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Abstract: We present electronic spectra of single-strand and duplex DNA oligonucleotides covalently
attached to fused quartz/aqueous interfaces and demonstrate that a strong nonlinear optical linear dichroism
response is obtained when adenine and thymine bases undergo Watson-Crick base pairing to form a
double helix. Complementary �(3) charge screening studies indicate that the signal originates from 5 ×
1011 strands per square centimeter, or 6 attomoles of surface-bound oligonucleotides. The label-free,
molecular-specific nature afforded by nonlinear optical studies of DNA at aqueous/solid interfaces allows
for the real-time tracking of interfacial DNA hybridization for the first time.

Introduction

DNA possesses unique molecular recognition properties that
have allowed for the design of exquisitely selective and sensitive
biodetection schemes as well as highly functional and specific
new materials.1-5 Unfortunately, although the hybridization of
DNA is the key recognition event underlying these technologies
and materials, it is much better understood for bulk media6 than
for the heterogeneous environments in which DNA-based
devices and materials operate. While important molecular-level
information concerning DNA in interfacial environments can
be obtained from experiments in which tagged, or labeled, DNA
is used,7-10 label-free probes have the advantage of detecting
DNA-based structures at surfaces and interfaces directly and
with molecular specificity.11-15 From a fundamental science
perspective and in the context of addressing the demanding

engineering aspects associated with biomedical sensing, experi-
mental strategies in which DNA at interfaces is probed with
direct methods that report on the native system are highly
desirable. Nonlinear optical spectroscopies16-19 are beginning
to emerge as an important strategy for achieving this objective.
Nonlinear optical probes such as second harmonic and sum
frequency generation (SHG and SFG) can provide detailed,
molecular-level, structural information that is similar to what
can be achieved by NMR while at the same time being
exquisitely surface selective. Furthermore, the coherent nature
of SHG and SFG allow for optical heterodyne signal detection,
which is a powerful method for improving the sensitivity of
coherent spectroscopies.20-29
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We recently applied SHG and SFG30,31 as label-free methods
to obtain the full thermodynamic state information for single
strand DNA at the fused quartz/water interface,16 and to decipher
the molecular structure of surface-tethered oligonucleotides in
both single-strand and duplex forms.32 In this study, we present
the first SHG spectra of DNA-functionalized solid/aqueous
interfaces, tune the incident laser wavelength to be in two-photon
resonance with the electronic π-π* transitions that are intrinsic
to the oligonuceotide bases, and take advantage of chiral SHG
activity to distinguish between hybridized and dehybridized
DNA strands covalently bound to fused quartz/water interfaces.
We then use this label-free DNA detection method to track
attomoles of surface-bound oligonucleotides as they undergo
hybridization with their complementary strands in situ and in
real time.

Experimental Section

Following our previous work,16,32 we attached thymine
oligonucleotides of varying lengths to the flat side of fused quartz
hemispheres functionalized with an 11-(trichlorosilyl)undecanoic
acid N-hydroxysuccinimidyl (NHS) ester. To quantify the number
density of the surface-bound DNA strands, SHG �(3) charge
screening experiments were carried out on the single strands
covalently attached to the fused quartz/water interface by using
aliquots of increasing NaCl concentration maintained at constant
pH. In the �(3) method,33 the square root of the measured second
harmonic generation (SHG)30,31 intensity yields the SHG E-field,
which can be expressed via a second-order response that contains
the second-order nonlinear susceptibility, �(2), to which one adds
a third-order term, according to ESHG ) �(2) EωEω + �(3)

EωEωΦo.
33 This third-order response contains the third-order

nonlinear susceptibility, �(3), the two applied electromagnetic
probe fields oscillating at frequency ω, Eω, and the interfacial
potential, Φo. The interfacial potential is produced by the
interfacial charges, the corresponding spatial distribution of the
counter charges, and dipolar arrays of aligned water molecules,34,35

whose structure36,37 and dynamics38 have been studied using
vibrational SFG. The localization of the oligonucleotides at the
interface and the high sensitivity16,32,39-41 of the �(3) method
to the interfacial potential make the experiment interface specific.

On a molecular level, the interfacial potential aligns the water
molecules within the diffuse electrical double layer that is
presumably set up at a charged aqueous/solid interface.42 The
third-order response of the aligned water molecules can then
contribute to the SHG E-field produced at the interface.30 If the
experiments are carried out at constant pH and varying salt
concentration, the measured SHG E-field response yields the
interfacial charge density via various electrical double-layer
models.16,33,39-41,43,44 Charge screening experiments were
performed on a fused quartz/water interfaces functionalized with
oligonucleotides containing 15, 25, 30, and 35 thymine nucle-
otides. Surface-bound duplexes were formed with T25-function-
alized substrates that were placed in a 10-µM solution of A25 in
pH 7 containing an electrolyte concentration of 0.25 M NaCl.

The sample cell and the detection system have been described
previously.16,45-48 Briefly, we study the flat side of a fused quartz
hemisphere (ISP Optics) held leak-tight via a Viton O-ring to a
custom-built Teflon cell. The aqueous/solid interface is investigated
using the 490-540 nm output (nominally 10 nm bandwidth)
produced by mixing the signal and pump light fields from an optical
parametric amplifier that is pumped by a kHz regeneratively
amplified Ti:Sapphire laser generating 120-fs pulses. A half-
waveplate and polarizer cubes are used to select the input and output
polarization of the probe and SHG light fields, and the signal
detection is carried out using a preamplified single-photon counting
system after passing the SHG signal through the appropriate optical
filters and a monochromator. At the relevant SHG wavelengths,
the reflectivity of the two signal steering mirrors, the transmittivity
of the polarization selection optics and the optical filter cutting out
the fundamental probe light, the monochromator throughput, and
the PMT quantum efficiency result in an estimated 10% conversion
of SHG photons generated at the interface to photons counted by
the single photon counter. The proper input power dependence of
the SHG response from the DNA-functionalized fused quartz/water
interface is verified regularly (see Supporting Information). Fol-
lowing our previous SHG spectroscopy work on organic and
inorganic adsorbates,49-54 SHG spectra were recorded by scanning
the fundamental wavelength across the two-photon resonance of
the interface. Experimental details regarding fluorescence measure-
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ments on fluorescein-tagged DNA oligonucleotides are described
in the Supporting Information.

Results and Discussion

To quantify the number density of the surface-bound DNA
strands, we screened the interfacial charges along the DNA
backbone by adding increasing amounts of NaCl to the aqueous
solution above the surface while recording the SHG signal
intensity. Each charge screening experiment was carried out in
triplicate, the data were normalized to the SHG intensity at the
highest salt concentration, and the results are shown in Figure
1 for oligonucleotides containing 15, 25, 30, and 35 thymine
nucleotides.

As expected from our earlier work on DNA oligonucleotide-
functionalized surfaces,16 the SHG E-field decreases with
increasing salt concentration, which is attributed to charge
screening of the phosphate backbone by the electrolyte. Given
the versatility of the Gouy-Chapman-Stern model55 in de-
scribing the surface behavior of a variety of analytes over a
wide range of ionic strengths,56-64 we apply it to our data. As
discussed in recently published work,41,65 the Gouy-Chapman
model fails at high surface charge densities and interfacial
potentials exceeding ∼100 mV at which point the potential
sensitivity on surface charge density, and thus the SHG
sensitivity, becomes highly nonlinear. Such problems are not
encountered with the Gouy-Chapman-Stern model because

the metal ions are placed in the Stern layer and the changes in
charge density due to metal ion adsorption are treated using
a constant capacitance approach. In this case, the potential
continues to increase in a roughly linear fashion with ion
concentration no matter how much interfacial charge is ac-
cumulated, leading to lower and more reasonable charge
densities obtained from the fits.

The interfacial charge densities obtained from the Gouy-
Chapman-Stern model fit to our data increase linearly with
the number of nucleotides (Figure 2). The slope of a linear least-
squares fit results in 1.0(1) charges per added nucleotide, which
is consistent with the notion that each nucleotide carries a charge
of -1 on the phosphate group.

Taking the interfacial charge density and dividing it by the
elemental charge and the number of nucleotides in the DNA
strand yields a DNA oligonucleotide strand density of around
5 × 1011 per cm2 (Figure 3). Given that we are studying the
aqueous/solid interface with a focused laser beam illuminating
a 30-µm diameter spot, we conclude that the SHG response
comes from only 6 attomoles of DNA at the interface. This
remarkable sensitivity can be attributed to the self-heterodyning
nature of the experiment, in which the second-order response
can be viewed as the local oscillator, while the third-order terms
can be considered the signal.29 We note that the experiments
presented here probe the states of native, label-free DNA
oligonucleotides.

After quantifying the amount of DNA oligonucleotides in the
laser spot using the �(3) method, we characterized them at the
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Figure 1. p-In/all-out-polarized SHG charge screening of fused quartz
substrates functionalized with oligonucleotides containing 15, 25, 30, and
35 thymines (bottom to top). Traces offset for clarity and fit to the
Gouy-Chapman-Stern model. Each experiment was carried out in
triplicate. Please see text for details.

Figure2. InterfacialchargedensityobtainedfromfittingGouy-Chapman-Stern
theory to the charge screening data shown in Figure 1 as a function of
oligonucleotide length. The straight line is a linear least-squares fit to the
data.

Figure 3. Interfacial DNA oligonucleotide strand density as a function of
oligonucleotide length.
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solid/aqueous interface using resonantly enhanced SHG. This
spectroscopic characterization would, in principle, allow us to
carry out linear dichroism experiments for tracking DNA
hybridization directly at an interface. This can be understood
as follows: if a double helix (A or B) were to form between the
3′-surface-bound DNA and its complementary strand, it should
be right-handed, antiparallel,6 and exhibit a nonlinear optical
chiral response that is different from that of the single strands,
which do not form a helix under our experimental conditions.
Given previous work on resonantly enhanced SHG studies of
chiral systems,66-71 this difference in the nonlinear optical chiral
response of surface-bound DNA oligonucleotides should be
particularly pronounced when the experiment is conducted on
electronic resonance.

To determine the wavelengths at which maximal two-photon
resonance occurs in our system, we first recorded the SHG
spectra of the NHS linker-functionalized fused quartz/water
interface, the T25 single strand-functionalized fused quartz/water
interface, and the T25 single strand-functionalized fused quartz/
water interface duplexed with the complementary A25 strand.
The results are shown in Figure 4. All spectra were recorded in
situ at the aqueous/solid interface, at pH 7, in the presence of
0.25 M NaCl, and in triplicate. The energy of the fundamental
probe light field was maintained at 0.75 µJ, which is well below
the damage threshold (see Supporting Information). A Lorent-
zian fit to the SHG spectra72 shows that the electronic resonance
occurs at 258.1(1) nm with a 6(1) nm half-width-at-half-
maximum for the T25 single strand, and at 260(1) nm with a
6(1) nm half-width-at-half-maximum for the T25:A25 duplex.
These results are consistent with the strong π-π* transitions

of thymine and adenine bases that are present in the single strand
and the duplex.73,74

To determine the p-polarized SHG linear dichroic (SHG-LD)
ratios for the T25 single strand and the T25:A25 duplex, we
recorded the p-polarized SHG intensity obtained when probing
the interface with light fields plane-polarized at +45° and -45°
from the surface normal. This signal detection scheme is akin
to self-heterodyne detection of the weak SHG E-field obtained
with the chirality-selective p-in/s-out polarization combination
while using the strong E-field generated using the p-in/p-out
polarization combination, which probes achiral signal contribu-
tions, as the local oscillator.32 When divided by their average,
the difference in the two SHG intensities obtained for each
experiment yields the SHG-LD ratio.66,68,69

The results from these experiments are shown in Figure 5.
As expected, the SHG-LD ratio of the achiral NHS linker is
negligible. For the nucleotides, we determined the SHG-LD
ratios at wavelengths on and off electronic resonance. When
we tune the incident wavelength to be in two-photon resonance
with the π-π* transitions of the bases (i.e., at an SHG
wavelength of 260 nm), the T25 single strand exhibits only a
slight SHG-LD response that falls within the uncertainly of the
measurement. In contrast, the surface-bound (sb)-T25:A25 duplex
exhibits a strong SHG-LD response (19 ( 6%) on resonance
but again no SHG-LD response when the incident wavelength
is tuned away from two-photon resonance. Each hybridization
experiment was carried out without changing the optical
alignment, the sample cell location, and the laser spot position.
The inset in Figure 5 shows the average number of SHG photons
counted per second for the experiments presented here. Interest-
ingly, when the incident wavelength is tuned either away from
or onto two-photon resonance, the (45-in/p-out polarization
combination yields, on average and within error, as many SHG
counts for the T25:A25 duplex as for the T25 single strand. The
substantial increase in the SHG-LD response when going from
the T25 single strand to the sb-T25:A25 duplex is thus mainly
due to the signal yield obtained from the (45-in/p-out polariza-
tion combination. We note that it would be challenging to
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Figure 4. p-In/all-out-polarized SHG spectra of fused quartz/water
interfaces functionalized with the NHS linker (bottom, filled green circles),
T25 oligonucleotides (middle, filled blue circles), and the surface-bound (sb)-
T25:A25 duplex (top, filled red circles). Black lines are Lorentzian fits to
the data. Each spectrum represents the average of at least three independent
measurements. Spectra are offset for clarity.

Figure 5. p-Polarized SHG-LD response at 260 nm of fused quartz/water
interfaces functionalized with NHS (left, green bar), T25 oligonucleotides
(center, blue bar), and the sb-T25:A25 duplex (right, red bar). (Inset) (45°/
p-polarized SHG responses off and on two-photon resonance (250 nm, empty
circles, and 260 nm, filled circles, respectively) for the same samples. +45
) left-pointing arrows, -45 ) right-pointing arrows. Data entries are
averaged over at least three independent measurements, samples, and laser
spot positions.
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observe these chiral responses from subfemtomole amounts of
DNA with other label-free detection methods.

Our experimental results prompted us to track the SHG-LD
response of DNA oligonucleotides at 260 nm (i.e., on electronic
resonance, as a function of time during hybridization). The
results are shown in Figure 6, which reveals that the hybridiza-
tion process causes an increase in the SHG-LD, consistent with
the data shown in Figure 5. As expected from the data displayed
in Figure 5, the SHG LD ratio does not change beyond what is
observed for the single strand when the laser is tuned off
electronic resonance. Complementary fluorescence measure-
ments, carried out in similar time steps but with an off-line

approach utilizing many samples whose hybridization process
was stopped at a given time t for the off-line measurement, show
a similar response (see Supporting Information).

Summary

In conclusion, we have successfully obtained electronic
spectra of single-strand and duplex DNA oligonucleotides
covalently attached to fused quartz/aqueous interfaces. We have
demonstrated that a strong nonlinear optical linear dichroism
response is obtained when adenine and thymine bases undergo
Watson-Crick base pairing to form a double helix. These are
the first measurements of electronic signatures from surface-
bound DNA and their chirality. Given the label-free, molecularly
specific nature afforded by nonlinear optical studies of DNA at
aqueous/solid interfaces, real-time investigations of interfacial
DNA hybridization and melting are now possible on the native
system, as demonstrated in Figure 6. The results obtained from
these experiments should lead to improved biodiagnostic
applications and new biologically relevant materials.
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Figure 6. Real time SHG-LD response recorded on resonance at 260 nm
(filled circles) and off resonance at 250 nm (empty circles) from fused quartz
surfaces functionalized with T25 ssDNA during hybridization with A25

ssDNA strands in a 0.2 M NaCl solution started at t ) 0 as indicated by
the vertical dashed line.
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