of DNA target hybridization roughly
follows the surface amine density.
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